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Advances in Modeling Methodology for Agricultural Research
M.S. Altinakar

NCCHE, School of Engineering, University of Mississippi, Oxford, USA

To meet the increasing demand of our contemporary society on agricultural productivity, soil conservation, maintaining quality water supply, protection of ecology and environment, and effective utilization of
limited financial resources, the research, engineering, planning and management of today’s agricultural
watersheds have become involved, complex, challenging and cost/time demanding. The research methodologies based on traditional scaled physical model testing, field observation, analytical (mathematical)
prediction assisted by computing technology have found to have been ineffective, inadequate, and extremely costly in terms of money and time. Evidently, better and more cost-effective methodologies are
needed. With rapid improvement in computing technology together with significant advances in mathematical/numerical modeling, a wider range of scientific research, engineering designs, planning and management problems could be investigated.
The National Center for Computational Hydroscience and Engineering of the School of Engineering at
The University of Mississippi was supported by the US congress in 1989 to foster the computational
modeling research in collaboration with the USDA Agricultural Research Service, National Sedimentation Laboratory. Since then, a number of computational models have been developed to study various agricultural watershed problems. These include: soil erosion and conservation, water and sediment in upland
runoff and routing, sill and gully erosion, channel bank erosion and protection, dam/levee breach and
flooding, dam rehabilitation, removal and sediment transport control, among other morphodynamic processes of watersheds. In the meantime, models needed for investigating water quality, impact of sediment
transport on ecology and environment, etc., have also been developed. Most of these models have been
demonstrated their capability of simulating the natural phenomena, at least approximately and costeffectively, especially in time. Therefore the development of numerical models has been accelerated.
With more institutions competing in producing and marketing of a large number of simulation models
without carefully maintaining their quality, both professionals in the field and, especially, the professional
societies, national and international, have promoted the efforts in verification and validation of the accuracy and reliability of numerical models.
The American Society of Civil Engineers is one of the leading societies in the field to have established
task committees to uphold the quality of these newly developed research methodologies. The ASCE Task
Committee on 3D Free Surface Flow Model Verification and Validation report was published by the
ASCE in 2001. A systematic hydrodynamic model verification and validation procedure was suggested to
both model developers and users how to develop and select quality models.
All computational models developed by scientists of NCCHE have been verified by analytic solutions
and validated by both physical model measurements and field data to insure that models are free of mathematical and coding errors and capable of simulating real-life natural phenomena. In addition, all models
of NCCHE have been continuously upgraded with newly reported physical principles and laws, as well as
newly developed numerical solution methods. Furthermore, the new and more effective computing and
information technologies, such as GUI, GIS databases, GPU, etc., have all been implemented to improve
the capability and speed up the computing speed. In this brief review, several representative examples are
presented to demonstrate the capabilities and effectiveness of the NCCHE models.
More recently, additional models and integrated modeling systems have been also developed for applications to the study of watershed processes of higher level of complications, as well as for the planning
3

and management decision support, especially those decisions requiring the multi-disciplinary concerns.
For example, an agricultural watershed management decision on what products to plant, what soil conservation, water and environmental quality to adopt, so that its profit/cost ratio can be higher and top soil and
quality water can be conserved and the environmental quality can be protected to the level acceptable by
our society. To support the decision makers, models capable of assessing the effectiveness of conservation of top soils, quality water supply, impacts on environment and ecology as well as predicting the agricultural products and the total costs of several selected alternative practice plans. Based on all of the reliable information generated by the agricultural engineering and cost analysis models, the soil
erosion/transport models, water quality and agricultural contaminant transport/transformation models, environment/ecology quality prediction models, etc, the planning and management officials have a better
way to select the best (often compromised) decision. From this simple planning and management decision
support modeling system, one can see the need of a computational modeling system, which can make all
the important predictions of the outcomes for each of the several options of practices systemically within
a reasonable time as automatically as possible by an integrated application software system. Even though
we have seen this trend is being developed for simpler applications to site-specific problems, the integrated computational modeling methodology applicable to agricultural watershed problems with higher level
of complexity and multidisciplinary considerations need by our society now and especially in the future is
quite challenging. Some recent ideas and accomplishments are presented; but more importantly, it’s
hoped that this presentation shall stimulate newer and more valuable contributions from the research professional in the field.
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Flood protection in Hamburg
G. Gönnert & O. Müller

Landesbetrieb Straßen, Brücken und Gewässer, Hamburg, Germany

The city of Hamburg is the second largest city in Germany. Around 1.8 million people live in this metropolitan area which is a center for trade, transport and services and an important location for industry. Furthermore, the port of Hamburg is the largest seaport in Germany.
Hamburg is located at the Elbe estuary, 110 km away from the North Sea and is seriously threatened
by storm surges from there. In addition, high waters coming downriver must not be neglected, not only
the Elbe River but a lot of bigger and smaller rivers in Hamburg (s. Fig. 1). In the river marshes both risks
may occur at the same time. About 45% of the city is located in low lying areas that would be flooded by
storm surges without dykes regularly. That is a surface area of 342 km² (Fig. 1) with 326.000 inhabitants
living there.

Figure 1. Risk Area in Hamburg (Free and Hanseatic City of Hamburg, BSU and LSBG).

The warning time of storm floods is extremely short; this is a clear difference to the high waters coming
down our big rivers. Those high water levels can be predicted days before and allow adequate preparation.
There were two very high storm surges in Hamburg, the catastrophe in 1962 is still on everybody's
mind in Hamburg and second in 1976 when nobody died but the Harbour area was flooded and lots of
precious goods were destroyed. In the last decade there were four high water floods caused by heavy rainfalls in 2002, 2006, 2011 and 2013. It can be seen that Hamburg must be protected against both: storm
surges and heavy rainfall.
5

The structure of Coastal Protection in Hamburg is based on three columns: Technical, preventive and
operative Protection (Fig. 2), which is comparable with the structure of flood protection.

Figure 2. Structure of Coastal Protection in Hamburg (Free and Hanseatic City of Hamburg, LSBG).

The technical protection in Hamburg is divided into three parts, the public flood protection, consisting of
flood protection walls and sea dikes, the private flood protection, mainly applied as individual object protection in the HafenCity, and the flood protection in the harbor area. The public flood protection contains
more than 100 km of dikes and sea walls. Since the water level in the Elbe estuary is influenced by the
tides in the North Sea the dikes along the Elbe in Hamburg are coastal protection.
The ‘storm surge protection facilities“ comprise coastal protection construction as well as property of
objects, protected by special constructive measures sometimes in front of the public dike line — called
main dike line. Buildings in front of the dike line are in the old harbour for example the so called
“Speicherstadt“and the new HafenCity.
The guiding principle of coastal protection in Hamburg is to achieve a very high safety standard for the
whole city. This will be ensured by the design level used for dimensioning storm surge protection facilities. The uncertainties of climate change scenarios and the growing risk due to the growing city necessitate a new flexible protection system. Such a concept has to involve a definition of the safety standard, the
physics and hydrodynamic of storm surges and a good adaption strategy which helps to deal with future
requirements. Heightening of the primary flood protection structures like sea dikes and barriers in city areas often causes problems due to a small availability of space. In order to face the challenges of rising sea
levels, adaptation strategies are needed that fulfill both criteria of a very high safety standard on the one
hand and a small demand of space on the other hand.
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Integrated Environmental Modelling – What is the Vision? Is it
Achievable?
Q. Harpham

HR Wallingford, Wallingford, UK

R.V. Moore

British Geological Survey, Wallingford, UK

The importance of understanding the world and all the events and activities within it as a set of interconnected, interacting processes is now widely recognised. Early versions of the technology to achieve that
understanding are now in place. What are lacking are the strategy, the institutional infrastructure and the
resources to move that technology out of the research area into the domain of the early adopters. However, if those things could be put in place, then the opportunities that open up for finding sustainable solutions to present challenges and developing new products and services are almost beyond imagination.
In many spheres, simulation models have proved to be a highly effective method of exploring processes, encapsulating our knowledge of them and predicting their behaviour. This is true for all the physical
sciences and applies to many social and economic sciences as well. To date most modelling development
has taken place in relatively isolated discipline specific “islands of excellence”. There has been little
communication across disciplines. Consequently, by comparison with the investment in model development, very little work has been undertaken on the complex problem of linking (or coupling) models either
within or across the disciplinary boundaries; an activity which is generally referred to as 'integrated modelling'. In recent years, however, there have been a number of informal meetings among modellers who
either have an immediate need to study interacting processes or who have seen the bigger picture and its
opportunities. From these meetings roadmaps have begun to emerge for progressing integrated modelling.
Although the various roadmaps have originated from different disciplines, they are remarkably consistent
in their conclusions. They all recognise that intra- and inter-disciplinary and national collaboration will be
required to bring about the necessary conditions for the required culture and technology to grow and
flourish.
This keynote talk will examine the challenges and questions which have given rise to the need for Integrated Environmental Modelling (IEM) and the forces which shape it. It will explore some of the technical and scientific aspects as well as discussing the effect of current ideas and initiatives. It will set out a
vision of how integrated environmental modelling could contribute to meeting the environmental challenges we face as well as exploring some of the key ingredients of such a solution.

7

8

ICHE 2014, Hamburg - Lehfeldt & Kopmann (eds) - © 2014 Bundesanstalt für Wasserbau ISBN 978-3-939230-32-8

Flood Risk – a Global Problem
W. Kron

Munich Reinsurance Company, Munich, Germany

ABSTRACT: Various flood disasters in the last decade have confirmed that the risk from flooding has
been increasing significantly worldwide. The driving factors for the risk are the unabated increase in
global population, the concentration of people in high-risk areas such as coasts and flood plains, the rise
in vulnerability of assets, infrastructure and social systems, and the consequences of climate change. Risk
reduction is based on comprehensive risk management from identification of the hazard and assessing the
risk to building defences. To achieve this, general awareness at all levels in a society is key. It is not sufficient merely to be aware of the situation – findings must be acted upon with no significant delay. Floodrelated computations have progressed considerably in recent years, but model results can only be as good
as their input data. Modelling floods and flood losses is very complex, as model parameters are subject to
change during an event and conditions sometimes greatly depend on small-scale factors.
Keywords: Flood disasters, Flood risk, Risk reduction, Risk management, Insurance
1 FLOOD DISASTERS
Water is responsible for most natural disaster losses in the world. Every year, various regions suffer from
flood disasters resulting from rainfall or snowmelt, storm surges or tsunamis. 2013 in particular was a
year with some exceptional floods. The most severe in terms of loss of life and property occurred in the
Philippines (storm surge during Typhoon Haiyan), Central Europe and Uttarakhand/India, but there were
also significant, and for the area concerned disastrous, events in Colorado (USA), Canada, Mexico, Indonesia, Australia and Southern Africa (South Africa/Mozambique/Zimbabwe). The first half of 2014 saw
devastating floods in some Balkan countries.
Tables 1 and 2 show the costliest flood disasters (> US$ 8bn overall loss) and those with the highest
death tolls (>1,500) since the beginning of the century (excluding tsunamis). Disasters with high financial
losses occur in well developed countries, whereas high numbers of fatalities result from events in poor regions where, though natural disasters do not often produce very high losses in monetary terms, they may
still be severe and momentous for the country affected.
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Table 1. Floods (excluding tsunamis) in the period 2000–2013 in which material losses of US$ 8bn and more (original values) occurred. Source: Munich Re NatCatSERVICE 2014
______________________________________________________________________________________________________
Year
Country/region
Event/basin(s)/area
Overall
Insured
%
losses due
losses due
insured
to water
to water
(US$ bn)
(US$ bn)
(-)
______________________________________________________________________________________________________
(2/3)
(2/3)
2005
USA
Hurricane Katrina/Gulf Coast
83
41.5
50
2012
USA, Canada, Caribbean Hurricane Sandy/Northeast
46 (2/3)
19.7 (2/3)
43
2011
Thailand
Chao Phraya
43
16
37
2002
Central, Southern Europe Elbe, Danube, Italy
16.5
3.4
21
2013
Central Europe
Danube, Elbe
12.6
3.1
25
(1/2)
2011
USA
Hurricane Irene/Northeast
5 (1/2)
3
55
(1/2)
2013
Philippines
Typhoon Haiyan
5
0.35 (1/2)
7
2008
USA
Midwest; Missouri
10
0.5
5
2010
Pakistan
Indus
9.5
0.1
1
2000
Italy, Switzerland
Southern Alps
8.5
0.48
6
2010
China
East, Southeast, South
8
0.15
2
2012
China
East,
Northeast,
Southeast
8
0.18
2
______________________________________________________________________________________________________
(1/2) (2/3)
/
an estimated half/two thirds of the overall/insured losses were attributed to flood (the remainder to windstorm)
Table 2. Floods (excluding tsunamis) in the period 2000–2013 in which more than 1,500 people died. Source: Munich Re
NatCatSERVICE 2014
______________________________________________________________________________________________________
Year
Region
Event/region
Deaths*
______________________________________________________________________________________________________
140,000
2008
Myanmar
Cyclone Nargis
2013
Philippines
Typhoon Haiyan
6,334
2013
India
Flash floods
5,500
2007
Bangladesh
Cyclone Sidr
3,295
2004
India, Bangladesh, Nepal
Floods
2,200
2007
Bangladesh, India, Nepal
Floods
2,030
2004
Haiti, Dominican Republic
Floods
2,000
2004
Haiti
Hurricane Jeanne, Floods
2,000
2010
Pakistan
Floods
1,760
______________________________________________________________________________________________________
* excluding those missing

Table 1 also reveals that the insured portion for the costliest events is much higher in developed than in
poor countries. The insurance industry can assume a considerable share of the costs (and therefore also
the risk), thus relieving the burden on a nation's budget and economy. Disasters usually affect poor countries much more severely than rich countries (Munich Re, 2014).
Natural disasters can assume very different forms: in terms of the area affected (regional intensity or
large-scale impact), high number of fatalities, huge monetary losses and severe impact on the local economy. Many disasters happen on coasts. Due to the concentration of people and assets, they are certainly
the high-risk areas of the world – and home to a third of the world's population.
There is no doubt that natural disasters, especially weather-related events, have been increasing dramatically in frequency and intensity. While there were only three flood events with overall losses of more
than US$ 2bn (in original values; US$ 2bn in 1980 translates roughly to US$ 5.8bn in 2013 after adjustment for inflation) before 1990, the last decade of the 20th century saw six events in which losses exceeded US$ 10bn (and 13 events ≥US$ 5bn). The 2000s were "quieter" (three events ≥US$ 10bn and ten
events ≥US$ 5bn), but in the first third of the current decade we have already recorded three events ≥US$
10bn and nine events ≥US$ 5bn. The increase in flood disasters is also confirmed if we consider not only
the costliest but all significant floods. Figure 1 shows the annual number of events with individual losses
exceeding US$ 50m (in inflation-adjusted values to make years comparable) and the associated overall
and insured losses. All three quantities indicate an upward trend. Smaller events do not significantly influence this picture.
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Figure 1. Overall and insured annual flood losses (bars) and number of flood events per year (line) from 1980 to 2013, derived
from all events with losses exceeding US$ 50m (inflation-adjusted in values of 2013).

Recent large events have shown that financial losses resulting from physical damage are no longer the only significant ones. Indirect losses such as business interruption (bi), contingent business interruption (cbi)
or the loss of market share a company suffers due to being out of business for a while have assumed new
dimensions. These losses are not limited to the area directly affected by disaster, but may occur anywhere
in the world, even far away from the location of a flood. For instance, the floods in Thailand in 2011
caused a globally felt shortage of hard disk drives, as a quarter of hard disk drives produced worldwide
are manufactured there (Munich Re, 2012).
2 TYPES OF FLOOD
Strictly speaking, flood is a secondary hazard. The generating phenomena (often not hazards themselves)
are high or intense rainfall, high temperature (snowmelt) or low temperature (ice jam), earthquake (tsunami), or technical failure (breaching of a dam or embankment). There are three main types of flood event
caused by hydro-meteorological factors: river flood, flash flood and storm surge. Other causes are lake
flooding, groundwater flooding and waterlogging, dam break and glacier lake outburst flood, back-up
flood, seiche, etc. Most tsunamis are generated by geophysical phenomena.
2.1 River flood
The 2013 flood in Central Europe was a typical river flood. River floods (or basin-wide floods) are the result of copious rainfall (or snowmelt) continuing for a period of days or weeks over a large area during
which the basin's (soil's) retention capacity is depleted. The drainage system of a catchment area conveys
the rainwater directly to the main river(s). This type of flood does not occur suddenly. A flood wave is
built up gradually, though sometimes in a relatively short period. As it propagates downstream, it can affect many reaches along the course of the river. The affected area may cover entire river basins and thousands of square kilometres. Water levels often remain high for a long time and interfere with the lives of
people, not only by damaging property but also by preventing them from living their normal lives. In river
floods, inundation always emanates from the river channel. The sequence of affected areas is therefore
always the same, and zones with a different hazard (as regards flood frequency, but sometimes also flood
intensity) can be identified.
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2.2 Flash flood
Flash floods (or off-plain floods) can happen practically anywhere. These floods are produced by intense
rainfall, usually of short duration. They often occur over a very small area in conjunction with thunderstorms or over a large area during tropical storms. Flash floods have a sudden onset and last from a few
hours to perhaps a day or two. This surprise effect is the reason why flash floods pose such a danger for
people and are responsible for many lives lost each year. In sloped terrain, the water flows at high speed
and has an incredible potential for destruction, whereas in flat areas the water cannot flow off fast enough
due to the lack of a sufficient gradient and accumulates on the surface or in depressions. Sometimes flash
floods mark the beginning of a major river flood, but often they are separate, individual events of only local significance, scattered randomly in space and time. Flows in affected watercourses grow rapidly and
flood waves can gush downhill in next to no time and forge into areas where it may not even have rained
at all. Mechanical forces, erosive capacity and transport of solids are critical factors associated with this
type of flood.
2.3 Storm surge
Storm surges can occur on the coast and along the shores of large lakes. Since they are created by wind,
they are of meteorological rather than hydrological origin. They have extremely high loss potentials and
have caused hundreds of thousands of fatalities, even in the recent past. In Bangladesh, death tolls of
300,000 and 140,000 were reported in 1970 and 1991 respectively, and 140,000 died in Myanmar during
cyclone Nargis in 2008. Typhoon Haiyan claimed more than 6,000 lives in the Philippines in November
2013. In the past decade, storm surges induced by hurricanes Katrina (2005), Ike (2008) and Sandy
(2012) have caused huge physical damage in North America.
3 COMPUTING THE FLOOD RISK
Hardly any other natural hazard has been as much in focus in recent years as floods. Great improvements
have been made in describing their generation processes and conditions. In particular, weather forecasts
have become much more precise and reliable, mostly based on satellite observations that define the initial
stage of modelling (i.e. the state of the atmosphere) and the ability to handle and process incredible
amounts of data in a short time thanks to the power of computers and storage devices (by using mathematical model equations).
However, the comprehensive modelling of a flood, and even more so, of flooding (i.e. the inundation
caused by a high discharge), is very complex when it gets down to the individual property level, inundation depths and flow velocities. Computing the transformation of "available" rain or snowmelt water into
runoff and discharge into a river involves many aspects: surface properties (slopes, catchment size,
ground cover and topography, prescribed flow paths, etc.), underground properties (soil type, soil moisture, groundwater conditions, etc.) and the temporal (hyetograph) and spatial (moving speed and track)
characteristics of the input quantity (e.g. rainfall). And these parameters only influence the amount of water that flows down a river. Flooding (inundation) is influenced by other parameters: the discharge capacity of the regular channel (cross-section, slope) and the floodplain/valley (width and shape of flood plain,
existence of dikes); possible/preferred flow paths and obstructions to the flow; the shape of the flood
wave itself (very high and short, or moderately high and long).
Nowadays, flow paths, inundation depths and velocities can theoretically be calculated in detail and
with a high degree of precision. High-resolution digital surface models and high-performance computer
models and computers allow almost any given accuracy specification for a given flow situation. However,
some users forget that a model can only produce correct and accurate results if all model parameters describe the reality appropriately. High resolution and high performance specifications are required for every model component. For instance, when using the exact altitude of a one square metre plot, we also need
to know, for instance, the true roughness of this area and its infiltration parameters. However, who can
specify these properties accurately and reliably, and with a reasonable amount of effort? Another example: a 30 cm-high brick wall may well prevent a large area from flooding in reality, but not necessarily in
the model if this micro-feature is not accounted for. Details and small-scale factors are very important in
flood calculations.
Non-linear and therefore potentially highly influential effects are even aggravated in the case of damage assessment and loss estimation. Literally a few centimetres can often determine whether there is a
12

large local loss or nothing happens. Fortunately, the "law of large numbers" usually comes into play here.
Rather than exact design values, statistical considerations become important, in particular for insurance
purposes. The category of model that interests insurance companies most is flood loss estimation models
for whole events, i.e. those that cover a large region (Probable Maximum Loss models). They do not deliver best estimates of individual losses and then produce a sum total, but assess the overall loss by means
of statistical parameters and distribution functions, albeit based on physical computations. These physics
may be more or less sophisticated, depending on the type of model, but the models can never become deterministic because they always rely on stochastic input too. If such models are applied to local problems,
they may lead to wrong conclusions. Unfortunately, when a model is marketed, this is sometimes forgotten or concealed.
Extreme floods do not happen in a stationary environment. Therefore, many boundary conditions are
not known beforehand, simply because it is the flowing water that creates them. During an event, erosion
and sedimentation occur, and meanders are cut off, dikes breached and bridges clogged up, etc., and new,
often unforeseeable pathway systems are created. Hence, the flow field may change permanently during a
flood situation.
The purpose of flood defence activities is to influence the paths the water is going to take. Sandbags
and other artificial obstacles – which were not present at the outset and therefore not included in the model design – may completely change the modelled flow direction. This interaction of a flood with the
boundary conditions is unique. Windstorms, hailstorms or earthquakes are not influenced by the features
of the environment they afflict. But it is exactly this aspect that enables us to react to and influence flooding at all.
Finally, we must never forget that the input that drives our model (e.g. the 100-year rainfall event) is a
statistical quantity with considerable and inherent uncertainty, which a) we cannot reduce to below a certain level and b) may be additionally subject to change due to changes in climate.
4 FROM HAZARD TO RISK
It is important to understand the circumstances under which flood disasters happen. Nature alone does not
produce disasters, but only extreme events. A natural disaster happens if people and/or their possessions
are affected so severely that a society's life is disrupted (UNISDR, 2009). A well-prepared society is not
likely to experience a disaster as easily as one that lacks many aspects of preparedness, from education
and knowledge to building codes, and from functioning governance to availability of financial means.
Disasters are hence not only products of chance but also the outcome of interaction between political, financial, social, technical and natural circumstances.
Similarly, the term “risk” should be defined and understood in an unambiguous and consistent way. In
the scientific community, it is widely agreed that risk is the product of a hazard and its consequences
(IPCC, 2012). Where there are no people or values that can be affected by a natural phenomenon, there is
no risk. An extreme flood in an uninhabited region with no human property cannot result in disaster, so
there is no risk associated with it. Similarly, a major flood in a well-prepared region will not become catastrophic. In a poorly prepared region, however, even a moderate event may cause a devastating disaster.
The flood hazard is clearly highest in the first case, while the flood risk is highest in the third case. Hence,
three components determine the risk (Kron 2005):
(a) The likelihood that a natural event may occur
(b) The presence of people/property
(c) Their vulnerability
Where there are no people or values that can be affected by a natural phenomenon, there is no risk. In a
simplified but widely used way, risk can be defined as:

Risk = Hazard x Values at risk x Vulnerability

Hazard is the threatening natural event and its probability of occurrence; the values at risk are the buildings/objects/humans/habitats/natural features that are present at the location involved; and vulnerability
denotes the lack of resistance to damaging/destructive forces. Vulnerability can refer to human health and
wellbeing (human vulnerability), structural integrity (physical vulnerability) or personal wealth (financial
vulnerability). Insurance’s contribution to risk control addresses the last of these factors. Values at risk
and vulnerability are sometimes combined to form "consequences". Thus, risk can also be written as

Risk = Hazard x Consequences.
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The overall risk is determined by computing the integral over all possible threatening events (intensities
and frequencies) and their respective consequences (associated losses). Hence, risk is identical to the (expected) average annual loss if the hazard is specified in terms of exceedance probability (return period) in
any given year.
The flood risk changes continuously as each of its components changes. The hazard varies with
measures taken in the catchment area that influence drainage conditions, and climate change may lead to
drier or wetter conditions and/or to more extremes at both ends of the flood frequency distribution. On the
coast, the sea-level rises and the intensity and frequency of storms increases or decreases as the climate
changes.
Rising values at risk and in particular their concentration in some areas certainly account for the highest share in the change of risk. Megacities with burgeoning populations and industrial development are
making many regions ever riskier, in particular those on coasts and in flood plains. Also, the number and
value of people's possessions are continuously rising.
Finally, vulnerability is increasing despite damage prevention efforts. In general, modern equipment
and building materials are highly vulnerable. Almost any item contains electric or electronic components
prone to damage when exposed to flood water or even humid (and/or salty) air. Drying them out and then
using them again as in the past is no longer an option. The high concentration of people and dense infrastructure networks increase vulnerability too. Many objects depend on each other, and practically everything depends on electric power. Failure at one point in the system may have a domino effect and cause
the whole system to fail. However, vulnerability can be – and often is – reduced by flood control
measures.
Insurers and reinsurers have always needed to assess the probability of flood losses as a basis for their
business operations. This requires risk modelling. There has been a shift from hazard modelling to risk
modelling in both science and engineering in the past decade or so, as societies have recognised that
providing protection for high values (e.g. a city) and low values (e.g. a crop field) for the same flood frequency does not make much sense economically. The goal should be to minimise the flood risk for a society, not to make it equal for everything and everyone.
5 FLOOD RISK REDUCTION
There are no defined boundaries that separate hazard, values at risk and vulnerability. "Hazard" is really a
natural phenomenon that may become consequential if it assumes an extreme intensity. This component
cannot be influenced by humanity except – in the long run – by mitigation of climate change.
In the context of a flood, this may be seen differently. As stated above, flood is a secondary hazard, the
magnitude of which depends on several influencing parameters. We cannot influence rainfall intensity,
but we can – to some extent at least – control the formation of a hazardous flood. Deforestation, the draining of wetlands, urban development and surface sealing, mono-cropping in agriculture, and river training
often intensify the hazard; afforestation, river restoration and the establishment of retention areas may
mitigate it. Hence, flood control systems consisting of dikes, retention basins, reservoirs, diversion channels, etc. can also be quoted as ways of influencing the hazard, which is essentially the flood wave (or
run-off).
Only if the hazard phenomenon exceeds a potentially damaging magnitude do the other two risk components become important. The most efficient way of controlling values at risk is to avoid settlement in
hazardous locations. If a house is built not right by the river bank or the beach, but further away or inland
on higher ground, a flood or storm surge cannot inundate it or tear it from its foundations. Raising buildings above a critical water level and avoiding placing any vulnerable items inside the building below that
level can have a similar effect. Preventing people from moving to areas where they expect better living
conditions is all very well in theory, but does not easily work in practice. Trying to convince people that
they should leave their homes and move elsewhere is an even more futile exercise.
All other measures can be seen from the perspective of reducing vulnerability. Vulnerability reduction
measures need to be permanent to be effective. Early warning enables people and goods to be evacuated
and defence measures to be taken, but does not guarantee that there will be sufficient time to do so.
Hence, dikes, solid flood walls and high-lying entrances to basements and ground floors are better than
mobile elements and plugs for doors and windows. However, the latter can be still very wise and costeffective investments, as are waterproof cladding and making the lower parts of a building's interior water-resistant.
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It is easy to understand the need for protection against a river flood, as the source of flooding – the river – is known. However, protection measures need to be well planned and designed, and are expensive.
Providing protection against flood damage resulting from intense local precipitation is usually a much
simpler affair – but often not considered necessary by owners. And yet a few inexpensive measures can
prevent losses, at least from moderate flash flooding. In this context, short-term loss reduction measures
can be more or less ruled out, because it is almost impossible to forecast a flash flood with sufficient accuracy and early enough to enable defensive measures to be taken.
The flood risk can be more effectively reduced by appropriate measures than the risk from any other
natural hazard. Furthermore, flood prevention and flood control are highly cost-effective; every dollar/euro spent on flood control eventually yields a much greater benefit in losses prevented. Many countries have improved their situation, but it was always a disaster that triggered the efforts: in the Netherlands and in Germany after the storm surges in 1953 and 1962 respectively, in the United States after the
Great Mississippi flood in 1927, in China after the flood year of 1998, and so on. The risk is reduced for
the moment – no question. However, whether it remains at a lower level depends on the developments on
"the dry side of the dike".
An adverse effect of highly developed flood control and preparedness is the "feeling of security". People tend to ignore or eventually forget about the residual flood risk if nothing happens for a while, and increase the risk by accumulating assets. Alternatively, they may be lulled into a false sense of security, totally relying on flood protection and preventive measures. It is quite likely that systems that "always
work" may not do so in the event of disaster.
Although technical flood protection is certainly the most important factor in preventing large disasters,
we need to be aware that even the strongest, best-designed systems have a limited effect. The 2004 and
2011 tsunamis and hurricanes Katrina and Sandy showed that 100% safety is not possible. It is therefore
crucial not to rely on a purely structural approach to the problem, but to include "soft" factors.
6 THE PARTNERSHIP FOR RISK REDUCTION
Risk (and loss) minimisation calls for integrated action. The flood risk must be borne on several shoulders: the state, the populations and companies affected, and the financial sector, particularly the insurance
industry. Only if they all cooperate in a finely balanced relationship and in a spirit of risk partnership can
disaster prevention be truly effective.
6.1 Public authorities
The primary task of the state or the government is to reduce the underlying risk for society as a whole.
The government provides access to observation and early warning systems, builds dikes, enacts laws that
stipulate the framework for use of exposed areas and prepares emergency plans, including programmes
facilitating recovery (temporary housing, financial assistance, tax relief, etc.). In some countries, insurance programmes are state-run. Much of the responsibility for flood protection lies with the public authorities.
6.2 People and companies
Those immediately affected (individuals, companies and communities) have great potential for loss reduction. The crucial point is whether their risk awareness can be maintained. Even those who are conscious of the danger of flooding may, in time, forget about it, especially if nothing happens over a considerable period. People rely on protection systems, at the same time making their property more and more
valuable by adding extra features that are often susceptible to water damage. Anyone proposing to erect
residential or commercial properties must be informed and educated to ensure they are constructed in the
appropriate manner. The owners need to check the level of exposed values, be ready to take action in an
emergency and put in place financial precautions to deal with catastrophic losses, for example by purchasing insurance cover.
6.3 Insurance industry
The true task of insurance companies is to provide compensation for financial losses that would have a
substantial impact on insureds or even constitute their ruin. Insurers carry the financial risk of events with
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such a low probability that they cannot be considered foreseeable. Insurance redistributes the burden
borne by individuals among the entire community of insureds. Ideally, that community is composed in
such a way that all its members have some chance of being affected – even though the degrees of probability differ. Furthermore, insurers provide educational and public relations services, such as publishing
brochures that draw attention to the hazards and explaining how to reduce the risk.
6.4 Reinsurance sector
Insurance companies, like private individuals, try to avoid volatility in their payments. Natural perils insurance is highly volatile. Large single losses (from one event) can be reduced if part of the risk is transferred to the reinsurance sector, where business is often transacted worldwide. Catastrophic losses that
occur in one country are distributed all over the world, thus relieving the burden on the local insurance
market and possibly even preventing its collapse.
Insurance, and especially reinsurance, companies have to be ready to pay large amounts of money after
major events. For example, Munich Re faced claims in the order of US$ 2bn both in 2001, following the
World Trade Center attack, and in 2005, as a result of Hurricane Katrina. Despite the enormous sums involved, the company’s existence was not under threat. However, volatility is expensive. Money for claims
payments must be made available very quickly and cannot be placed in long-term, possibly more profitable, investments. With single-loss amounts increasing, the whole financial market – including banks and
investors – became more and more involved in the coverage of risk (Kron, 2009).
All of the risk-reduction efforts cannot work if there is not an adequate level of risk awareness at all
levels in a society, from the homeowners to the government. Awareness must be raised and maintained.
Unfortunately, this is best achieved the hard way: by repeated occurrence of losses. No education campaign and no incentive is as effective as a flood event that confirms the hazard. Through the event the
probability-linked term "risk" becomes "loss", i.e. the probability becomes certainty.
7 EXAMPLES OF FLOOD RISK MANAGEMENT
Three extreme floods in 2011, the two river floods in Thailand and along the Mississippi in the United
States, and the tsunami in Japan, as well as some recent storm surges (US Hurricanes Katrina in 2005 and
Sandy in 2012, Typhoon Haiyan in the Philippines in 2013, Winterstorm Xaver in Germany in 2013),
clearly showed how different the consequences can be depending on the degree of development of flood
risk management.
7.1 Chao Phraya (Thailand)
The broad flat plain of the Chao Phraya River, Thailand's heartland, generates 40% of the country's gross
national product. The 2011 flood was the worst Thailand had experienced in 50 years and, with overall
losses of US$ 43bn, it was globally the costliest inland flood of all time.
Over the past 30 years, Thailand has developed rapidly. With its burgeoning population (1980: 46.5
million, 2010: 68 million) and economic growth, there has been a proliferation of huge new settlements,
particularly commercial and industrial parks, with assets valued in the tens of billions. The traffic and
supply infrastructures have also significantly expanded, especially in Greater Bangkok. With the economy booming, the flood hazard became a side issue and was generally underestimated. Protection
measures such as local dikes were erected in a non-engineered manner and likely to fail in a crisis. At the
same time, the flood hazard was increasing, as widespread tracts of land that had previously served as a
buffer for flood waters were swallowed up by development.
When the flood came in 2011, it clearly went out of control. Many of the measures taken were based
on trial and error rather than on strategic and prepared plans. Additionally, the large industrial value concentrations, which had been developed in a careless and negligent way in areas prone to flooding, were
overwhelmed by the waters. The large industrial parks were the principal loss drivers. Seven such parks,
with 1,000 production halls in which almost half a million people worked, were metre-deep in water.
Massive damage was caused to property, production was halted, and supplies and deliveries were interrupted, sometimes for weeks on end, ultimately with global repercussions. In Thailand, risk management
had been clearly neglected and a high price had to be paid.
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7.2 Mississippi (USA)
In May/June of 2011, the Middle and Lower Mississippi in the United States experienced the highest
flows since 1927. That earlier event had been the signal for continuing flood control efforts. In 1928, the
Flood Control Act was passed and the Mississippi River and Tributaries (MR&T) project launched. The
U.S. Army Corps of Engineers (USACE) was given the task of implementing and maintaining these
measures. Dikes have been erected over a length of 3,500 km and the water is now detained by a large
number of detention basins. To date, the MR&T project has cost US$ 13.9bn (in original values). The
Mississippi River Commission has estimated that it has prevented losses in the amount of US$ 480bn, or
34 times the sum invested.
The system includes three emergency floodways on the Mississippi. To prevent high flood losses,
USACE in 2011 breached a section of a levee near New Madrid and opened the two downstream spillways. While losses did occur in the deliberately flooded areas, those flood management measures kept the
Mississippi discharge below a level that would have posed a major threat to the cities of Baton Rouge and
New Orleans, as well as to numerous industrial plants along the river’s lower reaches. The damage and
losses averted in 2011 for the Mississippi flood amount to several tens of billions of dollars. The longterm risk management paid off.
7.3 Tsunami (Japan)
Japan is more aware of and prepared for natural hazards than any other country. The country had not only
built huge tsunami protection structures, but also taken non-structural measures in the form of information, education and training/exercise programmes concerning natural hazards. When, on 11 March
2011, a tsunami approached and hit the central Honshu coast, most coastal residents reacted quickly and
properly, as they had been trained to do. They fled to locations they thought were high enough, such as
the tops of five-storey buildings. The fact that some were washed away even from these heights was due
to the enormous power and height of the tsunami. Although the tsunami walls were overrun by the wave
in many places, they at least reduced the power of the water to some extent and gave people a few more
minutes to flee.
Comments to the effect that the tsunami proved that "all the efforts undertaken in the past decades
were in vain" were misplaced – and even irresponsible. If there had been no programme of coastal protection and civil preparedness, the death toll of almost 16,000 would have been a great deal higher. The
event was just too extreme for a disaster to be avoided. Even knowing that earlier tsunamis had reached
similar heights, one could hardly have made coastal defences stronger and higher. However, the urban
development along such a high-hazard coast must be seen critically, despite Japan's shortage of suitable
land. And the decision to build a nuclear plant like Fukushima Daiichi at a location like this is highly negligent and unforgivable. Japan's risk management in the past was largely comprehensive, but it vastly underestimated the occurrence probability of an event with extreme consequences, the nuclear accident.
7.4 Typhoon Haiyan (Philippines)
Typhoon Haiyan's storm surge (Philippines, 2013) hit the island of Leyte and Tacloban City in an unexpected and surprising way. The danger of such an event does not appear to have been considered by authorities and/or scientists, so that risk reduction efforts had not been considered either. Commentators, rather than blaming anyone, talked about an unavoidable "accident"/"natural disaster"/"worst possible
scenario". Although some argued that the uprooting of mangrove forests to make way for shrimp farms in
the absence of other sources of income meant that the surge was not weakened as much as it would otherwise have been, there was more or less a consensus that Tacloban could not have been protected against
the disaster. Risk management could only have focused on preventing a high concentration of settlements
close to the coastline – but who really could have enforced such a ban?
7.5 Hurricanes Katrina and Sandy (United States)
Hurricane Katrina's storm surge, which submerged New Orleans in 2005, and Sandy's in the New York
area in 2012 were events close to a worst case. However, both storm surge scenarios had been described
before and cannot therefore be called surprising. Despite good knowledge of the risk, no efforts were
made to mitigate or prevent it. It was downplayed or ignored, or at least action was delayed. Both storms
together cost more than US$ 170bn. A small fraction of this sum invested in protective measures would
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have probably saved tens of billions of dollars in losses. Risk management must not stop at risk identification and assessment. Merely paying lip service to the findings is not acceptable – action needs to be
taken without too much delay.
7.6 Winterstorm Xaver (Hamburg)
In December 2013, a winterstorm (Xaver) produced a storm-surge water level in Hamburg that was the
second highest (6.09 metres above mean sea level) in 100 years and 39 cm higher than during the disaster
in 1962. Then, roughly one sixth of the city was under water; 318 people lost their lives and the loss totalled €1.68bn (US$ 2.3bn) at present-day (2014) values. Hamburg invested huge amounts in flood protection in the years and decades that followed (€2.34bn = US$ 3.2bn, 2014 values). Although storm surges in the city today reach greater levels than they did 50 years ago, the city has remained practically
unscathed by flooding. A cost-benefit analysis using different scenarios indicated gains of between €6bn
(US$ 8.2bn) and around €20bn (US$ 27.4bn) (Kron and Müller, 2014). The gain is defined as the difference between losses prevented and money invested. The lower figure is based on the assumption that the
losses incurred in the affected city area during each storm surge of at least 5.85 metres would be equal to
the 1962 figure (minimum assumption). The higher figure takes into account the increase in concentration
of asset values in the potentially flooded area, a more realistic view. Roughly €6.7bn (US$ 9.2bn) would
have been attributable to storm Xaver alone. The efforts to reduce the flood risk by predominantly permanent and costly structural defence measures have been highly successful: the pay-off is of the order of
1,000%.
8 CONCLUSION
We will not be able to eliminate the flood risk. We have to live with it – and manage it. Managing the
flood risk means sharing it, refraining from exposing values to risk, erecting and reinforcing protection
installations, responding appropriately as potential flood victims, and preparing for disaster financially,
i.e. taking out insurance cover. Even if all of these things are done, flood losses cannot be completely
prevented, but large disasters can be. Numerous examples have confirmed that protection pays off. Unfortunately, action often starts after a devastating event. Creating and maintaining high risk-awareness at all
levels of society plays an important role. Without the will of the members of a civil society to spend money, to contribute time and resources and to behave appropriately in flood-prone areas, the friction that
slows down and often even prevents useful action remains too high.
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ABSTRACT: Ever since Europeans immigrated to and opened up the interior of the USA, soil erosion
and sedimentation problems were part of the early American agricultural legacy, which ultimately led to
the devastating "Dustbowl" in the 1930s. This article provides a brief overview of the research that was
initiated, the practices that were used, and the models that were developed at the field and watershed scale
in response to this calamity. This paper presents in a chronological sequence the research that resulted and
its accomplishments. It indicates collateral developments of addressing agriculturally related water quality and ecological research, watershed modeling, and the broadening scope of the mission of the USDAARS natural resources research at the National Sedimentation Laboratory (NSL). The article also identifies areas of research deficiency and needs to provide a more holistic research approach of addressing
erosion and sedimentation problems at the watershed scale. Finally, it expresses deep concern for the systemic financial problems that this research faces in today's budget climate and the planned elimination of
vital research by administrative fiat.
Keywords: Soil conservation, Erosion prediction, Sedimentation, Soil erosion
1 HISTORY
1.1 The early years
Erosion and sedimentation related watershed research is for the most part traceable to the calamitous
events during the “Dustbowl” of the 1930s. At that time, large areas in the Plain States of the USA (Oklahoma, Kansas, Western New Mexico, eastern Colorado, and western Texas) experienced serious wind
storms which removed large amounts of surface soil from plowed-up and dried-out unprotected land.
While this part of the USA suffered serious agronomic and ecological damage by wind and threatened
and impoverished to a catastrophic degree the livelihood of the rural population, the south-eastern part of
the USA suffered severe erosion problems by water from rainfall and runoff especially during severe
rainstorms on cultivated unprotected sloping land. In response to these conditions, the U.S. Congress, encouraged by President Roosevelt, set in motion the legal and technical framework to address these problems (Bennett, 1939; Römkens, 2010; Burns, 2012).
Wind erosion brought public attention to these problems in rural America far away from the denser
populated eastern seaboard where most of the political cloud was concentrated. Water erosion, an equally
severe problem and closer to home for most of America, received relatively more financial support to address this problem. In this article, we will follow the development that took place in the water erosion research area. The Soil Conservation Service (SCS) was established to perform research and to recommend
and assist landowners and farmers with measures to control soil loss. Initially, the primary focus was on
on-site monitoring and quantifying soil loss at different locations from natural runoff plots having different soil types and different agricultural practices with sloping topography. Erosion control on agricultural
land consisted mainly of mechanical practices such as contouring, strip cropping, and terracing, and of
large scale reforestation on degraded gullied land. In the channel system of watersheds sediment movement was monitored at suitable locations. Remedial measures to lessen flooding were channelization,
thereby often planting the seeds of stream instabilities due to changes in the gradients. The main purpose
of the SCS was to conserve the soil on upland areas, stabilize streams, and prevent flooding.
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1.2 The intervening years (1940s-1990s)
In the 1940s and 1950s SCS’ erosion and conservation research was expanded to include to a limited degree process oriented research and to arrive at predictive relationships for the effect of hydrology, topography (Zingg, 1940), soil type (Olson and Wischmeier, 1963), and agronomic and mechanical practices
(Wischmeier, 1960). During this period the well-known Universal Soil Loss Equation (USLE), a regression equation based factor relationship, was developed that had a major impact on soil conservation practices and recommendations. The updated versions of this relationship are today the main tools for conservation management programs on upland areas. Since 1954, the Agricultural Research Service (ARS) has
been assigned the soil erosion and conservation research program, while the SCS maintained its role of
implementing conservation practices at the farm and watershed level. The early research consisted of collecting data at a multitude of locations without much national coordination.
In the 1960s the USLE underlying factor relationships were developed and improved. The physics of
erosion processes became the subject of many research projects. The use of rainfall simulators (Meyer
and McCune, 1958; Swanson, 1965) became an important part in the erosion research program, which
shortcut many of the otherwise long-term soil erosion studies and could evaluate in a relatively brief period the effectiveness of soil conservation practices. Also, the study of erodibility in relation to soil properties took center stage ( Olson and Wischmeier, 1963; Barnett et al., 1965; Wischmeier and Mannering,
1969). It climaxed in the development of the soil erodibility nomograph (Wischmeier et al., 1971).
In the 1970s soil erosion mechanics on upland areas, signifying the beginnings of process and analytical approaches in soil erosion research, became of major interest. Of particular significance were the introduction of new concepts on upland areas such as rill and interrill erosion (Foster and Meyer, 1975) and
the concepts of detachment and transport limiting processes, first introduced by Ellison (1947), and mathematically further developed by Meyer and Wischmeier (1969) and Foster and Meyer (1972, 1975). The
advent of computer technologies for both statistical and deterministic analyses and calculations, facilitated model development of complex processes and provided better insight and interpretation of soil erosion
and sedimentation processes. At the same time, the USLE was improved and has remained the primary
tool for guiding and managing upland conservation practices in water erosion prone agricultural watersheds. The usefulness of the USLE was strengthened by its large database that was collected since the
1930s and involved hundred thousands of data points representing many spatial and temporal conditions,
details of hydrologic events, soil types, topographic conditions, cropping systems, etc. The 1970s was also a period in which water quality issues became of concern and in which sediment, because of its voluminous nature was a large component (Stewart et al., 1975).
In the 1980s process erosion models such as WEPP (Water Erosion Prediction Project) were developed
within USDA-ARS (USDA, 1995). The premise was that a better scientific basis for predicting and controlling soil erosion would be obtained for predicting soil erosion on upland areas and for conditions not
or inadequately covered by the USLE. So, there was this parallel effort of improving the USLE as a land
management tool while at the same time efforts were under way to develop processed based research
models. The USLE and WEPP were primarily hill-slope models. The USLE was updated twice in 1965
(Wischmeier and Smth, 1965) and in 1978 (Wischmeier and Smith, 1978) and became in 1997 the Revised Universal Soil Loss Equation (RUSLE) with the publication of Agricultural Handbook 703 (Renard
et al., 1997). Since that time, the more recent and scientifically improved and technically superior 2008
version, known as RUSLE2 can be accessed on the Home page of the NSL. RUSLE2 has added capabilities. The USLE can only be used in cases where erosion takes place and is not applicable to situations
when sediment deposition occurs. RUSLE2 can be applied on upland areas with both erosion and sediment deposition problems. RUSLE does not address ephemeral or permanent gully erosion. The huge advantage of the RUSLE2 model is the large database that was used to developed this model, the scientific
thoughts behind this model, and the simplicity of the model with look-up tables that readily can be used
by field technicians trained in the use of this model.
The 1980s was a period with great interest in developing agricultural watershed scale models for upland areas. That interest came to fruition through models such as AGNPS (Agricultural Non-Point Source
Pollution Model) and AnnAGNPS (Annualized AGNPS). Also, the basin scale model SWAT (Soil Water
Assessment Tool) was developed. These models were actually developed as water quality models but do
contain erosion and sedimentation components. AGNPS (Young et al., 1985) is a continuous simulation
surface runoff model designed to predict non-point source pollutant loadings within agricultural watersheds. AnnAGNPS is a distributed parameter, continuous simulation, watershed scale, pollutant loading
computer model developed jointly by USDA-ARS and USDA-NRCS and written in standard ANSI
Fortran 95. SWAT was developed by USDA-ARS and Texas A&M University to quantify the impact of
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land management practices on water, sediment, nutrient and pesticide yields in large, complex watersheds
(Neitsch et al., 2011). It is a direct outgrowth of the SWRRB (Simuilator for Water Resources in Rural
Basins) model developed by Williams et al. (1985) and Arnold et al. (1990) and contains features from
several ARS models such as CREAMS (Chemical, Runoff, and Erosion from Agricultural Management
Systems (Knisel et al, 1980), GLEAMS (Groundwater Loading Effects on Agricultural Management Systems (Leonard et al., 1987)), and EPIC (Erosion-Productivity Impact Calculator (Williams et al., 1995)).
These models are widely used.
Another first of its kind research at the NSL was agro-ecological research in agricultural watersheds.
This work was conducted in the drainage channels of the major flood control reservoirs in northern Mississippi and the Oxbow Lakes or cut-off arms of the Mississippi River and its tributaries in the lower Mississippi River Delta. This research related water quality to runoff, sediment, and associated agrichemicals and nutrients on ecology of plankton and benthic macro-vertebrate in the stream system of the
Mississippi Delta agricultural watersheds. The Mississippi Delta agricultural watersheds are known to
have received for many years large amounts of pesticides and herbicides during the cotton production era
(Cooper, 1984). Many of the streams draining Bluff line watersheds along the Mississippi Delta were unstable and had severely eroded ever since these watershed were put into production during the 19th and
first half of the 20th century. These channels were in many places silted up and created serious flooding
and sedimentation problems in the Mississippi Delta. The remedies consisted of large scale reforestation
of the slopes and degraded upland areas, channelization of the bottomland streams, and conservation
measures on agricultural land. However, more vigorous measures had to be taken to stabilize the streams.
The solutions consisted of hydraulic flow control structures, check dams, drop structures under the provisions of the DEC (Demonstration Erosion Control) Project. This project created an opportunity to stabilize the stream banks and utilize the pools constructed near the control structures to improve the habitat
for fish and wildlife (Cooper and Knight, 1987; Knight and Cullum, 2014). Thus, what was designed to
prevent flooding through stream stabilization, also had a beneficial effect of improving the ecology of the
stream and channel system as a whole.
Channel erosion research has not received the highly integrated, systematic, and sustained approach
per se seen in erosion research on upland areas. Much of the SCS data of earlier years have not been
summarized, published, or collectively analyzed as was done with the data from natural runoff plots on
upland areas that were deposited in 1954 at the Runoff and Soil Loss Center at Purdue University. Substantial research efforts were made in sediment transport in laboratory flumes at the NSL. That work was
mostly designed to obtain a better understanding of sediment movement in relation to flow regimes and
sediment characteristics. Some research was done on stream bank stability and protection, control structures, and sediment deposition in lakes and the stream system. Most of this work was of an experimental
nature and was designed to monitor sediment movement under various flow regimes and to arrive at improved measurement techniques. Few readily useable transport relationships were obtained.
1.3 The recent years (2000-present)
In the 1990s and 2000s a number of erosion and transport research models were developed and improved
that were aimed at special needs and involved different erosion and sedimentation issues. In the upland
area, RUSLE2 received considerable interest when the utility and effectiveness of the erosivity factor was
improved by introducing the concept of erosivity density. In this case, a huge variability that would be obtained if erosivity for locations were computed based on extreme precipitation events at a given point in a
measuring location. With the erosivity density concept, a more uniform value for an area could be obtained (USDA, 2008).
The soil erodibility evaluation for certain soils did not change very much. The soil erodibility nomograph (Wischmeier et al., 1972) still is considered to be the best tool, although the bell-shaped erodibility
relationship (Römkens et al., 1986; Römkens et al., 1997) expressed as a function of the geometric particle diameter may be preferred when dealing with global soils for which no direct or measured values are
available. Its strength is related to the fact that the geometric particle of the soil diameter reflects a transportability characteristic. Also, broadening RUSLE2 from a 1-dim. to a 2-dim. erosion equation ( Dabney,
2012) will give RUSLE2 a greater degree of accuracy and relevancy.
Other models and projects developed since the mid 1990s were mostly for applications at the watershed scale and emphasized water quality issues. These were MDMESA (Management Systems Evaluation Area, CEAP (Conservation Effect Assesment Project), TMDL (Total Maximum Daily Load), MRB
(Mississippi River Basin), and LTAR (Long Term Agro-ecological Research).
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The MSEA projects, established in 1989, were applied to 8 important but diverse agricultural areas in
response to a National Presidential Initiative on Water Quality to improve and conserve America’s water
resources with as objectives: (1) to protect groundwater resources, and (2) to develop and seek water
quality programs and alternative practices to address runoff contamination (USDA, 1994). The Mississippi Delta was chosen because it represents an special physiographic area that is an open system in the winter time and a closed system during the crop producing period, with a nearly level topography, high water
tables, high rainfall (135 cm/annum) fertile medium to heavy soils, non-existent subsurface drainage, intensively cropped with row crops, and high usage of agri-chemicals for pest and weed control. This project was concluded in 1996.
CEAP is a multi-agency U.S. Government project that was initiated in 2003 to quantify in a scientific
manner the environmental benefits of conservation practices by landowners participating in USDA’s conservation programs (SWCS, 2006). After having spent hundred millionths of dollars on conservation program, no reliable database was available to quantify the effectiveness of these programs. The program
consisted of two components: (1) a National Assessment, and (2) small watershed studies involving ARS
benchmark, special emphasis, and competitive grants watersheds. The program is still on-going.
TMDL is a regulatory term defined in the U.S. Clean water Act of 1973, section 303(d) as the maximum amount of a pollutant that a water body may receive from all sources and still meets the water quality standards for its intended use. There may be TMDLs for pathogens, chemicals heavy metals, etc. including sediment. A water body is said to be impaired if a TMDL is exceeded and remedial measures
must be taken to address the situation.
MRB is a 4-yr $ 320 million initiative by the U.S. Secretary of Agriculture to address water quality,
wildlife, and natural resource conservation concerns in the 1.2 million mi2 Mississippi River Basin. Farm
runoff is the most significant contributor to the 1.57 million metric tons of nitrogen flowing into the Gulf
of Mexico annually. Nitrogen is the principal cause of the hypoxic zone (dead zone) development.
LTAR represents a long-term agro-eco system research network of watersheds that will provide
knowledge for sustaining agricultural productivity and eco-system services to society. This network will
require and demand a productive and economically viable agriculture that is safe, environmentally sound,
and socially responsible (Walbridge and Shafer, 2011). It is composed of watersheds that have research
productivity, infra-structure capability, data availability and accessibility, geographic coverage, research
partnerships, and institutional commitments.
The above projects and programs involve to different degrees erosion, sedimentation, and conservation
models, calculations, and practices. They are integrated with water quality and ecological objectives and
goals. Some of them overlap, but together they express a dynamic agriculture sensitive to the sustainability of food, feed, fiber, and fuel production in harmony with an ecological environment.
With the onset of improved digital computer technology, sophisticated computational numerical solutions and models have been developed that can approximate to a very reasonable degree the accuracy of
sediment and water movement in a complex stream system and geomorphic conditions. Of particular significance are the basic 1D-, 2D-, and 3D-NCCHE numerical computational models developed by the National Center for Computational Hydroscience and Engineering (NCCHE) at the University of Mississippi
which was established in 1982, continually supported since 1989 with Congressionally mandated funding,
and administered under the auspices of the Agricultural Research Service by the NSL (Wang and Hu,
1992; Jia and Wang, 2001). With this mandate, the scope of the research mission of the USDA-ARS expanded greatly and entered into a new era heretofore unknown in the annals of ARS. These basic models
and their problem-specific application derivative models are capable of predicting flow and sediment
movement in stable and unstable stream systems with open boundaries and have the potential capability
of predicting complex flow regimes and dynamic boundaries. Of immediate interest is their application to
stream system of watersheds with a variety of flow and streambed conditions, including the simulation of
flood waves and the concomitant movement of eroded and suspended sediment in cases of dam failure of
both catastrophic (sudden collapse) or gradual failure in nature or in planned dam removals. Likewise,
these models can be used to project and predetermine sediment movement in the upstream and downstream sections of the stream system during and following the removal of functionally outdated dams. Of
particular value in this era of climate change are the ability of these models to predict the flow regime in
real time, the capability to predict the progression of flow waves in terms of height, distance, and velocity, and thus the capability of offering under certain circumstances the possibility of developing an early
warning system in case of dam or levee failure. The possibility of this capability is enhanced by the parallel development of geo-technical methods by the National Center for Physical Acoustics of the University
of Mississippi (NCPA), also funded by a Congressional mandate through the ARS NSL, to determine,
among other things, the stability conditions of earthen dams, and ultimately to assess the potential for
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failure (Hickey et al., 2014). The NCCHE-models also offer great potential in water quality research by
following the movement of point and non-point pollutants through the watershed stream system, and estimating their abatement if combined with time dependent and natural decay rate processes. They are also
very useful for Action Agency in devising policies regarding permissible discharges, evaluation of chemical hazardous conditions and spreading of pollutants in surface waters.
Other models that have been developed in-house in recent years and that address the stability and erosion of the stream channels per se within watersheds, are CONCEPTS and BSTEM. CONCEPTS (CONservational Channel Evolution and Pollutant Transport System) is a computer model that simulates the
evolution of incised streams and evaluates the long-term impact of rehabilitation measures of stream systems of reducing sediment yield (Langendoen, 2000). It simulates unsteady, one-dimensional flow, graded sediment transport, and bank erosion processes in stream channels.
BSTEM (Bank Stability and Toe Erosion Model) can calculate critical conditions for stream bank stability and involves knowledge of the soil shear strength, effective cohesion, pore water pressures, and the
effective internal angle of friction (Simon et al., 2011; Simon et al., 2000).
2 SELECTED AREAS OF KNOWLEDGE GAPS AND RESEARCH NEEDS
Tremendous progress has been made in soil conservation at both the field and watershed scale since the
“Dustbowl” days of the 1930s. This is especially true, if one reflects at the magnitude and complexity of
the problems that then existed and compare those with the current situation in the erosion prone areas
where now fields are covered with crops and where streams are now incised stable systems. Nevertheless,
continued vigilance is needed not to relapse into the situation ante the dust bowl. Now, water resources
have become more scarce due to higher demand by a growing population, excessive harvesting of
groundwater resources for domestic and industrial use, and for irrigation. Also, global climate change is
affecting in many places the precipitation regime. Precipitation may change in intensity and become more
irregular, causing longer and more periods of severe drought in some places and flooding in others. There
are many other issues and impediments that affect the sustainability of agricultural production besides the
efficiency in the application of conservation practices. Society should promote a holistic approach to our
agricultural water resource problems at the watershed scale, such as the efficiency of water use in deficit
areas, wider use of drip irrigation, groundwater recharge, plant breeding of water use efficient cultivars,
use of water stored in reservoirs by improving controlled release and diversion to areas in need of water.
In areas with surplus water, water should be stored in streams, reservoirs, lakes, or as groundwater, and
only then to be discharged when a point of need or critical conditions are reached. Special areas of concern are:
2.1 Improved water management
Crop production and erosion control are interlinked. The most desirable situation is one where optimum
conditions exist in water supply to the crops during the entire growing season. In that case, biomass production is at a optimum yielding the most cover through canopy development and potential residue for
protecting the soil surface from the destructive impact of rainfall and runoff. Plant breeding research
needs to be done to enhance biomass production of crops that would serve better erosion control. Proposals to use biomass as an alternate fuel source, a common practice in the developing world, could be
very detrimental to erosion control if the needs for fuels are not carefully balanced against the residue
needs for protecting the land surface from erosion.
2.2 Improved knowledge of surface-subsurface water relationships at the 2-dim. watershed scale
Water is the vector in erosion processes, whether as rainfall, surface flow, or as seepage. It is important to
know what fraction of incident rain is available for plant growth, what fraction accrues to groundwater,
and how much of it contributes to erosion and sedimentation processes by rainfall, runoff, or seepage, and
at what location on the field and in the watershed.
2.3 Seepage and seepage gradients
Relatively little research has been done on seepage erosion. Yet, the effect of seepage on erosion processes can be very substantial through gradients at the soil-water-air interface where soil particles may be de23

tached or in causing hydraulic pressures exerted on bulk soil (stream banks). Soil water pressures may especially be relevant in gully development and growth, a major mode of soil erosion on sloping land.
2.4 Runoff on irregular surfaces
Most erosion prediction models assume 1-dim. flow with uniform or segment-wise uniform slope gradients. The reality is quite different. The RUSLE2 prediction models is being modified to predict erosion on
a 2-dim. surface using a spatial approach from cell-to-cell segments for runoff similar to the one used in
the AnnAGNPS model in routing surface runoff .
2.5 Gully erosion
The most challenging aspect of upland erosion and sedimentation research is an inadequate understanding
of the effect of surface and subsurface flow on ephemeral gully and gully development. EGEM (Ephemeral Gully Erosion Model (Merkel et al., 1988)) simulates a single ephemeral gully on a planar surface,
which is not realistic in field applications. Surface discontinuities, concentration of surface flow, subsurface flow regimes, and tillage marks from implements makes it extremely difficult to come up with reliable and consistent values of soil loss from upland areas .The recent development of LIDAR technology
and improved photogammetry (Wells et al., 2013; Gordon, 2012) capable of measuring accurately x-, y-,
and z- dimensions even on deeply incised and gullied watersheds, should facilitate the development of an
improved gully erosion predictive relationship.
2.6 Process specific soil erodibility values
These values and soil variability are complicated factors in determining soil loss from fields. Depending
on the erosion agent, the soil response varies and different soils react differently to different agents. No
universal soil property has yet been identified though the geometric particle diameter is probably the most
important one as it represents to a better degree the transportability characteristic of sediment in runoff.
Besides intrinsic soil properties, soil surface conditions due to antecedent soil water history and manipulation also affect the erodibility values.
2.7 Freezing and thawing
The effect of freezing and thawing on soil erosion has hardly been studied. Large portions of the northern
hemisphere are covered by frozen soil for a substantive part of the season. While the underlying physicochemical principles have been known for many years, their relevancy in erosion processes, have not been
considered.
2.8 Sedimentary fluid mechanics
Sediment movement is usually related to the flow regime and particle size characteristics in channel flow.
Little is known how the interaction of sediment particles affects their movement. Experimental and analytical research by Prasad et al. (2009) of movement of coarse size particles in steady uniform shallow
overland flow has indicated that the transport capacity is appreciable affected by the concentration of the
transported particles and that the initial uniform movement degenerates into a wave and meander form.
How finer size soil material affects sediment movement in shallow or bulk flow is unknown.
2.9 Intellectual Input
Progress to improve our prediction capability will become more and more dependent on a workforce that
is capable of handling the challenging and difficult fundamental subjects. While modeling is the manner
in which knowledge is put together and may ultimately be the tool one is looking for in conservation
management, the understanding of the system in detail is a must if one wants to be able to relate outcome
to cause. With the budget cutbacks that have been sustained time and again in the USA, with past restrictions on foreign travel, and with less than the needed intellectual input in our research program, the
U.S. is losing its eminence and leadership in erosion and sedimentation research.
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3 CONCLUDING OBSERVATIONS
The complexity of erosion and sedimentation processes is self evident. Today, the focus in erosion and
sedimentation research is for the most part on the development of predictive models that can be used for
conservation practices, hazard prediction, environmental concerns, etc. at the watershed scale (AnnGNPS,
SWAT, etc.) and ephemeral gully erosion and sediment transport in the stream system. Also, research
emphasis is changing and is shifting from the 1-dim. situation for which most of the erosion and sedimentation existing relationships have been derived to the 2-dim. case in which a concomitant increase in the
complexity of the models is experienced.
The professed policy and emphasis of USDA-ARS funding is to conduct research on problem solving
in preference to fundamental aspects of erosion and sedimentation research. However, it would be illusory to think that one can conduct indefinitely problem solving research without studying the underlying
fundamental aspects. In addressing the practical needs, two major impediments are encountered:
(1) Inadequate research funding has been encountered in recent years with the prospect that this will not
improve much in the near term. Funding shortfall is currently being experienced across all research areas traditionally funded by the U.S. Government. Therefore, it is expected that research progress will
be severely hampered.
(2) Inadequately trained scientists in the USA in the STEM (Science, Technology, Engineering and
Mathematics) subjects that have the training and background to handle these complex research subjects
in an increasingly complicated subject matter.
The research thrust in the natural resources area of USDA appears to be changing. There is increasing
concern about the adequacy of the water supply in many parts of the country, especially in the southwestern U.S., but also elsewhere. Increases in population, increasing needs for water in agricultural, commercial, industrial, and public use, and changes in the availability of water due to global climate change, will
invariably further stress access to the limited supply. Erosion and sedimentation research may have to
take a back seat in the competing interests for the limited financial research resources. On the other hand,
the experiences learned in pursuing erosion and sedimentation research, the models that were developed,
and agricultural practices learned in times past can also be used to a considerable degree in addressing
water management needs.
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Utility of Coastal Science
H. von Storch and staff of Institute of Coastal Research
Helmholtz Zentrum Geesthacht, Germany

For creating a framework to review the societal utility of science we suggest a list of categories of such
utilities, and use examples from the practice of the HZG institute of Coastal Research In Geesthacht,
Germany.
1. “Making sense” refers to the scientific understanding of complex phenomena, and its use for supporting societal framing and decision making. Examples are consequences of eutrophication or the
separation of the effect of different drivers, from global climate change to changing morphology.
A significant constraint is that science is not the sole supplier of such understanding, but other
knowledge brokers are active as well.
2. “Marine Spatial Planning (MSP)” describes the “public process of analyzing and allocating the
spatial and temporal distribution of human activities in marine areas to achieve ecological, economic and social objectives that have been specified through a political process”. MSP needs in
particular contributions from social science for understanding structures, perceptions, interests and
power balances of the involved actors.
3. “Monitoring” aims at the assessment of the current status of the coastal environment and short
term trends based on observation and related data analysis. This includes making data and assessments available for intermediate or final users. Examples refer to routine analysis and short-term
forecasts of current environmental states.
4. ”Hazard, risk and opportunities” assessments are needed for almost any kind of onshore and offshore operation. For the assessment of negative outlooks and positive perspectives comprehensive
and homogeneous data are needed. Our example demonstrates how to prepare such assessments in
cases when observed data are unavailable.
5. “Scenarios” provide a useful tool in assessing consequences of possible future developments,
sketching related uncertainties or identifying developments with predetermined properties. Our
examples deal with the development of coastal protection or the expected impacts of climate
change.
Even though not independent, the different categories address different stakeholder groups; the first,
“making sense” addresses mainly the general public, scientists, and media. In the other categories, numbers are produced, which may guide short term decisions.
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Building with Nature: Mainstreaming the Concept
H.J. de Vriend

EcoShape Foundation, Dordrecht, the Netherlands

ABSTRACT: Building with nature (BwN) is a pro-active approach to meet the demand for hydraulic engineering infrastructures. Instead of assessing and mitigating a posteriori the environmental impacts of a
set design, it considers nature as an integral part of the design right from the start of the project development process. It utilizes natural processes and provides opportunities for nature as part of the infrastructure development and operation. After a first phase of ‘showing that it works’ in a number of pilot projects, time has come to introduce the BwN-ideas into the mainstream of hydraulic engineering (‘make it
happen’). A number of example projects are described and lessons learned are given. The general conclusion is that BwN is increasingly being applied in practice, but that there are many non-technical hurdles
and pitfalls.
Keywords: Building with nature, Soft engineering, Green engineering
1 INTRODUCTION
More than half of the world’s population lives in urban areas located near rivers, deltas or coastal areas.
As the world’s population grows and its prosperity level rises, so too will the demand for goods (food,
energy, merchandise) and services (transportation, accessibility, safety, recreation).
Accommodating this growth will involve the development of hydraulic infrastructure, such as harbours, access channels, land reclamations and flood defences. Sea level rise and climate change are enhancing the demand for adaptable designs. At the same time, people need space for recreation – beaches,
parks and waterfronts – which generates its own special demands on spatial and infrastructure planning.
These developments need not only to be realized in often fragile environments that are under constant
pressure, but also in complex societal settings, with a variety of stakeholders involved in decision making.
Sustainable development is crucial if we are to maintain river, delta and coastal environments around
the world, and the ecosystem services they provide. The latter include (1) provisioning services, related to
the supply of food and other products; (2) regulatory services, related to natural processes such as water
purification, carbon sequestration and flood control; and (3) cultural services, related to recreational, spiritual and other non-material benefits that people derive from nature. Finally, they offer support services
necessary for the delivery of all other ecosystem services, such as nutrient cycling, water storage, regulation and recharging, as well as wildlife habitats, nesting sites and foraging grounds. Balancing the sustainable functioning of ecosystems, on the one hand, with the demand for their development and use, on
the other, is one of the greatest challenges for the future of humankind.
It is crucial for us to learn how to design infrastructure that is serving more than one purpose, aligned
with natural processes rather than working against them and adaptable to changing conditions such as sea
level rise and climate change. Traditional approaches usually focus on a single purpose while attempting
to minimize the negative impacts of an envisaged project (building in nature) and compensating for any
residual negative effects (building of nature). Stepping beyond these ‘reactive’ approaches, building with
nature aims to be proactive, utilizing natural processes and providing opportunities for nature as part of
the infrastructure development and operation process (also see: De Vriend and Van Koningsveld, 2012).
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valuable. Also the property of newly developed nature areas and the responsibility for its maintenance
are sometimes subject to legal disputes.
10 CONCLUSION
The many projects in which BwN-ideas are being implemented show the potential of the concept in mainstream hydraulic engineering and spatial development, not only in rural areas with ample space for ‘soft
engineering’ and ‘green’ solutions, but also in densely populated urban areas. Common denominators of
all of these projects are (1) the inclusion of the natural environment, as a ‘stakeholder’ as well as a potential contributor to the realization and operation, right from the start of the project development process,
(2) an integrated multifunctional approach, and (3) active stakeholder involvement throughout the process. Yet, there are always hurdles to be taken and pitfalls to be avoided, if not technical or ecological,
then contractual, societal, or legal, or associated with unnecessary conservatism among professionals.
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A Real-Time Flow Muskingum Forecasting Model for Three Main
Stations of the Medjerda River (Tunisia)
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ABSTRACT: Flooding problem raised seriously in the watershed of Medjerda in Tunisia indeed flood
risk factors still exists for some cities. Studies forecasting and flood management may be important to address these problems. In this context, the axis "Flood Mapping and modeling" of the project "Improving
of water resources management and adaptation to climate change - Tunisia", funded by the GEF - World
Bank, coordinated by the Regional Centre for Remote Sensing of North Africa States, supported by
NASA and conducted jointly by the Ministry of Agriculture, the National Centre for Cartography and
Remote Sensing and the National Institute of Meteorology, aims to establish a reliable model for flood
forecasting of Medjerda major hydrometric stations. Following the parsimonious concept of parameters,
simplified models for flood forecasting based only on flood routing have been developed for flood-prone
sites located downstream of a gauged station and at a distance allowing an appropriate forecasting leadtime. In this context, the Muskingum model can be a useful tool. A model for real-time flood forecasting
in river systems with large drainage areas has been developed. Flow variations between upstream and
downstream stations are interlinked and are typically governed by reach properties. The reach of
Ghardimaou-Bou Salem (upstream basin of Medjerda) had long known catastrophic floods. We recovered
twenty four floods in the upstream basin during the period 1973-2013. This communication is designed to
analyze the results of the floods forecasting by simple propagation model namely Muskingum. The method of forecasting depends on the upstream station flow and models coefficients of antecedent floods.
Forecast periods range from 2 to 8 hours, with a pitch of 2 hours. We used numerical criteria, such as
Nash coefficient, peak relative error and time separating observed and calculated pic, to evaluate the results. We noted that the results were satisfactory with Nash coefficient ranging from 20% to 99.8%.
Keywords: Flood forecasting, upstream basin of Medjerda, Muskingum

1 INTRODUCTION
Channel flooding is a complex dynamic process characterized by spatial and temporal variation in the
flow parameters. Generally, information on water levels is collected at critical locations, as well as at existing stream gauging stations, for analyzing flood movement. Development of flood forecasting model
characteristics based on only an observed stage is a difficult task because of recharge over the reach, spatial variability of rainfall, and varying channel characteristics influence river flow in a highly nonlinear
manner. These issues become more complicated for large river systems, thus, requiring detailed distributed information for routing the flood along the river reach.
Deterministic flood forecasting models can be divided into two general categories: flood routing models and real-time rainfall– runoff models. Models of flood routing are varied; there are a big number of
algorithms from simple statistical receipt to the partial differential equations of Saint-Venant (Bentura,
1996). The Muskingum model is numerically equivalent to the Saint-Venant equations via the diffusion
equation of a wave. It is a classical flood routing method. However, the representation of lateral inflow
contributions, as well as the discharge forecasting at the outlets of upstream sub-catchments cause problems. Muskingum model is improved to incorporate multiple sources of inﬂows and single outﬂow to
route the ﬂood in the reach.
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In Tunisia, the flood problem arise the only perennial river, Medjerda, in particularly the reach of
Ghardimaou-Jendouba- Bou Salem. During the work of my Masters memory, we applied Muskingum
model to reconstitute flood hydrographs of the main stations of Medjerda River in the upstream Sidi Salem dam and the results were satisfactory (Abidi, 2011). In this paper we will use Muskingum model for
flood forecasting using the results of flow reconstitution. The consideration of lateral flow in the hydrograph reconstitution ameliorated the results (Abidi, 2014). We decide in this paper to enter lateral flow in
the upstream discharge for the forecasting.
The first part of the paper presents the models and the performance criteria, the second section illustrates the study area and in the third part we present the results.
2 MATERIALS & METHODS
2.1 Methods
The methods of flood routing are broadly classified as empirical, hydraulic, and hydrological (Fread,
1981). A number of soft computing related techniques were used for flood forecasting in addition to
Muskingum method.
2.1.1 Muskingum model
Since its development in 1939 by McCarthy, this model is widely used in hydrological engineering.
Cunge (1969) showed that the Muskingum model is numerically equivalent to the Saint-Venant equations
via the diffusion equation of a wave. Muskingum model proposes a relationship between the inflow Qa (t)
and outflow Qs (t) of type (Habaieb, 1992):
Qs ( t + d ) = a1Qa ( t ) + a2 Qa ( t + d ) + a3 Qs ( t )

(1)

Where ‘Qa’ and ‘Qs’ are the upstream and downstream flow (expressed in m3/s), ‘t’ is the calculation
time, ‘d’ represent the calculation delay and ‘a1, a2, a3’ are the coefficients of Muskingum model calculated by least squares‘ method.

Figure 1. Muskingum model technic of reconstitution

2.1.2 Forecasting model
After dressing the Muskingum coefficient of flow reconstitution, we regrouped flooding by season. To
forecast a flooding by Muskingum model, the coefficient (a1, a2, a3) are taken from a simulated flooding
that had a previous date, belong to the same season and had a near humidity index.
2.1.3 Performance measures
Graphic criteria used to optimize the results are observed and simulated hydrographs, peak flows observed and simulated correlations between observed and calculated rates. Numeric criteria chosen to test
the effectiveness of the models are the Nash–Sutcliffe model efficiency coefficient “Equation (2)”, the
peak relative error “Equation (3)” and the peak time error “Equation (4)”.

∑i =1 ( Qo − Qc )2
(2)
n
∑n =1 ( Qo − Qm )2
n

CNash = 1 −

PRE =

Qc max − Qo max
Qc max
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(3)

PTE = t

Qc

−t

Qo

(4)

Where ‘Qo’ is the observed flow, ‘Qc’ is the calculated flow, ‘Qm’ is the average observed flow,
‘Qcmax’ and ‘Qomax’ are the maximum calculated and observed flow, tQc and tQo are the calculated and
observed peak time.
2.2 Study area
The Medjerda, the major Tunisian river, originates in the semi-arid Atlas Mountains of eastern Algeria. In
Tunisia, the western part of the catchment is delimited by the south facing slopes of the Tell region and in
particular the Kroumir Mountains, and at the south by the north facing slopes and piedmonts of the semiarid Dorsal Mountains. The river then flows east, through the tectonic depression of the Ghardimaou basin, characterized by an 8–10 m thick Holocene floodplain sediments. The Medjerda catchment covers
approximately 24,000 km², of which 16,100 km² located in Tunisia and extends for 460 km including 350
in Tunisia (Zielhofer, 2002).
The area under study covers partially the Medjerda river basin and is defined as the area draining between the gauging subwatershed of Ghardimaou and Bou Salem, just before reaching the Sidi Salem Dam
(Figure 1), the largest dam in North Africa.
The area of the studied basin is about 4645 km². The basin is drained by a series of rivers of varying
sizes (table 1) which two tributaries are conducted by dams.

Figure 2. Study area
Table 1. Tributaries characteristics
Tributaries
Area (km²)
Rarai
750
Mellegue
10700
Tessa
2450
Bouheurtma
550

Length (km)
14
317
143
30

The rugged terrain overlooking the plain on the north side and south side slopes are generally high, which
promotes surface runoff.
The catchment lies in the sub-humid to Mediterranean humid bio-climatic region. The rainy season extends from September to May, with intense precipitations in autumn.
3 RESULTS AND DISCUSSION
25 floods were reconstituted by Muskingum model. The model coefficients were used to forecast these
floods. Forecast periods range from 2 to 8 hours, with a pitch of 2 hours.
The flow of Jendouba upstream is the sum of Ghardimaou and Rarai flow. The flow of Bou Salem upstream is the sum of Jendouba flow and the tributaries flows (Mellegue, Tessa, Bouheurtma).
To analyze the results we draw the distribution functions of the different criteria in each section.
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ABSTRACT: Samui island in southern Thailand has become an ever-increasingly attractive tourist spot
over the last decades. It is thus of no doubt that water deficit, mainly, during the tourist season – the main
source of water is surface water stored in a few reservoirs across the island - has become more severe in
recent years. Department of Groundwater Resources (DGR) has been aware of this problem and has thus
initialized induced the project of underground groundwater dam to better manage the groundwater resources on Samui island which is supposed to impede the natural groundwater outflow towards the sea
and so to increase the usable groundwater storage during the dry season. Based on results of a comprehensive hydro-geological field analysis that included geophysical surveys as well as drilling and piezometric monitoring, the aquifer system can be discriminated as a three-layer aquifer with, from top to bottom, i.e., (1) the sand-clay unconfined aquifer, (2) the sand-clay confined aquifer and, (3) the weathered
granite-confined aquifer. The dam will be realized by two on a central impervious rock abutting lowpermeability-, groundwater-flow-impeding walls that cut through the three layers of the aquifer system,
down to a maximum depth of about 50 m. A top of the 2 m in width of dam, which ends below the upper,
unconfined aquifer layer, a vertical layer of high permeability will be set up, so that a “spillway-like”
over-flow of the groundwater is enabled, in order to not disturb too much the subsurface ecology downstream. According to above data, a 3D numerical groundwater flow model with areal domain of 11.5 km
x 7.5 km have been, respectively, conceptualized, set up and calibrated in both steady and transient mode.
The computed head is good agreement with the observed head. In the subsequent modeling analysis the
underground dam with the spillway characteristics as mentioned above has been embedded into the model
by specifying the corresponding vertical curtains of low and high conductivity, respectively. Finally,
groundwater pumps upstream of the underground dam have been included into the model. Simulations
without and with the hydraulic structures have been performed to ascertain the differences with respect to
groundwater levels and -storage and to evaluate the overall functionality of the underground dam. The results show that the underground dam is able to raise groundwater levels, i.e. raise the groundwater storage
The budget analysis of the simulation sets indicates that the underground dam serves well its purpose,
particularly, for long dry spells, as more groundwater can be pumped out of aquifer system than would be
possible without such a hydraulic structure.
Keywords: Groundwater Flow Modeling, Underground Dam Design, Samui Island, Southern Thailand
1 INTRODUCTION
Koh Samui island, in the province of Surathani in southern Thailand has become an ever-increasingly attractive tourist spot over the last decades, attracting thousands of visitors each year, especially, during the
winter season. It is therefore of no surprise that water shortages, mainly, during the tourist season – the
main source of water is surface water stored in a few reservoirs across the island - have become more and
more frequent in recent years, accentuated, not to the least, by regional climate change. The scarcity of
surface water during the dry season has led to the emergence of new water vendors that withdraw (partly
illegally) groundwater and sell it to water consumers at an expensive price. The Thai Department of
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Figure 2. Hydro-geological profile underneath the study area indicating the aquifer system: unconfined aquifer (1st layer),
sand-clay confined aquifer (2nd layer) and weathered granite aquifer (3rd layer).

3 MODEL IMPLEMENTATION
3.1 Conceptual model for the SUD aquifer system on Koh Samui island
The conceptual 3D - groundwater model for the SUD-aquifer systems is conceptualized based on its major hydrogeological and physical characteristics and its embedding in the regional hydrological cycle.
That is, the conceptual model is set up using the geological data, geological descriptions, hydrogeology,
hydrology, topography, groundwater extraction rates, soil conditions and land uses, some of which has
recently been collected by Thai DGR (Department of Groundwater Resources) (DGR, 2010).
The conceptual model of the SUD- aquifer system, as implemented later in the MODFLOW 3D
groundwater flow model (McDonald and Harbaugh, 1984), is presented in Fig 3. Based on the geological
information of Fig. 2, the SUD- aquifer system is set up with three aquifer layers, namely, an upper
sandy-clay unconfined aquifer, followed by a sandy-clay first confined aquifer and finally, a second
weathered granite confined aquifer. The aquitard layers between the aquifer layer are not explicitly included in the model and only specified in terms of their leakage rates, which are implicitly computed in
MODFLOW based on the differences of the hydraulic conductivities in the adjacent aquifer layers (eg.
Arlai et al., 2006; 2012; Arlai, 2007).
Neumann no-flow boundary conditions (BC) are specified at the ridges of the mountains (acting as
symmetry boundaries) encompassing the basin and also at the bottom of the aquifer system which is underlain by crystalline rocks. The seawater boundary of the model is represented by a Dirichlet-BC of constant heads (h=0). The MODFLOW-river package is used to simulate the interaction mechanisms between the 19 canals and underlying groundwater system, whereas the model’s reservoir package is used
to specify the interaction between the Plu Na Muang reservoir and the aquifer system. Finally MODFLOW’s recharge package is enabled to represent the basin’s natural recharge from precipitation, whose
exact amount is determined during the calibration process presented in the subsequent sub-section.
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Figure 5. Finite difference grid of the SUD groundwater model with active (white) and inactive (gray) cells. Blue cells mark
the sea as well as boundaries where a Dirichlet boundary is specified. Yellow, green and turquoise-colored cells delineate natural canals or creeks, as specified in the river boundary package. The reservoir, specified by the reservoir
package, is indicated by gray- blue colored cells.

The results of this analysis are shown in Fig. 4 which indicates that the optimal horizontal size of the grid
elements is about 50m x 50m, i.e. no noticeable further reduction of the RMSE is obtained when smaller
grid elements are used. The final FD grid used in the subsequent computations is shown in Fig. 5, which
also reveals the cells that are activated by the various MODFLOW packages discussed earlier.
The calibration of the SUD groundwater model is carried out in both steady-state and transient mode,
with the objective to ensure that the model can reasonably well mimic the groundwater flow system,
namely, fit the observed piezometric heads. The latter were measured at 46 monitoring wells that were installed by DGR during 2009 and the beginning of 2010. The measurement period available in the present
study goes from April, 2009 to March, 2010.
In the steady- state calibration process the horizontal and vertical hydraulic conductivities Kxy and Kz,
respectively, in the three aquifer layers as well as the groundwater recharge are adjusted in a trial and error manner, while in the transient calibration the storage parameters, i.e. specific yield Sy for the upper,
unconfined aquifer layer and storativity S for the two confined layers are adjusted in addition.
Fig. 6 shows, as an example of the steady-state calibration, the scatterplot of the modeled and observed
piezometric heads in the 2nd (confined) aquifer layer. The root mean squared error (RMSE) of the fit of
the observed heads by the model in this 2nd layer is 1.73m, whereas values of 1.73m and 1.55 are obtained
in the 1st and 3rd layer, respectively. The ratio of the RMSE to the regional head difference ∆ℎ which
measures the maximum difference between upstream- and downstream head in the model domain,
RMSE/∆ℎ, varies between 3.47 and 4.20%. As a ratio of < 5% is commonly considered as acceptable
(Anderson and Woessner, 1992), the results of the steady-state calibration are to be judged as satisfactory.
Regarding the calibration parameters, i.e. the hydraulic conductivites, the optimal Kxy in the three layers are found to vary between 1 and 21 m/day, whereas Kz are about 1/10 Kxy. Finally the calibrated
groundwater recharge is 155 mm which amounts to about 10 % of the annual rainfall in the study area.
As a result of the transient calibration, an optimal specific yield Sy of 0.08 is obtained for the 1st (unconfined) aquifer layer, and storativities S of 5x10-5 and 3.54x10-5 in the 2nd and 3rd (confined) layers, respectively. The monthly calibrated recharge is found to vary between zero and 4.12x10-3 m/day.
In a final step the volumetric budget of the calibrated SUD groundwater model has been checked. A
discrepancy of less than 0.01 % for the former is found, which provides some additional confidence on
the quality of the calibrated model.
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“spillway-like” overflow of the groundwater is enabled, in order to not disturb too much the subsurface
ecology downstream. The locations of the two dams are outlined in Fig 7. In the model they are included
in the form of two vertical low-conductivity curtain walls.
The three panels of Fig. 8 show the most salient results, i.e. the hydraulic heads, of the three scenario
simulations. The first scenario-run (top panel) is based on the calibrated groundwater flow model of the
previous section and serves as the baseline reference for the other two scenarios. From the top panel one
may observe, as expected, that the simulated groundwater of the calibrated model flows unobstructed
from the basin flanks toward the sea.
With the second scenario, i.e. forcing of the aquifer system by groundwater pumping of 6,000 m3/day,
the middle panel of Fig. 8 unveils that a large cone of depression at the location of the well field has been
established, wherefore the piezometric heads in the second 2nd layer are lowered down to its base.
The hydraulic head distribution of the third scenario plotted in the bottom panel of Fig. 8 provides
clear evidence of the large benefit of the construction of the two underground dams. In fact, the piezometric heads are now maintained at levels above the bottom of the 2nd layer. This indicates that the underground dams are able to reduce the original drawdown due to the strong pumping, i.e. more groundwater
is kept in the storage that is usable in the dry, high demand season.
Table 1. Average groundwater levels WL for scenarios without and with underground dams and additional storage S gained
over the six month dry season with the underground dams.

______________________________________________-Layer
WL.
|
WL.
S
(m)
|
(m)
(106m3)
----------------------------------------------------------------------no dams |
with dams
______________________________________________
1
14.25
| 13.75
*
2
16.75
|
17.19
0.12
3
9.65
|
9.70
0.05
_____________________________________________
* The first layer performs as a spillway and has thus no storage.
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This incremental storage due to the blocking of the groundwater flow toward the sea by the two underground dams has been quantified for the two confined aquifer layers (the upper unconfined layer acts a
spillway and cannot, thus, store water). The results are listed, together with the average heads numerically obtained across the model domain, in Table 1. Thus one may notice that the additional six-month, dryseason (February to July) groundwater storage due to the two underground dams amounts to 170,000m3,
which is a non-negligent quantity to be used for the public water supply, and this during a time period,
when it is most urgently needed.
5 SUMMARY
The purpose of the study has been to investigate the feasibility of the implementation of two underground
dams on Koh Samui island, in order to reduce the, nowadays, unobstructed flow of groundwater toward
the sea which, in turn, would increase the groundwater storage in the aquifer system. This additional water might be used to serve for water demand in the dry season, when water consumers on the island, augmented by huge numbers of tourists, face critical water deficit situations.
The results of the 3D numerical groundwater modeling show indeed that the two proposed underground dams are able to mitigate the cone of depression due to the planned pumping of 6,000 m3/day, i.e.
are able to raise the hydraulic heads in the well field during the (6-month) dry season by a significant
amount. This leads to an increase of the groundwater storage which is computed as 170000 m3. This
amount of water is then useable for extra dry-seasonal water supply on Koh Samui island.
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ABSTRACT: Sequential Streamflow Routing (SSR), with a control on the reliability of meeting the
energy demand is a common method for assessing the energy potential in practical hydropower projects’
design and operation in Iran. This approach has resulted in the development of a Reliability-Based
Simulation (RBS) model which has originally been used for the design of single-reservoir hydropower
projects, but has been extended here to multi-purpose multi-reservoir systems for the evaluation of other
demands in an integrated system. This modified RBS-model has been applied here to assess water
resource development plans in the large-scale Karkheh river basin system in Iran. The system consists of
seven dams that serve for hydropower generation, agricultural water supply and other environmental
purposes. The first step in the RBS-model consists in the estimation of the production capacity of the
power plants and the areas of irrigation systems under development, so that the target reliabilities in
meeting the energy- and agricultural demands are achieved. This requires the use of the simulation model
in a sequential scheme which iteratively adjusts the design variables of the power plant production
capacities as well as of the irrigation areas, in order to arrive at the desired reliability levels. For this
purpose, the MODSIM river basin decision support system has been used to simulate the system
performance, in which sequential single-period Network Flow Programs (NFP) are employed to
determine water amounts allocated to different uses, according to their priorities, for each set of design
variables. Furthermore, using the custom coding facility in MODSIM, the firm or reliable hydropower
energy FE to satisfy the demands has been computed. The results show that the RBS/MODSIM- model is
capable of simulating specific operating policies relevant to the hydro-system’s objectives and provides
the possibility of comparing different scenarios of the Karkheh river basin reservoir system.
Keywords: Simulation, Optimization, Reliability, Hydropower energy, Network Flow Program, MODSIM
1 INTRODUCTION
The fast growth in population, as well as the ongoing industrialization and urbanization throughout the
world have increased the demand for water for irrigation, hydropower generation and for other domestic
and industrial uses. Hence, water resources planning and management has become more important in
recent years. Operation of systems targets can include meeting the agricultural, domestic, environmental,
industrial and irrigation water demands, besides power generation.
Mathematical and numerical modeling, in particular, allows for the detailed consideration of the
complex behavior in reservoir systems operation at low computational costs. The mathematical
procedures involved in such a task may involve integer or nonlinear programming models whose
solutions require increased computer times when compare with the simpler linear programming models.
Such models can incorporate specific operating policies then analyze and solve the problem considering
the input conditions which are needed for getting particular, desired results. Rule curves (Lucks and
Sigvaldason, 1982), heuristic rules such as the space rule (Bower et al., 1962), New York City (NYC)
rule (Clark, 1950), hedging rules (Tu et al., 2003), are commonly used techniques for defining operating
policies required in these simulation models.
One particular objective of such a simulation model may be the reliability-assessment with regard to
the generation of hydropower and/or water for agricultural purposes. For instance, Roman and Allan
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(1994) performed a simulation of a hydrothermal power system, in order to asses its service reliability.
The authors evaluated different reliability indices from the sampling of the power outages of the power
plant and of the network buses and put these in relation to the water inflows and the demand levels by
means of a discrete simulation model. Van Hecke et al. (1998) and Sankarakrishnana and Billinton (1995)
applied a simulation model for the same purpose, however, that considered only the transmission
network. To that avail a hourly sequential simulation model was developed, which was calibrated on the
sampled outages of the power plant and the transmission elements. Additionally, the authors used
variance reduction techniques to obtain a more efficient simulation process. Afzali and Mousavi,2008)
developed and applied a reliability-based simulation- optimization model for a multi-reservoir
hydropower system in the Khersan Hydropower system, Iran and showed that, unlike many single
reservoir systems, integrated systems are able to produce stable excess electric energy.
A number of computer models for river basin planning and management have been developed by
various agencies and used extensively since the mid-1970s. Many early developments in this field used
heuristic weight factors to represent priorities of allocation in the optimization procedures , the latter
being mostly based on network flow algorithms (NFAs) which are computationally considerably faster
than standard simplex solvers employed in linear programming ( (Ilich, 2008). The HEC- family of
models (HEC-3, HEC-5 and HEC-ResSim), CALSIM (Draper et al., 2004) and MODSIM (Labadie,
1995) are good examples of this class of algorithms. In fact, some of these models can both simulate and
optimize a system. This is the case for MODSIM (Dai and Labadie 2001; Campbell et al., 2001; Srdjevic
et al., 2004) which has been extensively used worldwide.
The present study attempts to develop a simulation/optimization approach for the operation of the
system components in a multi-reservoir, multi-purpose Reliability-Based Simulation (RBS) model.
Within this model system, the sequential simulation model MODSIM is run to meet the specific
reliabilities. Although MODSIM is primarily a simulation model, its network flow optimization
capabilities provide an efficient means of assuring an optimal allocation of flows in a river basin, in
accordance with specified water rights and other priorities. More specifically, network optimization
techniques are specialized algorithms that perform integer-based calculations on linear networks and
these are considerably more efficient than real-number computations and matrix operations employed in
standard linear programming codes which are usually based on extensions of the revised simplex method.
The MODSIM- model which is embedded in a decision support system (DSS) environment is customized
here for application to the complex multi-reservoir system in the Karkheh river basin, Iran.
2 THE MODSIM DECISION SUPPORT SYSTEM
MODSIM is a generic river basin management model, developed by Dr. Labadie of Colorado State
University in the mid-1970s. The model has been widely used for the simulation of river systems
worldwide (Dai and Labadie, 2001; Campbell et al., 2001; Srdjevic et al., 2004). MODSIM is designed
for developing basin-wide strategies for short-term water management, long-term operational planning,
drought contingency planning, water rights analysis and resolving conflicts between urban and rural
stakeholders, and to forestall other environmental concerns. The GUI of MODSIM allows users to create
and link river basin network objects on the display. Moreover, it connects the model with the several
database management components and an efficient network flow optimization (NFO) model. Users can
prepare customized code in Visual Basic.NET or C#.NET languages for direct use in MODSIM.
MODSIM basically simulates water allocation policies in a river basin through the sequential solution
of the following linear optimization problem over the planning period:

∑c q

Minimize

k

k∈ A

(1)

k

Subject to:

∑q − ∑q

k∈Oi

k

j∈I i

j

for all nodes i ∈ N

(2)

for all links k ∈ A

(3)

= 0;

lk ≤ qk ≤ u k ;

where A is the set of all arcs or links in the network; N is the set of all nodes; Oi is the set of all links
originating at node i (outflow links); Ii the set of all links terminating at node i (inflow links); qk is the
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integer valued flow rate in link k; ck are cost weighting factors, or water right priorities, per unit flow rate
in link k; lk and uk are lower and upper bounds, respectively.
For the cost factor for the artificial carryover storage link cost, the following formula is used:

ci =
− ( 50000 − 10* OPRPi )

(4)

where OPRPi is an integer priority ranking number, ranging between 1 and 5000, with lower numbers
indicating a higher ranking, i.e. resulting in less negative costs. Notice that minimization of negative
costs in Eq. 1 is equivalent to maximizing flows to the higher ranked water uses. Rather than their
absolute values, it is the relative order or ranking of the negative costs that determines how MODSIM
allocates network flows. Negative costs can be entered to represent benefits, such as from low head
hydropower production, since MODSIM solves a minimum cost network flow optimization problem.
Eqs. (1-3) are solved with an efficient Lagrangian relaxation algorithm based on a dual coordinate
ascent, called RELAX-IV (Bertsekas and Tseng, 1994), which is up to two orders of magnitude faster
than the revised simplex method used in linear programming. An example of completely circulating
network is shown in Fig. 1 which illustrates a single reservoir system with an irrigation demand node.
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Figure 1. Illustration of MODSIM network structure with accounting nodes and links

3 DESCRIPTION OF THE CASE STUDY AREA
The study area is the Karkheh river basin system located in southwest Iran between 33°40′N to 35°00′N
latitude and 46°23′E to 49°12′E longitude (upper left inlet of Fig. 2). The Karkheh basin incorporates 7
hydropower systems within 5 reservoirs (Garsha, Kuranbuzan, Sazbonjaryani, Seymareh,
Karkhehjaryani) and two multi-purpose reservoirs, Karkheh and Tang-e-Mashoureh. Karkheh and
Seymareh damy are constructed and in operation with a fixed installed capacity in their hydropower
systems (HPS), whereas the other ones are still under construction or in the planning phase. In the cascade
sketch of Fig. 2, D1 denotes the agricultural demand, D2 the domestic and industrial demand and D3 the
environmental demand. In fact, downstream of the Karkheh reservoir (KH), there are three major
agricultural D1- demand units, KHS, KHT and KHO, using most of the river water, whereas D2- and D3demands are low, although some minimum environmental flow (D3) must be considered in the allocation
process. The KHT demand has separate channel and the water allocated does not pass from the turbine
and it does not use to produce the energy. The KHS site receives 10.4 % of the water allocated amount to
KHT and KHO as return flow, but its demand is also partly satisfied by underground water.
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90%). MODSIM does not have a specific operation policy for monthly hydropower generation, but the
former can be defined by custom code in MODSIM. Fig. 3 illustrates MODSIM GUI for a single
reservoir hydropower system, wherefore the Hydropower Standard Operation Policy (HSOP) is written in
custom code and then named “extended MODSIM”. The hydropower demand should be specified as
flow-through demand in MODSIM.
Spill
Flow

Monthly Inflow

Hydropower Demand

Figure 3. MODSIM GUI for implementation of HSOP in a single reservoir hydropower system

The first step in the modeling procedure is the estimation of the system’s monthly energy yield EY(t) for
month t, which is computed as

EY ( t ) =
Icap × nHourmon × PF

(5)

Where Icap= power plant’s initial production capacity [MW] ; nHourmon = number of hours per month;
PF= specified plant factor, defined as PF = nHourday / 24, with nHourday the number of hours per day,
the power plant is able generate power (PF=1, for full 24 hour operation).
The energy E(t) [MWh], produced in each time step (month) is computed as

(

)

E (t ) = 2.725 × R (t ) × h(t ) − hTail − h f × e p

(6)

Where h(t ) = average net head on the turbines [m]; hTail= average tail water level [m]; hf= total minor and
fractional losses in the conveyance structure [m], ep= power plant’s efficiency; and R(t) = turbine release
[mcm]. The latter can be computed by simply inverting Eq. (6), assuming that the energy generated in
month t, E(t), must be equal to the assumed energy yield EY(t).
Based on the energy generation EY(t) and the average head h(t ) in the reservoir, R(t) computed from
Eq. (6) assigns the amount of water allocated to the Hydro demand node as determined by the inner loop
of the NFP- (Network Flow Programing) algorithm in each time step. As h(t ) , hTail, and hf depend on the
turbine release itself, the equation for R(t) is implicit and must be solved iteratively.
Classical hydrological, i.e. sequential streamflow routing (SSR) (Chow et al., 1988), which is based
on a discrete version of the flow budget equation, is used to compute the storage in the reservoir during
one time step (month). Thus the storage S(t+1) for a subsequent month t+1 can be written as

S (t + 1)= S (t ) + I ( t ) − R(t ) − Spill (t )

(7)

Under constraints:
S min ≤ S (t ) ≤ S max

, R (t ) ≤ Rmax

(8)

, E (t ) ≤ E max

Where S(t) is the storage for month t, I(t) is the inflow and R(t) + Spill(t) is the cumulative outflow. The
three constraints in Eq. (8) denote (a) upper and lower bounds on the reservoir’s storage S(t); (b) the
water release R(t) from the turbines has an upper bound Rmax (defined by the hydraulic characteristics of
the turbines), and values higher than that must be released as a spill flow and (c) that the monthly energy
production E(t) cannot exceed the maximally possible energy generation Emax , achieved for a 24-hour
plant operation, i.e. obtained from Eq.(5) by setting PF=1.
Starting with initial values for the named variables, the extended MODSIM solves Eq. (7) for each
time step (month) in an iterative manner, to comply with the constraints (Eq. 8).
For the given normal and minimum reservoir operating levels and the specified system power plant
factor, the reservoir system operation is simulated and the energy-yield estimated.
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In the next step the reliability Rel of an assumed amount of firm energy FE is computed. Rel is defined
as the ratio of the number of satisfactory months Z, i.e. for which FE can be delivered for at least PF*
nHourmon hours in a month – which, assuming a recommended 4 hours/day- minimum power generation,
amounts to 0.167*720 =120 hours - to the total operation period T (= 50 years = 600 months):
T

Re l = ∑ Z ( t ) T

(9)

t =1

A specified target reliability can be reached by changing the power plant’s production capacity. This
value can be increased or decreased, until the specific reliability is obtained.
The model discussed above can also be applied to a multi-reservoir system. Considering the fact that in
a multi-reservoir system, each of the reservoirs can contribute to the system’s energy yield, the RBS
model can also be expanded for whole reservoir systems by writing Eq. (7) separately for each reservoir.
Also, for a multi-purpose system including some agricultural water demand, a vulnerability parameter
Vul is introduced which is defined as the ratio of the total water deficit = (total water demand D(t) – water
supply W(t)) to the total water demand D(t) during the operation period T.
=
Vul

T

∑ D ( t ) − W (t )

T

∑ D (t )

(10)

=t 1 =t 1

Allowable deficits needed for reaching a specific vulnerability parameter can be obtained by adjusting the
water demand through an adaptation of the agricultural areas under irrigation.
5 RESULTS AND DISCUSSION
Based on historical flows of the Karkheh river observed over the T=50-year time period 1960-2010 the
RBS- model embedded within the MODSIM-model environment has been used to simulate and optimize
the cascade of hydropower systems (HPS) for all reservoirs in the Karkheh river basin (see Fig. 2). Here
we only report on the modeling results for the planned Garsha reservoir which is the most upstream one
of the reservoir system. Entering the simulation/optimization are the observed inflows over the named
time period which are shown in Fig. 4 (top panel) and the relevant hydraulic reservoir design parameters
taken from planning proposals. The storage changes in the Garsha reservoir simulated in this way are
shown in the bottom panels of Fig. 4 and they exhibit, expectedly, an inverse trend as the assumed inflow.
The reliable or firm energy FE is a function of the assumed reliability (exceedance) (Rel) level (Eq.9)
and is computed in a here in an inverse way, i.e. for a set of predefined monthly energy yields FE = EY(t)
(Eq.5) the corresponding Rel are computed which, for the Garsha –HPS, results in the EY (Rel)- curve of
Fig.5. From this curve the firm energy FE0.9 , i.e. the firm energy at the Rel = 0.9 reliability level can be
directly retrieved and it turns out be 25.7 GWh for this HPS (see Fig. 5).
Fig. 6 shows the distribution of the total energy for the Garsha HPS over the separate months of a year
for the total 50 year simulation time. Because of the strong seasonal variations of the inflows into the
reservoirs the total energy is also very variable. Also plotted is the total firm energy available for these
months which, per definition, is constant and depends only on the number of days of the month. These
barplots indicate that, other than for the wet months, March-May, the amount of excessive or secondary
energy, i.e. the difference between total and firm energy, is rather small.
In Table 1 the relevant MODSIM results for all reservoir HPS - two of them acting as multipurpose
reservoirs - are listed, where for the latter the vulnerability level Vul (Eq. 10) for the agricultural irrigation
demand is also included. Moreover, with the firm energy FE0.9 computed for a HPS, similar to that for
Garsha in Fig. 4, and then using Eq. (5), assuming the specified plant factor PF=1/6=0.167, i.e. a
minimum of 4 hours of operation per day of the HPS the power plant’s production capacity Icap, needed
to supply this energy, has also been calculated and is also listed. In particular, Table 1 indicates that the
two existing reservoirs, Seymareh and Karkheh, are able to deliver firm energy FE only at a much lower
than the pre-assigned Rel = 0.9 reliability level.
In conclusion, the results show that the MODSIM- simulation/optimization model, embedded in the
Reliability-Based Simulation (RBS) -environment is capable of simulating specific operating policies
relevant to the hydro-system’s objectives, i.e. satisfying a manifold of demands based on ranked priorities
namely, for electricity production and agricultural irrigation, and that the model provides the possibility
of comparing different scenarios of the Karkheh river basin multi-purpose reservoir system.
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Figure 4. Historical observed inflow (top) and simulated water storage (bottom) in the Garsha reservoir.

Fim energy duration curve for the Garsha hydropower system
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Figure 5. Firm monthly energy generated by the Garsha hydropower system over a T=50- year operation as a function of
exceedance probability (reliability). Target firm energy FE0.9 is the energy obtained for Rel=0.9 and is equal to
25.7 GWh.
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Total and firm energy yield for Garsha hydropower system
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Figure 6. Monthly distribution of Garsha’s HPS total and firm energy yield over the T=50- year operation period.
Table 2. Summary of MODSIM- results for all reservoirs (e =existing) of the Karkheh river basin system.
Reservoir

Type

Garsha
Kuranbuzan
Sazbonjaryani
Seymarehe
Tang-e-mashoureh
Karkhehjaryani
Karkhehe

Hydropower
Hydropower
Hydropower
Hydropower
Multipurpose
Hydropower
Multipurpose

Vulnerability

5.01
5.02

Reliability
0.9
0.9
0.9
0.53
0.93
0.9
0.61

Irrig. area (ha)

25400
236988

Icap (MW)
214.2
210.7
290.4
480
51.5
254.2
400
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ABSTRACT: The Karun 4 concrete dam is with a maximum dam height above foundation of 230m the
highest dam of Iran. It has been in operation since July 2011. It was constructed over a karst limestone
and water leakage has been, and continues to be, one of the most important problems of this dam. The geological formations around the dam site consist of carbonate layers of the Asmari formation and marlstone and marly limestone of the impervious Pabdeh formation, upstream of the dam site. The object of
this study is to determine the dam construction effects on the groundwater levels in the adjacent aquifer.
Thus, before the dam construction, the natural groundwater levels at both banks were recorded to be 5-8m
higher than the river stage. This indicates that the natural groundwater gradient at that time was from the
banks towards the river, i.e. the latter was an effluent stream before the construction of dam. At that time
no important springs were identified at the dam site., other than a minor spring with a discharge <5 lit/sec
that emanated at the contact interface between the permeable Asmari- and the impermeable Pabdeh formation (perching aquifer conditions) on the left bank, upstream of the dam. A Lugeon test that was carried out at that time indicated that the permeability of the adjacent limestone is high, as it varies from 25
to 55 Lu in the layers above the river level, but it decreases gradually to 3 Lu in the formations below. After dam impounding, some changes in the borehole's water levels were observed. Thus it has been found,
in particular, that the leakage from the reservoir has induced groundwater level rises between 12 to 17
meters.
Keywords: Karun 4 dam, Iran, Water seepage, Karst, Hydrogeology
1 INTRODUCTION
When it comes to the construction of dams and reservoirs in karsts, which are known for their high perviousness due to dissolution faults and conduits, the prevailing risk is water loss, while the risk of stability
is considered to be considerably lower (Milanović, 2004). The term Karst is generally defined as a terrain
underlain by rocks that are highly soluble (such as limestone) with well-developed secondary porosity,
and a terrain that exhibits a distinctive hydrology and landforms such as sink holes, sinking streams,
springs and caves (Ford & Williams, 2007). Water loss through basements and abutments of the dams
constructed in karst areas leads to considerable costs and non-productivity of the dams. Although the construction of a grout curtain is the most common method to reduce or prevent the water loss, it can solve
the problem only partly and in some cases this operation is even fruitless.
For example, the Lar Dam in Iran has used less than half of its conceived capacity, because of continuous leakage - about 10 m3/s - through the dam foundations and abutments, since its construction in 1980
(Uromeihy, 2000). Although efforts, such as water injection into the fault, lining of parts of the bottom of
the reservoir by thick blankets of clay, or the construction of cut off walls, have been made in recent times
to prevent or, at least, to reduce the water leakage, successes to that regard have been very limited.
The main paths of water loss underneath dams and reservoirs in karst are the dissolution conduits and
the main cause of this problem then is the poor identification of such conduits as being responsible for the
leakage. The generation and development of karst conduits within a rock mass is not completely random,
but is somehow guided by various chemical pre-requisites which drive the dissolution processes (Wright,
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Table 1. Some Karun 4 dam technical specifications
Dam type

Concrete double arc

Height from foundation

230 m

Crest length /width

440 m / 7m

Foundation width

37 to 52 m

Total volume of concrete placement

1.65 million m3

Total volume of the reservoir

2190 million m3

Power Plant Type

Ground

Spillway

Chute, orifice types and free

The dam is located in the tectonically folded belt of the Zagros Mountains within a canyon that is located
in the southwestern flank of the Kuh-Sefid anticline which has a NW-SE trend. Most of the reservoir is
situated on Cretaceous to Miocene limestone and marly limestone (Haghnejad et al., 2014). The geological formations around the dam site consist of carbonate layers of the Asmari formation (As) which can be
divided into lower (As1), middle (As2) and upper (As3) units and marlstone and marly limestone of impervious Pabdeh formation (Pd) on upstream of dam site (see Figs.2 and 3). The lower unit (As1) comprises limestone, porous limestone and some marly limestone with some marlstone, generally thick to
very thickly bedded and highly karstic. The measured mean RQD (rock-quality designation) index
(Deere, 1964) ranges between 55% and 83%. The middle unit (As2) is located downstream of the dam
and comprises alternating limestone, dolomitic, marly limestone and marl. Karstification is limited and
the RQD is between 53% and 84%. The upper part (As3) consists of alternating layers of limestone,
marly limestone and marl with slight karstification and an RQD between 45% and 78%. These RQDvalues indicate a fair to good quality rock in all three units (Koleini, 2012). As1 outcrops in the dam valley abutments are highlighted in the cliff around the site. The strike of the beddings is northwest to southeast, and southern limb slopes to the south with a dip of 70-80 degrees. The AS1 unit, with an apparent
thickness of about 200 m in normal direction to the bedding, constitutes the foundation rock of the dam.
The geology of the dam site is affected by many faults, 122 major joints and 4 discontinuities sets. The
strongly dipping reverse Monj fault, with a length of 14 km, is located at a distance of about 500 m downstream of the dam. The joint openings along the bedding at the ground surface range from 1 to 100 mm
and decrease with increasing depth.
2.2 Hydrogeology
Before dam construction in year 2002, the natural groundwater level at both banks was recorded to be 58m higher than that of the river water level. This indicates that the natural gradient of groundwater at that
time was from the banks toward river, i.e. the river was an effluent stream, which is the normal situation
for most rivers in the world. In fact, the phreatic levels in the left and right banks of the river were measured as 848 and 845m NN, respectively.
In fact, at that time, before 2002, no important springs were identified at the dam site. The only minor
spring, with a discharge of less than 5 lit/sec, emanated at the contact interface between the permeable
Asmari Formation and the impermeable Pabdeh formation, upstream of the left abutment of the dam.
In the Asmari Formation dissolutional surface features such as vugs and small cavities along the discontinuities with infilling were observed. Some larger cavities (1 to 2m in diameter) were encountered
during the excavation of the galleries. A porous limestone layer was identified, which had a vuggy feature
and was recognized as a key bed underneath the dam site.
Lugeon tests were carried out at that time (2002), which resulted in a rather high permeability between
25 to 55 Lu in the limestone layers above the river level, but which decrease gradually to 3 Lu, as one
goes towards the formations below the river water.
After dam impounding in 2010, some changes in the borehole water levels were observed and it was
found that the leakage probability from the grout curtain had increased. This was corroborated by the
studies of Shabab (2011) and Kamali and Ashjari (2012) who proved the existence of increased leakage,
but these authors could neither specify nor identify the pathways of the leaking waters.
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tional network, so that any instability- or safety problems with this dam would result in irrecoverable
losses to the country as a whole.
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ABSTRACT: Reuse of treated wastewater for irrigation purposes have been recognized as the most effective
ways for conserving the limited resources of freshwater. Treated wastewater reuse for irrigation purposes is
accompanied by many advantages however; it may still pose various risks. The possible accumulation of trace
elements and toxic organic contaminants over soil and plants should be investigated in detail. This study was
conducted to analyze quality criteria of the wastewater treatment plant’s effluents and possible accumulation
of heavy metals in agricultural soils and plant in case of reuse for irrigation. In order to observe the possible
accumulation of heavy metals in soil and lettuce plant (Lactuca sativa), a lab-scale lysimeter setup is constructed and irrigation was tested by using three different effluents of domestic wastewater treatment plants in
Istanbul (Secondary clarifier effluents of Pasakoy and Tuzla Biological Wastewater Treatment Plants
(WWTPs) and effluent water of UV disinfection unit of Pasakoy WWTP). Four separate lysimeter setup were
constructed and one of them was irrigajuted with tap water (as blank) and the others were irrigated with different effluents of wastewater treatment plants. Inhibition in the growth of lettuce was observed after 30 days
of irrigation with secondary clarifier effluent of Tuzla WWTP. However, any signs of retardation in growth
were not observed for the lettuce which was irrigated with secondary clarifier and UV disinfection unit effluent of Pasakoy WWTP.
Keywords: Wastewater reuse, Lettuce, Heavy metal

1 INTRODUCTION
Water resources are rapidly dwindling as a result of rapid increase in world population and global warming. In proportion to the increase in population, the increase in food demand result in necessity for increased demands of agricultural area and production. Wastewater reclamation has been recognized as one
of the most effective ways of conserving the limited resources of freshwater (Levine and Asano, 2004).
However, the probable adverse effects of the usage of reclaimed water for irrigation purposes on environment and public health should be evaluated before any application.
In spite of the fact that irrigation with reclaimed water has advantages, the adverse effects that could be
caused by chemical hazards - trace metals and toxic compunds – as a result of wastewater reuse requires
good assessment. There is a concern about the accumulation of heavy metals which are potentially toxic
elements such as Zn, Cd, Cu, Mn, Pb and Fe because of the usage of wastewater for irrigation purposes
(Devkota et al., 2000; Sharma et al., 2006) Heavy metal contamination of agricultural soils can pose longterm environmental problems (Sauve et al., 1996; Ferguson, 1990). Toxic heavy metals get involved into
the soil and aquatic system with the usage of wastewater especially for irrigation purposes (Khan et
al.,2008). Long term irrigation through wastewater may result accumulation of heavy metals in soil and
plants which may cause contamination of the food chain affecting food quality and safety (He et al. 2005;
Muchuweti et al. 2006; Chen et al. 2009; Singh et al. 2010).
Lately a number of articles have been published on wastewater irrigated soils contaminated with heavy
metals (Mapanda et al., 2005; Rattan et al., 2005; Liu et al., 2005). However, there are few studies which
evaluate the soil contamination caused by usage of treated wastewater for irrigation purposes (Mosleh and
Almagrabi,2013).
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Table 1. List of analysis and methods that is applied to the treated wastewater samples
Parameter
Method
Electrometric Method
,pH
Conductivity
Electrometric Method
Chemical Oxygen Demand (COD)
Closed Reflux-Titrimetric
Total Organic Carbon (TOC)
TOC-TN analyzer
Ammonia Nitrogen (NH4-N)
Nesslerization
Nitrite Nitrogen ( NO₂-N)
Diazotization Method-Colorimetric
Cadmium Reduction MethodNitrate Nitrogen ( NO₃-N)
Colorimetric
Total Phosphorus (TP)
Amino Acid-Colorimetric
Chloride
Argentometric Method-Titrimetric
Total Suspended Solids (TSS)
Gravimetric
Volatile Suspended Solids (VSS)
Gravimetric
UV254 - A400 - A436
Absorbance Measurements
Heavy Metals*
Inductively Coupled Plasma

Heavy metals including Li, Be, B, Al, V, Cr, Mn, Co, Ni, Cu, Zn, As, Se, Mo, Cd, Pb, Fe,Na, Mg, Ca,
and K were monitored by Inductively Coupled Plasma (ICP-MS) in treated wastewater and soil samples.
2.4 Soil sampling and characterization
Soil samples were collected at different heights of the lysimeter (0-10 cm, 10-20 cm).Soil samples were
dried at 105⁰C during 24 hours and grinded to a powder form manually. EPA-3051 method was followed
during the digestion of soil samples. Digestion procedure was conducted in a microwave system using
concentrated nitric acid. Metal determination in the wastewater effluents and final extracts of soil were
determined using Agilent 7500 ICP-MS (EPA, Method 6020.A).
3 RESULTS AND DISCUSSIONS
Characterization of effluent wastewater samples (which are the influents of lab-scale setup) are done during eight month period and results are presented on Table 2.
Table 2. General characterization of treatment plants effluents (n=22)

Inhibition in the growth of lettuce was observed after 30 days of irrigation with secondary clarifier effluent of Tuzla WWTP. However, any signs of retardation in growth were not observed for the lettuce which
was irrigated with secondary clarifier and UV disinfection unit effluent of Pasakoy WWTP. Results show
that highest TDS and chloride concentration was measured for the Tuzla WWTP effluent, therefore high
salinity and specific ion toxicity (Cl-) might influence adversely the growth of lettuce for this lysimeter
setup.
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In a study conducted by Batarseh et al. (2011) shows that saline water might result in the reduction of
crop growth, while high value of sodium adsorption ratio (SAR) leads to deterioration of the physical
properties of the soil with consequent reduction in plant yield.
Moreover, in some research evidence of severe poisoning caused by some metallic compounds onto
plants has been investigated. Nagajyoti et al.,(2008) studied application of industrial effluent on
groundnuts seedlings and observed decreases germination percentage, root and shoot length, and fresh
weight of seedlings. In another study (Oancea et al.,2005) on tomato plants, it was indicated that both
growth and photosynthetic pigments are affected by the presence of heavy metals .Therefore, higher
heavy metal concentrations in Tuzla WWTP effluents might also influence adversely the growth of lettuce.
Heavy metal concentrations in water and soil samples were shown in Table 3 and Table 4, respectively.
The mean concentrations of each heavy metal in the samples were compared with the permissible levels of international standards and low heavy metal concentrations were measured in the effluents of
treatment plants and soil according to international standards, except manganese in the effluents of secondary clarifier of Pasakoy and Tuzla WWTP, molybdenum and iron in the effluents of secondary clarifier and UV of Pasakoy WWTP and the effluent of secondary clarifier of Tuzla WWTP.
Table 3. Heavy metal concentrations of effluent waters (n=16)
Sample ID
Pasakoy WWTP
UV Effluent
Pasakoy WWTP
Secondary
Clarifier
Effluent
Tuzla WWTP
Secondary
Clarifier
Effluent

Average

SAR
Li
B
Al
V
Cr
Mn
Co
Ni
Cu
Zn
As
Se
Mo
Cd
Pb
(meq/
(ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb)
l)

Max.

2,17

81,02 106,11

0,60

24,74 182,17

0

67,85

4,83

81,80

1,40

0,21

9,72

0

2,03

4,74

6,44

94,51 593,20

4,59

247,60 350,80

0

79,00

17,39 175,88

4,18

3,29

15,82

0

13,75

4,98

Min

0

68,63

0

0

40,11

0

50,49

0,00

42,41

0,00

0,00

3,86

0

0,00

3,65

Average

2,92

79,10

64,39

0,39

20,68 231,22

0

71,96

6,19

88,37

1,21

0,07

9,12

0

1,18

56,67

Max.

14,46

90,52 352,40

4,62

231,60 272,50

0

93,87

22,09 347,30

2,93

1,12

11,89

0

12,52 159,78

0

Min

0,00

66,82

0,00

0,00

0,00

Average

18,34

489,91

53,31

1,39

20,38 166,55

Max.

27,92

625,50 303,10

4,50

Min

10,65

322,50

0

0

91,27

0

56,93

0,00

50,73

0,00

0,00

4,98

0

0

3,34

17,99

84,34

39,12 209,55

2,56

4,44

14,39

0,03

1,96

24,31

39,16 384,30 284,70 360,60

51,51 423,80

5,48

8,55

21,87

0,43

13,85

29,24

6,39

19,11

0

0,58

9,93

0

0

17,36

11,29

0

29,48

36,79

Table 4. Heavy metal concentrations of soils (n=3)
Sample ID
Lysimeter1
Lysimeter2
Lysimeter3
Lysimeter4

Li
(mg/kg)
11,11
12,91
11,37
14,58

Be
(mg/kg)
0,61
0,70
0,65
0,82

B
(mg/kg)
16,47
16,80
15,86
19,79

Al
(mg/kg)
0
0
0
0

V
(mg/kg)
33,74
38,28
33,26
41,26

Cr
(mg/kg)
31,51
36,77
30,60
36,64

Mn
(mg/kg)
491,88
539,62
486,92
644,50

Co
(mg/kg)
6,20
7,51
6,25
8,63

Ni
(mg/kg)
28,54
31,99
26,86
36,98

Cu
(mg/kg)
19,91
73,81
13,51
17,55

Zn
(mg/kg)
44,86
40,93
48,58
55,90

Se
(mg/kg)
4,83
5,84
4,22
4,61

Se
(mg/kg)
0,55
0,66
0,46
0,60

Mo
(mg/kg)
4,33
4,55
4,22
5,45

Cd
(mg/kg)
0,31
0,10
0,03
0,36

Pb
(mg/kg)
8,65
9,59
9,95
13,04

Lysimeter 1; irrigated with tap water, Lysimeter 2; irrigated with Pasakoy WWTP UV effluent, Lysimeter 3;irrigated with
Pasakoy WWTP SC effluent ,Lysimeter 4;irrigated with Tuzla WWTP SC effluent

Irrigation sources were found to affect heavy metal distribution in soil. Significant increase of heavy metals in soil was not observed during our study. In future studies, for different harvest time accumulation of
heavy metal in the soil and in the crop will be monitored and heavy metal transfer from soil to plant will
be investigated.
4 CONCLUSIONS
The present results showed that high salinity levels might lead to decrease in productivity for lettuce
growth. Lettuce irrigation using Tuzla WWTP effluent was not sufﬁcient to meet the nutritive demands of
the plants due to low uptake of essential nutrients produced by the accumulation of salinity in the soil.
There was no significant increase of heavy metals for the first harvest time; however; further studies are
required to investigate the long term effects of treated wastewater irrigation on different harvest times.
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ABSTRACT: Drought is a normal part of climate and occurs in virtually all regions of the world. It is one
of the major weather related disasters which is likely to continue for months, possibly years. It can affect
large areas and may have serious environmental, social and economic impacts. Drought monitoring is an
essential component of drought risk management. Drought indices, which are functions of precipitation
records showing the severity of dryness during a particular time period, are often used for monitoring
purposes. These indices may only be calculated originally at a limited number of sites where observations
records on climate variables are available. However, what is required for monitoring and mapping is to
estimate the spatial distribution of drought severity over larger areas. The paper demonstrates the implementation of different spatial interpolation techniques into meteorological data analysis from stations to
large areas. The frequency of drought events is calculated using the Standardized Precipitation Index
(SPI). Using daily precipitation records, the SPI is calculated for 1, 3, 6, 9, 12, and 24 months at 40 climatic stations covering the period 1972- 2009 in Germany. A software package, including a friendly
Graphical User Interface (GUI), was developed for operational drought monitoring and mapping in Germany using several interpolation methods. This software generates maps showing the frequency isolines
of moderate, severe and extreme droughts as well as of droughts in all classes.
Keywords: Drought Mapping, Standardized Precipitation Index SPI, Spatial Interpolation

1 INTRODUCTION
Water resources play an important role in most of human’s activities. During the last decades water resources managers are facing severe challenges all over the world and the trends of increasing temperatures and decreasing precipitation intensify this situation (Ungtae Kim, 2008). Drought has been a major
concern of mankind for centuries. It is considered by many to be the most complex but least understood
of all natural hazards, affecting more people than any other hazard. Drought is a complex phenomenon
and it is generally viewed as a sustainable and regionally extensive occurrence of below-average natural
water availability either in the form of precipitation, river runoff or groundwater(Cacciamani et al., 2007).
Drought is considered by many researchers to be the most complex but least understood of all natural
hazards, affecting more people than any other hazard. It can affect large areas and may have serious environmental, social and economic impacts. These impacts depend on the severity, duration, and spatial extent of the precipitation deficit, but also and to a large extent on the socio-economic and environmental
vulnerability of affected regions (Lehner et al., 2001) (Stahl, 2001). The World Meteorological Organization (WMO) reported that in the 25 years from 1967 to 1991 about 1.4 billion people were affected by
drought and 1.3 million people were killed due to the direct and indirect cause of drought (Obasi, 1994).
Drought monitoring has much to offer to water decision making (Ana Paula A. Gutiérreza, 2o14).
Drought monitoring, the ability to assess the current conditions and the prediction of future drought development are a key to any water resources management plan during drought periods(Wilhite et al.,
2014). The drought management plan has mainly three phases, which are sequentially invoked as conditions dictate. These three phases are Drought Watch, Drought Warning and Drought Emergency.
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The main purpose of any drought monitoring system is to identify various drought indices to provide information to resources manager and system operators. The indicators that are used to derive drought indices are precipitation, snow pack, streamflow and reservoir storage. A drought index value is typically a
single number, far more useful than raw data for decision making (NDMC, 2006). Although none of the
major indices is inherently superior to the rest in all circumstances, some indices are better suited than
others for certain uses. Some of the widely used drought indices are the Palmer Drought Severity Index
(PDSI), Crop Moisture Index (CMI), Standardized Precipitation Index (SPI) and Surface Water Supply
Index (SWSI) (Wilhite, 2005).These indices may only be calculated originally at a limited number of sites
where observations records on climate variables are available. However, what is required for monitoring
and mapping is to produce the maps of drought severity from point measurements to trace drought development in the entire region or country. The literature has ample a number of methods that have been proposed for surface interpolation of climate variables like rainfall and temperature (A. Irmak, 2010). The
objective of this paper is to perform an evaluation of drought conditions in Germany and to demonstrate
the implementation of different spatial interpolation techniques into the Standardized Precipitation Index
SPI to use it for drought mapping.
2 METHODOLOGY
2.1 Study Region and Data Collection
Germany is situated in west-central Europe; it stretches from the Alps across the North European Plain to
the North Sea and the Baltic Sea. Generally, the German territory can be divided geographically into the
North German Lowlands, the Central German Upland, the Southwest Rhine River Valley, the Alpine
Foreland and the German Alps (Huang, 2011). The precipitation occurs in all seasons, with substantial
regional differences (more in the maritime western parts of Germany, less in the continental eastern parts
of Germany). Generally, rainfall is higher in summer than in winter. In the North German Lowlands, annual rainfall varies between less than 500 (continental) to about 700 mm (maritime). The upland areas in
the south receive 700-1500 mm of annual precipitation and the Alps more than 2000 mm (Fred F. Hattermann, 2013). The present analysis is based on the daily data for precipitation. The precipitation data
used in this study stem from the German Weather Service records (http://www.dwd.de). In total, 40 stations including daily values of total precipitation. After doing homogeneity test of data using several homogeneity tests included absolute and relative homogeneity tests (Karabork et al., 2007; Peterson et al.,
1998), 32 years statistical period is considered from 1978 to 2009. The location and the statistical properties of studied stations are listed in Table 1.
2.2 Standardized Precipitation Index (SPI)
Standardized precipitation index (SPI) is based on an equi-probability transformation of aggregated
monthly precipitation into a standard normal variable (McKee et al., 1993a). McKee assumed an aggregated precipitation gamma distribution and used a maximum likelihood method to estimate the parameters of the distribution. Computation of the SPI involves the fitting of a gamma probability density function to a given frequency distribution of precipitation totals for a station (Thom, 1958). The parameters of
the gamma probability density function are estimated for each station and for each time scale of interest
(1 month, 3 months, 12 months, 48 months, etc.) for each month of the year. The classification system
shown in Table 2 is used to define drought intensities resulting from the SPI. All details about the methodology and the calculations of SPI were presented in (Khadr et al., 2009).
2.3 Methods for Interpolation
Interpolation refers to the process of estimating the unknown data values for specific locations using the
known data values for other points (Matthew Garcia, 2008). Interpolation techniques are classified into
many categories based on several criteria (A. Irmak, 2010). A method could be termed deterministic if
weights are assigned using a mathematical formula or stochastic if weights are assigned using a statistical
formula. The technique could be also classified into exact or inexact based on whether the method assigns
similar values to unknown points and measured points. It could also be local or global depending upon
whether it accounts for local features. The inverse distance weighting (IDW) and ordinary Kriging interpolation methods were used in this study. The IDW is a part of deterministic interpolation and Kriging
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method falls into a category of geostatistical methods which adds the ability to determine some evaluation
of accuracy of the resulting predicted surface. IDW relies on the theory that the unknown value of a point
is more influenced by closer points than by points further away. The IDW computes SPI at unknown locations (u) as follows:
𝑆𝑃𝐼𝑢 = ∑𝑛𝑖=1 𝜆𝑖 𝑆𝑃𝐼𝑖

(1)

𝑑𝑖−∝

𝜆𝑖 = ∑𝑛

(2)

𝑆𝑃𝐼 ∗ (𝑢) = ∑𝑛𝑖=1 𝜆𝑖 (𝑢) 𝑆𝑃𝐼(𝑢𝑖 ) + [1 − ∑𝑛𝑖=1 𝜆𝑖 (𝑢)] 𝑚

(3)

−∝
𝑖=1 𝑑𝑖

Where 𝑆𝑃𝐼𝑢 means the interpolated SPI at station u; 𝑆𝑃𝐼𝑖 means the SPI values of known stations; n is
the number of stations; 𝜆𝑖 means the weighting of each stations; di means the distance from each stations
to the unknown site; ∝ means the power, and is also a control parameter. In the ordinary Kriging the
weights are obtained such that the estimation is unbiased and the variance is minimized. The ORK system
of (ns+1) equations, is as follow:
where 𝑆𝑃𝐼 ∗ (𝑢) is the ordinary kriging estimate at spatial location u, n are the n measuring locations,
𝑆𝑃𝐼(𝑢𝑖 ) located close to u, m is the mean of the distribution, and 𝜆𝑖 (𝑢) is the weight for location 𝑢𝑖 computed from the spatial covariance matrix. The value of 𝜆𝑖 (𝑢) is based on the spatial continuity (semivariogram) model as follows:
𝜆𝑖 (𝑢) =

1

2𝑛

∑𝑛𝑖=1[(𝑆𝑃𝐼(𝑢) − 𝑆𝑃𝐼 (𝑢𝑖 ) − 𝑆𝑃𝐼 (𝑢𝑖 + ℎ)]2

(4)

Where n is the number of data pairs separated by distance h, and 𝑆𝑃𝐼 (𝑢𝑖 ) and 𝑆𝑃𝐼 (𝑢𝑖 + ℎ) are the data
values at locations separated by distance h. A detailed presentation of the investigated methods theories
can be found in (A. Irmak, 2010; Liu, 2012; S. Ly, 2011).
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Table 1. Location and statistical properties of the studied meteorological stations.
Stations
Aachen
Augsburg
Bamberg
Berlin-Tempelhof
Brocken
Dresden-Klotzsche
Düsseldorf
Erfurt-Bindersleben
Frankfurt/Main (Terminal)
Goerlitz
Hamburg-Fuhlsbüttel
Hannover
Helgoland
Hof
Kempten
Lindenberg
Neuruppin
Nürnberg
Rostock-Warnemünde
Saarbrücken-Ensheim
Schleswig
Schwerin
Stuttgart_Echterdingen
Trier-Petrisberg
Cottbus
Heimbach-Düttling
Schwerin
Potsdam
Greifswald
Zugspitze
Oberstdorf
Mannheim
Magdeburg

Lat.

Long.

Elev.
(m)

54.78
48.42
49.87
52.47
51.78
51.12
51.28
50.98
50.03
51.15
53.63
52.45
54.02
50.32
47.75
52.2
52.9
49.45
54.02
49.2
54.52
53.63
48.68
49.82
51.47
50.36
53.39
52.23
54.06
47.25
47.24
49.31
52.06

6.83
10.9
10.05
13.62
10.75
13.77
6.95
10.58
8.95
14.98
9.67
9.88
7.92
11.28
10.12
14.58
12.05
11.07
12.1
7.05
11.98
9.22
9.63
6.98
14.19
6.33
11.23
13.04
13.24
10.59
10.17
8.33
11.35

202
461
240
48
1142
227
37
315
111
78
11
55
4
565
705
98
38
314
4
320
43
59
371
265
69
380
59
81
2
2961
806
96
76

Statistical properties of monthly rainfall series (1978-2009)
Mean
(mm)
69.8
64.5
53.6
48.3
156.1
62.3
66.3
43.8
52.9
54.4
66.6
55.2
62.1
63.5
106.0
47.9
44.4
53.2
51.1
74.2
74.9
53.4
59.9
65.9
61.7
24.1
53.2
48.4
49.6
174.1
145.9
56.1
42.6

Min
(mm)
0.1
1.0
0.3
0.6
18.0
0.9
2.2
0.9
0.1
1.3
0.6
3.1
1.3
0.9
1.3
0.7
0.0
3.3
0.0
1.6
1.3
0.2
0.4
0.1
0.0
6.6
0.2
0.3
0.0
7.2
4.5
0.7
1.2

Max
(mm)
217.1
192.5
178.2
163.9
493.5
233.1
173.4
140.9
182.4
273.1
210.0
170.7
250.7
180.1
360.8
202.4
184.2
177.9
188.0
286.9
208.8
247.6
199.9
218.2
800.2
1293.8
165.5
183.3
175.4
553.5
422.2
191.2
130.7

SD

Skewness

Kurtosis

34.3
37.9
29.7
28.7
77.1
33.9
32.2
26.9
30.6
33.1
36.9
28.9
36.9
32.1
58.3
28.7
26.5
29.5
28.8
41.3
40.5
30.3
34.4
36.0
121.9
75.2
29.1
28.2
26.9
86.2
75.5
31.3
24.2

0.9
0.8
1.1
1.1
0.9
0.9
0.6
1.0
1.2
1.7
0.9
0.9
1.3
0.8
0.9
1.4
1.3
1.0
1.0
1.1
0.7
1.4
1.0
1.0
3.4
13.4
0.9
1.2
1.1
0.8
0.7
1.1
0.8

4.4
3.1
4.8
4.8
4.1
4.5
3.2
4.1
4.9
9.5
3.8
4.4
6.1
3.6
4.1
6.3
6.2
4.3
4.6
4.9
3.3
7.7
4.1
4.6
15.6
216.1
4.2
5.2
5.4
4.0
3.5
4.9
3.5

Table 2. Weather classification based on the SPI index.
SPI

>2

1.5 to 1.99

1 to 1.49

0.99 to
-0.99

Classification

Extremely wet

Very wet

Moderately wet

Near normal

-1 to
-1.49
Moderately
dry

-1.5 to
-1.99
Severely
dry

-2 and less
Extremely
dry

3 RESULTS AND DISCUSSION
The overall meteorological drought vulnerability in the study area was assessed by reconstructing historical occurrences of droughts at varying time steps and drought categories with the SPI approach. In figure
1, it is shown the flowchart of procedures of the drought monitoring GUI developed in this study using
MATLAB environment. On the first phase, historical time series of precipitation are collected coming
from the 32 climatic stations located on the study area then the missing data gaps will be detected and
completed basing on the statistical procedures described by Santos et al. (Santos and Henriques, 1999;
Simolo et al., 2009). On a following phase the methodological procedure for the estimate of the SPI described by McKee (McKee et al., 1993b) will be done with the SPI software package developed by the
authors (Khadr, 2011). SPI values are calculated for all station for particular month and for the whole period in time scales of 1 to 24 months. The spatial distribution of the SPI for all station for particular month
and for consecutive months during the whole period can be determined through spatial interpolation techniques using a selected method of the methods presented in this paper. The classification of drought
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Figure 2. SPI time series based on the total monthly precipitation of station Dusseldorf (1978-2009): (a) SPI_6 (b) SPI_9
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Figure 3. Drought severity index values representative of station Dusseldorf (1978-2009): (a) SPI1_1 April (b) SPI3 _ April
(c) SPI_3 December
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Table 3. Probabilities of moderate, severe and extreme drought during 1978-2009 – Germany
Stations
Aachen
Augsburg
Bamberg
Berlin-Tempelhof
Brocken
Dresden-Klotzsche
Düsseldorf
Erfurt-Bindersleben
Frankfurt/Main (Terminal)
Goerlitz
Hamburg-Fuhlsbüttel
Hannover
Helgoland
Hof
Kempten
Lindenberg

Probability (%) of drought
Moderate
8.07
8.85
7.81
7.03
7.55
10.42
5.99
9.64
9.11
9.11
6.51
8.33
6.25
8.33
9.38
11.46

Sever
2.86
5.73
3.91
4.69
5.21
2.60
4.95
3.65
3.39
4.95
3.39
4.95
3.13
3.65
3.65
2.86

Extreme
3.39
2.34
2.86
3.13
3.13
3.65
3.13
3.13
2.60
2.08
3.91
3.39
4.17
2.86
3.13
2.86

Stations
Neuruppin
Nürnberg
Rostock-Warnemünde
Saarbrücken-Ensheim
Schleswig
Schwerin
Stuttgart_Echterdingen
Trier-Petrisberg
Heimbach-Düttling
Schwerin
Potsdam
Greifswald
Zugspitze
Oberstdorf
Mannheim
Magdeburg

Probability (%) of drought
Moderate
8.07
8.07
6.77
7.55
4.43
6.25
7.81
7.55
1.04
6.25
7.81
5.99
9.90
8.33
10.16
6.77

Sever
3.65
6.25
3.65
5.73
4.17
4.43
4.95
3.91
0.52
4.43
4.43
3.13
4.17
3.13
4.95
3.91

Extreme
2.60
2.60
3.13
2.34
4.17
3.39
3.39
3.39
0.26
3.39
3.13
4.43
2.86
4.17
2.08
3.39

In this study, using the developed GUI, more than 4000 historical maps could be generated for SPI distribution over the study area according to the selected time scale of the SPI from the SPI1 to SPI24. The
monitoring system also allows an analysis of the frequency, duration and intensity of the drought events
that took place within the study area. The spatial distribution of the SPI was determined through spatial
interpolation techniques employing the IDW and the Kriging methods. To visualize the results better, the
SPI maps were generated for the drought periods of 1996, 2003 and 2007. Figure 4, 5 and 6 illustrate the
example of drought maps for SPI3 of January 1996, SPI3 of May 2003 and SPI1 of April 2007 respectively. The similarities between Kriging and IDW methods are clear. The year 2007 was the sunniest, hottest and driest in Germany in the last two centuries(Luis Samaniego, 2011). In 2003, a remarkable deficit
in rain and snow was reported. The event of 2003 was quite severe and long-term drought between February and September was detected. The accumulated magnitude of the negative values of the SPI during a
drought event can be considered as drought magnitude and can be used as a guide for the selection of the
driest years and to compare also between different droughts. The accumulated magnitude of the negative
values of the SPI_1 for years 1996, 2003 and 2007 are; -366.23, 269.32 and – 173.1 respectively. The
proof of interpolation of climate data is not so easy because of several reasons such as limited number of
meteorological stations which give information. In this study, the root mean squared error (RMSE) was
adopted to assess the models performances as well as coefficient of correlation (Cr) to find out if the estimated data fits observed data. In order to evaluate the model performance, the SPI values were assumed
as unknowns at all stations consecutively. 33 runs were done for the studied stations and in each run the
values of SPI were assumed to be unknowns at particular station of the 33 stations then the SPI was estimated using the developed models. Figure 7 illustrates the performance of the interpolation methods using the SPI3 for the month January during the drought period of 1996. Figure 7 show a significant accuracy of the predicted data during the tested period using the IDW and Kriging methods. A significant
correlation was detected between estimated and observed data for the studied stations (Cr≅ 0.97).

4 CONCLUSION

In this research, efforts were made to develop a drought monitoring system using the standardized index
of precipitation. Using the developed GUI, a climatic level, historical series of values of the SPI on time
scales of 1 to 24 months can be created. The overall meteorological drought vulnerability was assessed by
reconstructing historical occurrences of drought and drought categories using SPI. The spatial distribution of the SPI was determined through spatial interpolation techniques to analyze the meteorological
drought with due emphasis to ungauged catchments. Results showed that SPI defines near normal events
in 67.93 of the time, 2.93 % of the time moderate drought in 7.48 % of the time, severe drought in 3.9 %
of the time and extreme drought in 2.93 % of the time. This study compared two methods for spatial interpolation of drought indices to create drought maps of the Germany. The methods investigated include
IDW and Kriging. The Comparison of the IDW and Kriging using the detection of drought classes for
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ABSTRACT: In reservoir management practices, a simulation model can be used as a valuable planning
tool to evaluate the impact of changes to the system's configuration or operational objectives. The desired
generation or release scheduling can be checked using inflow forecasting in order to satisfy the entire set
of operational constraints. At real-time operation stage, a simulation tool can be used to quickly check
operational alternatives due to emergency events or planning and real-time incongruence. In this paper, an
integration of data-driven modelling, which is based on computational intelligence and machine-learning
methods, and stochastic models for reservoir operation and simulation was presented. Adaptive networkbased fuzzy inference system (ANFIS) provides a method for fuzzy modeling to learn information about
the data set that best allow the associated fuzzy inference system to trace the given input/output data. The
applicability and capability of the ANFIS model were investigated through the use of a set of data in the
Ruhr reservoirs system, Germany. The historical data included inflow, reservoir storage, Standardized
Precipitation Index (SPI) and reservoir release. Neural Networks, ANFIS, Thomas-Fiering model, and
Hidden Markov Model (HMM) were integrated in a simulation model. The set of input included the time
of the year, storage, inflow and Standardized Precipitation Index (SPI). The target output was the reservoir release. Predicted release values and observed release values are evaluated using several common
evaluation criteria. Results of model performance showed that the ANFIS and the proposed stochastic
models provided reliable reservoir release prediction. Results showed also that the proposed approach
could be a good tool for the evaluation of release for a specified month and could be also a helpful reference guide to the operator during making decisions.
Keywords: Data-Driven Modeling, Stochastic Modeling, Reservoir Operation, Drought, Standardized
Precipitation Index SPI
1 INTRODUCTION
Reservoir operation is a complex problem that involves many decision variables, multiple objectives as
well as considerable risk and uncertainty (Husain, 2012; Mohan S 2007). Reservoir managers have to
simultaneously meet requirements for different needs, such as flood control, power generation, and recreational use of the reservoir pool, environmental quality downstream of the reservoir, and the safety and
structural integrity of the dam itself. In addition, the conflicting objectives lead to significant challenges
for operators when making operational decisions, and engineers have created reservoir simulation models
to help develop those release schedules. The desired generation or release scheduling can be checked using inflow forecasting in order to satisfy the entire set of operational constraints (Cicogna et al., 2009). At
the real time operation stage, a simulation tool can be used to quickly check operational alternatives due
to emergency events or planning and real-time incongruence. The operational models were broadly categorized into descriptive simulation, prescriptive optimization and hybrid simulation and/ or optimization
models involving elements of both (McMahon, 2009). Descriptive simulation models are most useful for
studying the operation of complex physical and hydrological characteristics of a reservoir system including the experience and evaluation of predefined operating rules. One of the main operational goals in the
management of reservoirs is to determine a suitable release based on observation data and other condi91

tions (Kamodkar, 2010). Data-driven models are becoming more common approach in in several water
management issues. Data-driven modelling (DDM) is based on analyzing of the data characterizing the
system under study, in particular a model can be defined on the basis of finding connections between the
system state variables (input, internal and output variables) without explicit knowledge of the physical
behavior(Abrahart et al., 2008). DMM is focused on computational intelligence, which includes neural
networks, fuzzy systems and evolutionary computing as well as other areas within artificial intelligence
and machine learning. The use of ANNs and Fuzzy logic has many successful applications in hydrology,
in modelling rainfall-runoff processes: Hsu et al. (Hsu et al., 1995); Minns and Hall (Minns AW, 1996);
Dawson and Wilby (Dawson CW, 1998); Dibike et al. (Dibike Y, 1999 ); Abrahart and See (Abrahart RJ,
2000); Govindaraju and Ramachandra Rao; replicating the behaviour of hydrodynamic/hydrological
models of a river basin where ANNs are used to provide optimal control of a reservoir (Solomatine DP,
1996 ); for modelling stage-discharge relationships(Sudheer KP, 2003 ); simulation of multipurpose reservoir operation (Fontane, 1997; Shrestha et al., 1996); deriving a rule base for reservoir operation from
observed data (Chuntian, 1999 ; Panigrahi and Mujumdar, 2000 ; S.Mohan and Prasad, 2006). In this paper, a simulation model for reservoir operation was developed based on the Integration of Data-Driven
Modeling (ANFIS) and Stochastic Modeling (Hidden Markov model – HMM, Thomas-Fiering model).
The applicability and capability of developed model were investigated through the use of a data set of the
Bigge reservoir in the Ruhr basin, Germany.
2 METHODOLOGY
2.1 Study Region and Data Collection
The study was conducted on the Bigge reservoir which is located in the Ruhr river basin, Germany and
lies in the southern part of the Sauerland between Olpe and Attendorn. The reservoir serves primarily to
store and discharge water on demand, thus ensuring a balanced water level of the River Ruhr (Ruhrverband, http://www.ruhrverband.de). Up to 40 per cent of the required compensation water for all dams
and reservoirs can be discharged from the Bigge Reservoir via the Bigge and Lenne rivers into the Ruhr
river system. The reservoir system in the Ruhr Basin is centrally managed by the Ruhr River Association
(Ruhrverband), whose major tasks are to provide drinking water and to supply local industry with process
water within one of the most densely populated and industrialized areas in Europe. Maniak (Maniak,
1997) reported that 70% of the water demand of the Rhenish-Westphalian industrial zone is covered by
the Ruhr and this percentage increases in dry periods. In times of extreme droughts it increases up to the
1.6 fold of the annual average. Table.1 presents some characteristical data of the Bigge reservoir. The statistical properties of the monthly inflow, monthly storage and the monthly release during the study period
are listed in Table 2.
Table 1. Main data of the Bigge reservoir.(Renz, 1983)
Gross storage capacity (m3*106)
Dead storage capacity (m3*106)
Net storage capacity (m3*106)
Amount of drinking water* (m3*106)
Effective storage capacity (m3*106)
Average annual inflow (m3*106)
Percentage of the effective storage capacity of the system (%)
Storage ratio ( storage capacity / annual inflow)
Surface area at maximum storage
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171.7
7.5
164.2
4.0
160.2
225.25
39.2
o.72
8.76 km2

Table 2. Statistical properties of the input data used in this study (1990 -2008)
Inflow (million m3)
Storage (million m3)
Month
Mean Min.
Max.
Std.
Mean
Min.
Max.
January
41.58
3.98
74.66 21.27 136.95 113.89 153.07
February
28.56
5.45
75.87 18.70 136.90 103.65 157.20
March
32.07
8.63
52.42 13.98 143.04 103.72 165.26
April
15.29
4.22
27.23 8.22
154.46 114.00 170.11
May
9.69
4.01
24.67 5.51
155.39 115.11 169.79
June
6.54
3.08
18.86 4.10
154.55 115.92 168.72
July
7.68
1.89
28.59 6.84
148.06 114.36 167.30
August
8.70
1.51
48.88 10.71 141.09 108.30 164.04
September 11.04
2.10
43.68 10.50 132.09 93.88
154.26
October
17.15
4.40
75.08 15.93 126.58 85.09
149.93
November 28.21
7.88
55.37 14.86 124.50 91.31
155.31
December 34.81
14.05 69.53 13.93 128.07 93.84
144.88

Std.
9.06
11.12
14.10
13.96
14.68
14.99
15.08
16.16
15.88
17.13
17.99
14.49

Release(million m3)
Mean Min.
Max.
41.62 13.02 78.17
22.43 7.27
56.97
20.64 3.70
44.08
14.37 3.27
31.16
10.54 3.81
21.04
13.02 4.65
21.39
14.65 6.44
27.16
17.70 9.43
58.66
16.56 5.26
44.04
18.33 9.52
69.70
24.64 7.28
63.79
25.93 2.44
52.80

Std.
20.19
14.16
11.26
8.16
3.61
4.19
4.13
10.71
8.29
13.62
15.45
14.61

2.2 Adaptive Neuro-Fuzzy Inference System - ANFIS
Fuzzy systems present particular problems to a developer then rules have to be determined somehow (Zadeh, 1973). An adaptive neuro-fuzzy inference system (ANFIS) is a fuzzy inference system formulated as
a feed-forward neural network. Hence, the advantages of a fuzzy system can be combined with a learning
algorithm (Venugopal et al., 2010). Neuro-fuzzy modeling is a technique for describing the behavior of a
system using fuzzy inference rules within a Neural Network (NN) structure. Using a given input/output
data set, adaptive neuro-fuzzy inference system (ANFIS) constructs a FIS whose member ship function
parameters are tuned using a back propagation algorithm (Labani M.M., 2010). So, the FIS could learn
from the training data. In this study, the ANFIS model was developed in the MATLAB environment.
ANFIS was used to extract the relation of time of year (months), storage, inflow, and Standardized Precipitation Index (SPI) and release variables and represent them as fuzzy if-then rules. The premise part of
fuzzy if-then rules is months, inflow, storage, and SPI. The consequent part is the release. The structure of
the ANFIS model consists of a Sugeno type fuzzy system with generalized bell input membership functions and a linear output membership function. The network consists of 8 inputs, each with 5 input membership functions, 5 rules and 1 output membership function (figure 1). The training algorithm consists of
backpropagation and least squares estimation for the adjustment of premise and consequent parameters of
the ANFIS respectively.
Month(i )
Inflow(i)
Storage(i-1)

ANFIS sysytem

Storage(i)
Storage(i+1)
SPI(i-1)

(sugeno)

Release (i+1)

5 Rules

Output

SPI(i )
SPI(i+1)

ANFIS System : 8 inputs, 1 outputs, 5 rules

Input - 5 MF

Figure 1. Architecture of the proposed Adaptive Neuro-Fuzzy Inference System

2.3 Thomas-Fiering model for inflow generation
The historical records of the monthly inflow were used for training and testing the developed model. To
simulate the reservoir operation, monthly streamflow data were generated by using Thomas-Fiering model. Basically, this model is of a Markovian nature with periodic parameters, namely, the monthly means,
standard deviations and the lag-zero cross correlations between successive months(Sen, 1978). In its sim93

plest form the model consists of twelve regression equations, one for each month. The method of Thomas
and Fiering implicitly allows for the non-stationarity observed in monthly inflow data (Singhal et al.,
1980). For the Thomas-Fiering model, synthetic monthly series is generated with the following recursive
relationship:
𝑄 𝑖+1 = 𝑄�𝑗+1 + 𝑏𝑗 �𝑄𝑖 − 𝑄�𝑗 � + 𝑡𝑖 ∗ 𝑆𝑗+1 ∗ �1 − 𝑟𝑗 2 �

1�
2

(1)

Where:
𝑄𝑖
= the inflow during the i month record from the start of the synthetic sequence.
𝑄 𝑖+1 = the inflow during the (i+1) month.
= the mean monthly inflow during the j month with a repetitive cycle of 12 months.
𝑄�𝑗
𝑄�𝑗+1 = the mean monthly inflow during the month (j+1).
𝑏𝑗
= the regression coefficient for estimating the flow in the month j+1 from the month j.
= a normal random deviate with mean equal to zero and unit variance.
𝑡𝑖
𝑆𝑗+1 = the standard deviation of the inflow in the month j+1.
𝑟𝑗
= the correlation coefficient between the inflows of the j and j+1 month.
Initially a known streamflow of any month (say, January) along with the mean and standard deviation
of historical streamflow for that month were fed to equation 1. The output produced by this equation is
the streamflow of the succeeding month. The sequence of the inflow generated by equation 1 possesses
the same general statistical properties as those representing natural inflow.
2.4 HMM for SPI forecasting
The Markov chain is a probabilistic model used to represent dependences between successive observations of a random variable (Keilson, 1979). In this study, a Hidden Markov Model (HMM) with 7 states
to forecast SPI values at short-medium term has was developed. States 1 to 7 - according to SPI classification-can be interpreted as extreme events, namely extremely wet event (possible flood) and respectively
meteorological severe drought (Khadr et al., 2009). The SPI was calculated for different time scales
(1month, 3 months, 12 months, 48 months, etc.) based on streamflow data series which means that the
drought index from the streamflow series was used as one of measures for streamflow deficit. The distinctive feature of this method is that the drought management and monitoring would be effective because of
the more realistic judgment on the drought severity (Yoo et al.). The HMM was tested and results of testing periods show that Hidden Markov Model provides a good agreement between observed and forecasted values. The forecasted values of SPI (SPI (i+1)) were then used as input for the ANFIS model shown
in figure 1.
3 RESULTS AND DISCUSSION
In this study, the developed simulation model consists of two stages. In the first stage, operation rules
were developed using fuzzy approach, then the developed fuzzy inference system “FIS” was an input to
the ANFIS system. In second stage, the operation of reservoirs was simulated for any required number of
years using the final FIS developed by using ANFIS. Thomas-Fiering model was used to generate monthly inflow, and a HMM model was developed to forecast SPI index. In order to begin the training using
ANFIS, an initial fuzzy inference system “FIS” was needed first. In the present study 42 years of historical data of inflow and 18 years of historical data of storage and release were collected. From this data, 14
years of data were used for building (training) the model and 4 years of data were used to test the model
on monthly basis. As shown in table 3, the data set contains 8 input data and one output (reservoir release). FIS, fuzzy inference system, was generated using fuzzy subtractive clustering to develop a set of
rules and membership functions that models the data behavior. Then the generated FIS was used as an initial FIS, initial conditions, for ANFIS training. The FIS was then evaluated to obtained output data which
is the predicted value of the release. Forecasted release values and observed release values for training period and test period are shown in figure 2 and 3 respectively. In order to evaluate the performance of the
ANFIS system, it is necessary to introduce evaluation criteria. In this study, the performance of the models was assessed using four statistical criteria include; Mean Absolute Deviations (MAD), R-squared,
Root Mean Square Error (RMSE) and correlation coefficient (Cr) were used (table 4).
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Release ( million cu.m)

Table 3. Typical one year sample of input and output data of the simulation model
Model Input
Month (i)
Inflow (i)
Storage (i-1)
Storage (i)
Storage (i+1) SPI (i-1)
1
38.95
128.66
145.47
132.08
0.34
2
6.64
145.47
132.08
128.12
0.45
3
16.99
132.08
128.12
138.78
-0.58
4
5.55
128.12
138.78
135.46
-1.06
5
5.85
138.78
135.46
133.43
-2.17
6
11.06
135.46
133.43
136.16
-1.56
7
7.26
133.43
136.16
131.45
-0.87
8
2.57
136.16
131.45
117.21
-0.11
9
2.15
131.45
117.21
103.21
-0.11
10
4.40
117.21
103.21
95.36
-0.78
11
46.05
103.21
95.36
131.16
-1.43
12
43.48
95.36
131.16
144.13
0.23

SPI (i)
0.45
-0.58
-1.06
-2.17
-1.56
-0.87
-0.11
-0.11
-0.78
-1.43
0.23
0.67

SPI (i+1)
-0.58
-1.06
-2.17
-1.56
-0.87
-0.11
-0.11
-0.78
-1.43
0.23
0.67
0.46

Output
Release (i+1)
10.60
6.33
8.87
7.88
8.34
11.97
16.81
16.16
12.25
10.25
30.51
25.99
Trained Data
ANFIS Output
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Figure 2. Comparison of historical reservoir release and ANFIS output (training period)

Tested Data
ANFIS Output

80
60
40
20
0

2004

2005

Time

2006

2007

Figure 3. Comparison of historical reservoir release and ANFIS output (test period).
Table 4. Results of the simulation model performance
Studied data
Training data
Test data

RMSE
5.17
7.82

Model evaluation criteria
R2
MAD
0.95
3.92
0.90
5.75

Cr
0.93
0.79

After evaluation of the ANFIS model, the FIS system could be used for simulation of reservoir operation
for any required number of years as shown in figure 4. The simulation process could be illustrated as follow: In the model the set of input consists of 8 variables (table 3). At any month t, it is required to predict
reservoir release at the next month t+1.The inflow of month t+1 is unknown, therefore Thomas-Fiering
model was used to generate monthly inflow for the month t+1; from historical data, storages of previous,
current, and next month are known. As mentioned before, the storage volume is the storage at the beginning of any month so storage at months t-1, t and t+1 are known. After holding the previous steps, three
input variables were remaining unknown, namely SPI index for months t-1, t, and t+1. SPI for month t-1
was calculated from historical data, and SPI for month t was calculated based on the generated inflow
from Thomas-Fiering Model. SPI index for month t+1 is predicted using the HMM.
Once the input data were available, the developed FIS system predicted the release and this process
could be repeated for any number of months. The simulation model of a reservoir system is based on water balance of reservoirs. The output of the model (release) must satisfy the constraints of storage and demands. The simulation model subject several constraints such as Storage Continuity, Storage Limits, Demands limit which is identified by the reservoir operator. Figure 5 presents comparison between historical
and simulated reservoir release for a period of 20 years. To simulate the behavior of the reservoir storage,
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Table 5. The driest year in 500 simulated years using ANFIS, Thomas-Fiering and HMM models
Model Input
Month (i)
Inflow (i)
Storage (i-1)
Storage(i)
Storage (i+1) SPI (i-1)
SPI (i)
1
33.03
138.00
131.71
0.24
0.16
2
8.52
138.00
131.71
120.06
0.16
-0.48
3
10.48
131.71
120.06
109.67
-0.48
-0.84
4
5.91
120.06
109.67
103.10
-0.84
-0.99
5
4.62
109.67
103.10
96.97
-0.99
-0.99
6
3.36
103.10
96.97
90.61
-0.99
-1.22
7
1.89
96.97
90.61
80.52
-1.22
-1.32
8
1.51
90.61
80.52
75.00
-1.32
-1.86 *
9
6.66
80.52
75.00
75.00
-1.86*
-2.51 **
10
4.40
75.00
75.00
74.40
-2.51** -2.80 **
11
12.12
75.00
74.40
80.82
-2.80** -2.60 **
12
26.51
74.40
80.82
101.43
-2.60** -2.11 **
* Severely dry event
** Extremely dry event

SPI (i+1)
0.00
0.32
-0.56
-0.40
0.08
-1.39
-1.27
-1.77*
-2.62**
-2.10**
-2.30**
-2.34**

Output
Release (i+1)
20.17
20.88
12.47
10.75
9.71
11.99
17.12
12.17
5.00
5.70
7.08
12.50

Release (million cu.m)

To assess the model performance during actual drought periods, the year 1976 (which was an extremely
dry period) was selected as a case study. At the first step, The ANFIS system was developed. After that, a
period of 24 months, starting from January 1976, was generated to be the first input of the simulation
model. Inflow records were assumed to be the same as historical inflow records during this period and the
storage of the first month (January 1976) was the same as historical one. To get SPI values for the simulated periods, the SPI values were forecasted using HMM. After a simulation run, the simulated monthly
release and monthly storage were then obtained. The comparisons of the observed and simulated results
of the ANFIS model for the 1976 drought event are depicted in figures 6 and 7. Results showed that the
reservoir release and storage were well reproduced by the simulation model during this dry period.
Simulated Release
Actual Release

40.00
30.00
20.00
10.00
0.00
Dez 75

Mrz 76

Jun 76

Okt 76

Jan 77

Apr 77

Storage (million cu.m)

Figure 6. Comparison of the reservoir releases during the dry period 1976 and output of the simulation model
Simulated Storage
Actual Storage

200.00
150.00
100.00
50.00
0.00
Dez 75

Mrz 76

Jun 76

Okt 76

Jan 77

Apr 77

Figure 7. Comparison of the reservoir storages during the dry period 1976 and output of the simulation model

4 CONCLUSION
In this study, artificial intelligence tools and stochastic methods were used to construct a model for simulation of reservoir operation. The applicability and capability of the ANFIS model were investigated
through the use of a set of data included monthly records of inflow, storage, SPI and reservoir release.
The results of model performance show that integration of Neural Networks, ANFIS, Thomas-Fiering
model, and HMM could provide very useful data for reservoir characterization and development.
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The main conclusion of this paper is that ANFIS and Neural Networks have a great ability in determining
relationships between a series of inflow, storage, and SPI data and reservoir release as target. The developed model could be used to check and evaluate different operational policies and to compare planning
strategies for operation.
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Grey Fuzzy Optimization of Total Nitrogen Load Allocation to
Nonpoint Sources in Watershed
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ABSTRACT: A method for allocating allowable total nitrogen (TN) load among nonpoint sources in a
watershed has been developed by adopting the two-phase grey fuzzy optimization approach with the aid
of GIS (Geographic Information System). Competing goals of water quality management authorities and
TN load dischargers are described with linear imprecise membership functions including interval numbers. Discharged TN loads from each cell of paddy field, upland crop field, and residential area are assumed to be transported under the conventional first-order kinetic removal. Uncertainty of river discharge
and self-purification coefficients are also expressed with interval numbers. The method developed is applied to the Seimei River watershed, which is a subwatershed of the Lake Kasumigaura basin in Japan. By
solving the linear programming submodels for TN load allocation to cells using the simplex method, the
allowable load at each cell is procured, which could be used as a target value in the decision-making regarding effluent control policies.
Keywords: Water quality, Nonpoint source, Watershed, optimization, Fuzzy, uncertainty, GIS, Decisionmaking
1 INTRODUCTION
Restoration of water quality in lakes has been a serious problem in Japan. Kasumigaura Lake, which has
the second largest surface water area in Japan, is one of the typical water bodies that need watershed-level
water quality management due to complex mechanism of pollutant dynamics in the related water bodies
and its basin and competing goals of stakeholders. Generally, mathematical programming is an effective
method to describe objectives and constraints with respect to effluent control for the water quality management. Recently, for example, Karmakar and Mujumdar (2006, 2007) have presented grey fuzzy optimization models for river water quality management. Maeda et al. (2010a) has developed a robust optimization model for allocating allowable COD (Chemical Oxygen Demand) load among point and nonpoint
sources in a river watershed. Li et al. (2014) has presented an inexact chance-constraint quadratic programming model for managing river water quality. Maeda et al. (2006, 2009, 2010b) have presented linear programming models for TN (Total Nitrogen) load allocation to nonpoint sources (NPSs) such as paddy field and upland crop field.
In this study, an improvement over our previous model (Maeda et al., 2009) is conducted for controlling NPS effluent using the two-phase grey fuzzy optimization framework presented by Karmakar and
Mujumdar (2007). Uncertainty in TN transport and management goals are quantified with interval numbers (e.g., Huang et al., 1995), which enhances the applicability of the model solution to the real world.
The presented method is numerically demonstrated by computing TN load allocation in the Seimei River
basin, included in the Lake Kasumigaura basin, Japan.
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2 FRAMEWORK FOR OPTIMAL ALLOCATION OF TOTAL NITROGEN LOAD
2.1 Pollutant Sources and Management Goals
The cell-based optimization model developed by Maeda et al. (2009) is modified by adopting the grey
fuzzy optimization framework. As nonpoint sources, only paddy field, upland crop field and residential
area in a watershed of a water body are chosen in this study. The watershed is horizontally divided to uniform cells. A GIS (Geographic Information System) and a DEM (Digital Elevation Model) are employed
for delineating the watershed boundary, determining the flow direction for the cells, and identifying the
routes of both surface and subsurface flows. Flow direction of those flows are assumed identical for simplicity, and determined using the concept of the steepest slope to one of its eight neighboring cells. Suppose that TN load issuing from a cell of nonpoint source (called ‘Land Management Unit (LMU)’ hereafter) is transported along the estimated route to the main river in the watershed, and finally delivered to the
downstream end of the river.
Watershed-level effluent control designed in this study defines the following two competing goals:
1. Prevention of water quality deterioration at the outlet of the watershed, which is generally a goal of water quality management authorities
2. Profit maximization or cost minimization regarding water-related activities, such as farming,
wastewater treatment, etc. in the dischargers’ side
2.2 Goal for Water Quality Management Authorities
The allowable discharged load from each LMU, a decision variable in our study, is specified as an interval number due to uncertainty in self-purification function, stream discharge, precipitation, etc. The allowable load can be expressed as
L±j ≡ [ L−j , L+j ],
i

i

i

(1)

j=
p, u , c; i =
1, , I j

where i = cell number; j = type of nonpoint source cell (p = paddy field, u= upland crop field, c = residential area); I j = number of type-j cells; L±j = discharged TN load from the cell ji (kg・ day-1); L−j , L+j =
lower and upper limits of discharged TN load from the cell ji (kg・ day-1). It should be noted that superscript ± implies the variable is an interval number, and the subscripts – and + stand for lower and upper
limits of the interval number, respectively.
Assume that the TN loads discharged from their sources decay subject to the distance-related firstorder kinetics. Using the concept of interval number, the amount of TN load that reaches the outlet can be
expressed as
i

i

i
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where T ± ≡ [T − , T + ] = TN load that transported to the downstream end of the main river from all the
LMUs (kg・ day-1); λ r ± ≡ λ r − , λ r +  = watershed-wide self-purification coefficient for surface and subsurface flows (m-1); x rj = travel length of TN load discharged with surface and subsurface flows from the
LMU ji to the outlet at the riverbank (m); λ w± ≡ λ w− , λ w+  = watershed-wide self-purification coefficient
for river flow (m2・ day-1); Q ± ≡ Q − , Q +  = discharge of river (m3・ day-1); x wj = travel length of TN
load, generated from LMU ji, from the drainage outlet at the riverbank to the downstream end of the river
(m). It is noted that Eqs. (2) and (3) show T + and T − are functions of L+j and L−j , respectively.
For water quality management authorities, less delivered TN load to the downstream end is preferable.
Considering the competing goals of stakeholders in the watershed, the management authorities’ goal can
be expressed with the following linear imprecise membership function µ ± (T ± )
i

i

i
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i

1
 H±
 T −T ±
=
µ ± (T ± )  H ±
D±
T − T
0

(T + < T D − )
(T D ± ≤ T ± ≤ T H ± )

(4)

(T − > T H + )

where T D ± ≡ [T D − , T D + ] = the most desirable total transported TN load for the authorities;
T H ± ≡ [T H − , T H + ] = acceptable total transported TN load for the management authorities (T D ± ≤ T H ± ) (see
Figure 1). The membership value of µ ± (T ± ) approaches 1, which is the most preferable state for the authorities, by minimizing T ± .

Figure 1. Linear imprecise membership function for the goal of water quality management authorities.

2.3 Goals for Dischargers
Goals of TN dischargers at LMUs of paddy field, upland crop field, and residential area can also be expressed with the imprecise membership functions µ ± ( L±j ) , defined as
i

0
 ±
L±
 L −L
±
±
=
µ ( L j )  Dj± jL ±
 Lj − Lj
1

i

i

i

i

(L < L )
+
ji

L−
ji

(5)

( LLj ± ≤ L±j ≤ LDj ± )
i

i

i

i

( L−j > LDj + )
i

i

where LLj ± ≡ [ LLj − , LLj + ] = acceptable discharged TN load for discharger at LMU ji; LDj ± ≡ [ LDj − , LDj + ] = the
most desirable discharged TN load for discharger at LMU ji ( LDj ± ≥ LLj ± ) (see Figure 2).
i

i

i

i

i

i

i

i

Figure 2. Linear imprecise membership function for the goal of discharger at LMU ji.

3 GREY FUZZY OPTIMIZATION MODEL
A grey fuzzy optimization model that harmonizes goals mentioned above under constraints can be expressed as the following mathematical programming problem

Maximize ξ ±

(6)

subject to
1. Achievement level of goal of water quality management authorities
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(height) and ArcGIS 10.2, the flow direction of each cell is estimated by the steepest gradient method
with surface elevation. In the Seimei River watershed (25.6km2), 4,496 cells at a resolution of 50m×60m
are specified as LMUs using ArcGIS 10.2. The numbers of LMUs of paddy field, upland crop field, and
residential area are 1201, 1753, and 1542, respectively (see Figure 4).
Values of parameters such as self-purification coefficients, discharge of river flow, and permissible
and desirable levels related to goals for the authorities and dischargers, etc. are determined with observed
data in 2013 and the literature (Skop and Sørensen, 1998) (see Table 1). Flow length, i.e., length of route
where TN load issued from a LMU is transported, is estimated using the obtained flow direction data in
the GIS.
The obtained optimal solutions in Cases 1 and 2 are listed in Table 2. The grey degree (Karmakar and
Mujumdar, 2007) of decision variable, Gd ( L±j ) , is defined as
i

L −L
+
ji

Gd ( L±j ) =

−
ji

1 −
L j + L+j
(
2

i

i

i

)

.

(13)

Table 1. Parameters used in the application
Value
Parameter
r−
r+
-1
λ , λ (m )
0.000850,
w−

λ ,
−

λ

w+

-1

(m ・day )

+

Q ,

2

3

-1

Q (m ・day )

0.000850

0.480,

0.480

4168.8,

16675.2

-1

3.38,

4.13

L ,

-1

L (kg・day )

0.00,

0.452

L ,

-1

8.80,

10.8

L ,

-1

L (kg・day )

0.00,

1.18

L ,

-1

1.03,

1.26

-1

0.00,

0.138

0.00,

72.8

3720,

4090

D−
pi
L−
pi
D−
ui
L−
ui
D−
ci
L−
ci

L ,

L (kg・day )
L (kg・day )
L (kg・day )

L ,
D−

T
T

H−

D+
pi
L+
pi
D+
ui
L+
ui
D+
ci
L+
ci

L (kg・day )

,
,

T

D+

(kg・day )

T

H+

-1

-1

(kg・day )

Table 2. Optimal solutions expressed as interval numbers and grey degrees of decision variables in Cases 1 and 2. Case 1:
goal of water quality management authorities is considered first; Case 2: goals of TN load dischargers are considered first.
Case 1:
Solution

Gd ( L j )
±

i

±

-1

0

-1

0

-1

0

L p = [1.3698, 1.3698] (kg・day ), i = 1,  ,1201
i

±

Lu = [3.5647, 3.5647] (kg・day ), i = 1,  ,1753
i

±
ci

L = [0.4173, 0.4173] (kg・day ), i = 1,  ,1542
±

-1

T = [2384, 3403] (kg・day )
±

ξ = [0.0775, 0.4678]
Case 2:
Solution

Gd ( L j )
±

i

±

-1

4.11×10-3

-1

0

L p = [1.0920, 1.0965] (kg・day ), i = 1,  ,1201
i

±

Lu = [2.8536, 2.8536] (kg・day ), i = 1,  ,1753
i

-1

±

Lc = [0.33326, 0.33405] (kg・day ), i = 1,  ,1479,1481, 1542
i
= [0.33326, 0.33451] (kg・day-1), i = 1480
±

-1

T = [1906, 2724] (kg・day )
±

ξ = [0.1550, 0.3745]
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2.37×10-3
3.74×10-3

5 CONCLUSIONS
A GIS-aided optimization method is presented for managing TN load from nonpoint sources in a watershed. The method includes estimation of flow routes by hydrological analysis with the DEM and the overlay of maps of land use and flow direction in the GIS. The two-phase grey fuzzy optimization framework
is employed to formulate optimal allocation problem of the allowable discharged TN load among cells
(LMUs) of paddy field, upland crop field, and residential area. The method developed is applied to the
Seimei River watershed, which is a part of the Lake Kasumigaura basin, Japan. It is demonstrated that optimal solution or allowable TN load for each LMU is numerically procured and the presented method
could contribute to more rational effluent control at the watershed level.
NOTATION
±

discharged TN load from the cell ji
number of type-j cells
total transported TN load at the downstream end
watershed-wide self-purification coefficient for surface and subsurface flows
watershed-wide self-purification coefficient for river flow
discharge of river
r
travel length of TN load discharged with surface and subsurface flows from the LMU ji to the outlet at the riverbank
xj
w
travel length of TN load, generated from LMU ji, from the drainage outlet at the riverbank to the downstream end of
xj
the river
D±
T
the most desirable transported TN load for the authorities
H±
T
acceptable transported TN load for the authorities
±
±
µ (T ) linear imprecise membership function on total transported TN load
L±
acceptable discharged TN load for discharger at LMU ji
Lj
D±
the most desirable discharged TN load for discharger at LMU ji
Lj
±
±
µ ( L ) linear imprecise membership function on discharged TN load
±
ξ
watershed-wide satisfaction level
grey degree
Gd
Lj

i

Ij
±
T
r±
λ
w±
λ
±
Q
i

i

i

i
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ABSTRACT: Rapid regional growth and energy demands of the Ethiopia’s government have driven plans
to build cascade dams along the Omo Gibe river basin mainstream and its tributaries which exacerbate
significant concerns of the availability of water for the downstream population of the basin. Present study
attempts to apply decision support tool to improve reservoir operations for hydropower energy generation
considering the existing water demand conflicts in the region. In order to achieve this purpose HECResSim (reservoir simulation) model was used to simulate cascade dams and reservoirs operation to optimize water for hydropower energy production, flood management as well as environmental flows. The
model was tried to represent the physical behavior of cascade reservoirs in the basin with its high speed
hydraulic computations for flows through control structures, and hydrologic routing to represent the lag
and attenuation of flows through the main and tributaries of the river. Hence, the model results indicate
that the new reservoir operation rule selected for modelling of the cascade dams and reservoirs operation
enhances average energy production of the designed reservoir operation systems of the basin by 28-45%.
In addition, the hydrologic flood simulation results reveal that the new operation system will increase water availability in the dry season and decrease flooding in the wet season. Overall the study has determined the new reservoir operation system will evenly allocate and release the available water in real time
during day-to-day and emergency operations throughout the year.
Keywords: HEC-ResSim, Cascade dams & reservoirs, Omo Gibe river basin, Reservoir operation
1 INTRODUCTION
Water resources management is a complex and varied topic that requires consideration of a broad range
of social, economic and environmental interests. As Ethiopian’s river basins water resources become increasingly stressed, effective tools for management become more important. One tool often used in water
resources management is decision support systems. McKinney and Watkins (1995) define a decision support system as an integrated, interactive computer system, consisting of analytical tools and information
management capabilities, designed to aid decision makers in solving relatively large and unstructured
problems. Modelling of cascade reservoirs operation for multipurpose function is more challenging that
comprises modelling of flow in the river, reservoir storage, and allocation of water through hydropower
plants and other outlet groups. This paper deals with HEC-ResSim (USACE, 2007) reservoir simulation
model, as tool to assist in evaluating existing and nearly completed projects reservoir operations, and conservation storage requirements of three hydropower plants (i.e., Gibe I, Gibe II and Gibe III) and to assess
the influence of major reservoirs on flood flows at the downstream of Omo Gibe river basin. Well modelled reservoir operation aids an engineer or reservoir operators to have the general operation strategies to
release water according to the current reservoir level, hydrological conditions, water demands and the
time of the year. This can be achieved by improving the already established rule curves by the existing information, forecasted climate and hydrological conditions, and advanced computational technology.
Therefore, it would be crucial to establish an analytic and more systematic approach to extend networked
reservoir operation for single or multi-purposes rather than the traditional individual reservoir operation in
order to increase reservoir’s efficiency for balancing demands from different stakeholders.
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(Arnold et al., 1998). A detail of the steps for SWAT model is omitted here and the reader is referred to
Seyoum (2014). The ResSim program has three modules which are the watershed setup, the reservoir
network definition and the simulation scenario management. The model development began with creation
of watershed schematic which is defined through the development of a stream alignment that serves as the
framework or skeleton upon which the model schematic is created. The second step in model development was the establishment of a reservoir network. A reservoir network represents a collection of watershed elements connected by routing reaches. The network includes reservoirs, reaches and junctions
needed for the model and is where all the physical and operational data are entered and stored in the model. Finally the model development was completed by defining the three alternatives for two scenarios, and
running simulations and analyzing results. With this approach, the model was calibrated and the best alternative was selected for modelling of the cascade dams and reservoirs operation.
3.2 Reservoir simulation modeling
Simulation modelling replicates the physical behaviour of a system on a computer and it is an abstraction
of reality. The key characteristics of the system are reproduced by a mathematical or algebraic description. Simulation is different from mathematical programming techniques which find an “optimum decision” for system operation meeting all system constraints while maximizing or minimizing some objective (Yeh, 1985). In contrast, simulation models provide the response of the system to specified inputs
under given conditions or constraints. Hence, simulation models enable a decision maker to test alternative scenarios (e.g., different operating rules) and examine the consequences before actually implementing them. Simulation models for the operation of reservoirs have been applied for many years (e.g., Emery & Meek, 1960, Hall & Dracup, 1970, Biswas, 1976, Stansbury et al., 1991, Huang & Yang, 1999; Ito
et al., 2001, & Thorne et al., 2003). Many models are customized for a particular system; however, more
recently, the trend has been to develop general simulation models that can be applied to any basin or reservoir system. For example, HEC-ResSim model has been designed and developed by the Hydrologic
Engineering Center of the U.S. Army Corps of Engineers specifically to perform Reservoir System Simulation. It is designed to perform reservoir operation modelling at one or more reservoirs for a variety of
operational goals and constraints, including release requirements and constraints, hydropower requirements and downstream needs and constraints (HEC, 2007)
3.3 HEC-ResSim reservoir simulation model
HEC-ResSim was developed to aid engineers and planners performing water resources studies in predicting the behavior of reservoirs and to help reservoir operators plan releases in real-time during day-to-day
and emergency operations (Klipsch & Evans, 2007). It is used to simulate reservoir operations including
all characteristics of a reservoir and channel routing downstream. The program represents the physical
behavior of reservoir systems through a combination of hydraulic computations of flows through control
structures and hydrologic routing to represent the lag and attenuation of flows through stream segments.
The model uses an original rule-based approach to mimic the actual decision-making process that reservoir operators must use to meet operating requirements for power generation, flood management and environmental release. Parameters that may influence the flow requirements at a reservoir include the time
of year, the hydrologic conditions, and any simultaneous operations by other reservoirs in a system. The
reservoirs designated to meet flow requirements may have conflicting demands and constraints on their
operation. The model represents operating goals and constraints with an original system of rule-based logic that has been specifically developed to represent the decision-making process of reservoir operation
(Klipsch & Evans, 2007). It also allows the user to define alternatives and run their simulations simultaneously to compare results. This increases accuracy and is unique among reservoir simulation models because it attempts to reproduce the decision making process that human reservoir operators must use to set
releases.
4 RESULTS AND DISCUSSIONS
The objective of cascade reservoirs simulation was to select the best reservoir operation rule that optimize
water management for hydropower energy generation, controlling of flooding and availability of water
throughout the year for downstream users. Simulation was performed by defining three reservoir operation alternatives for two scenarios based on considering the past and future hydrologic condition and fu111

which provides maximum power generation of the hydropower plant as the main objective function considering environmental and flood protection activities. In these cascade reservoirs, different hydraulic
structures are configured in dam and reservoir pool namely power plant for generation of power, bottom
outlet for environmental release, and diversion spillway for controlling flood. The allocation of water is
sequential based on the priority given to the reservoir operation rule applied on the pool, dam and hydropower plant. Reservoir operation rules applied on dams and reservoirs pool for three alternatives are tandem reservoir operation (Alt1), hydropower schedule (Alt2) and hydropower guide curve (Alt3). Tandem
operation is the method in HEC reservoir simulation model that used to analyze the reservoir operation in
the system and the storage distribution among the reservoirs on the same stream. When a tandem reservoir system is defined, the model determines the amount of release from the upper reservoir in order that
the downstream reservoir is operating towards a storage balance. For every decision interval an end-ofperiod, storage is first estimated for each reservoir based on the sum of the beginning of period storage
and period average inflow value, minus all potential outflow volumes. The estimated end of date storage
for each reservoir is computed to a desired storage that is determined by using a system storage balance
scheme. The priority for release is then given to the reservoir that is furthest above the desired storage.
When a final release decision is made, the end of period storage is recomputed. Depending on other constraints or higher priority rules, system operation strives for a storage balance such that the reservoirs
have either reached their guide curve or they are operating at the desired storage [HEC, 2007]. The other
two alternatives are hydropower rules (i.e., hydropower schedule and power guide curve) and these specify the minimum releases needed from a reservoir’s power plant (or from the power plants in a reservoir
system) to meet a power generation requirement and schedule. The desired release is a function of a
plant’s generation capacity, the hydraulic head, and the required energy. In the various hydropower rules,
the generation requirement can be specified as a function of storage, season, or be directly specified as an
external time series. The differences between these two rules are based on the specification or defining of
the hydropower requirement. Hydropower schedule rule allows defining a regular monthly or user specified seasonally varying hydropower requirements while power guide curve rule allows defining a function
that describes the hydropower generation requirement with respect to the available storage in the power
pool. The power requirement must be described in units of % plant factor. Based on the input data requirements of the three operation rules applied for two reservoirs, different reservoir simulations were
computed for scenario one. Table 1 depicts simulation results of both scenarios based on the three alternatives defined. From this table one can observe that alternative two gives higher value of average energy
generation per simulation daily time step which is the main criteria to evaluate the three alternatives. Alterative two generates 2579.6 and 6776 MWh average energy per simulation daily time step for Gibe I
and Gibe II respectively which are significantly larger value than the remaining two alternatives. Hence
the hydropower schedule operation system was selected for modelling of the cascade reservoirs in the basin to optimize the water for hydropower, environmental and flood controlling in the cascade reservoir
system for the simulation period of 2006-2013. The upper plots of figures 3 and 5 show graphical representations of reservoir levels with respect to time and depict computed reservoir, conservation, flood control, dam crest and inactive levels. As one can observe from these two figures, the computed reservoir
level is within the required operating zone (i.e. conservation zone) to meet the monthly energy requirement and availability of water throughout the simulation period. The upper conservation level is the target
level where ResSim try to keep while the computed level is the actual reservoir level calculated based on
inflows and operation of the reservoir. The lower plots show the inflow and the outflow from the reservoir during the operation of the reservoirs with respect to the simulation period. Hence the guide curve
(targeted) elevation using hydropower schedule rule is on the computed reservoir level.
Table 1. Summary simulation results of scenario I and II for three alternatives
Scenarios
Location/Parameter
Gibe I-Power Plant
Energy generated per time step (MWh)
Power generated (MW)
Gibe II-Power Plant
Energy generated per time step (MWh)
Power generated (MW)
Gibe III-Power Plant
Energy generated per time step (MWh)
Power generated (MW)

Scenario-One
Alt1
Alt2

Alt3

Scenario-Two
Alt1
Alt2

Alt3

2371.6
98.8

2579.6
107.5

2529.1
105.4

2290.9
95.5

2432.8
101.4

2400.6
100

5994.3
249.8

6776
282.3

6584.1
274.3

5827.5
242.8

6489.1
270.4

6383.6
266

-

-

-

21468.2 22222.4 21697.5
894.5
925.9
904.1
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The maximum, minimum and average reservoir level computed for Gibe I as 1671, 1654 and 1662 m and
for Gibe II as 1435, 1424 and 1431 m respectively. These results imply that there are good storage distributions and allocation of water for both reservoirs in the hydropower energy production system throughout the entire period. The levels of each reservoir have been observed almost in the conservation operational zone during the analysis period. The power required, power computed and power capabilities of the
plant during the simulation period are shown in figure 5 and 7. In most of the simulation period, the computed power is equal or above the daily energy requirement applied from the design engineering document of each project. The average annual energy production using HEC-ResSim model were 942 and
2475 GWh/year for Gibe I and Gibe II respectively, and these energy production are more than the designed target power production studied by EEPCO-Saline. According to the engineering design document
of the two projects, the average energy productions are 722 and 1635 GWh/year for Gibe I and Gibe II respectively, and these values were obtained from the energy calculated from the reservoir operational studies of 1967 to 1992 daily steamflows data (EEPCO, 2004). Hence, the new reservoir operating system using HEC-ResSim model improves the performance of both cascade hydropower plants approximately by
45%.
4.3 Simulation results of scenario-two
The second simulation scenario covers future period from 2014-2031 and considered nearly complete
project-the third hydropower plant. In this system of operation, the reservoir network configuration considered Gibe III dam and its reservoir. The reservoir operations are defined by the same rules as scenario
one (i.e., tandem, hydropower schedule and hydropower guide curve operation rules). In order to analyze
the effect due to Gibe III dam and its reservoir, the model should be simulated with the same alternatives
defined for the operation of reservoirs. Likewise the results of the model for hydropower energy generation for scenario two are summarized in table 1 above. From the table, the hydropower schedule operation
system (Alt 2) generates 2432.8, 6489.1 and 22222 MWh energy per simulation daily time step for Gibe
I, Gibe II and Gibe III respectively which are significantly larger value than the remaining two alternatives. Hence alternative two (i.e., Hydropower schedule operation rule) was selected for modelling of cascade reservoirs to optimize reservoir management in the Omo Gibe river basin for scenario two. Using
this model, the maximum, minimum and average reservoir level computed for Gibe I as 1670.2, 1651 and
1660.92 m; for Gibe II as 1432.5, 1408 and 1430.96 m; and for Gibe III as 892, 855.39 and 868.12 m respectively. These results imply that there are good storage distributions and allocation among three reservoirs for the second simulation period of hydropower energy production system. The average annual energy production for scenario two are 888.56, 2370.09 and 8116.56 GWh/year for Gibe I, Gibe II and Gibe
III respectively which are more than the energy production targeted on the engineering design documents
of the three hydropower plants (EEPCO, 2004 and 2008). The targeted average energy production of the
basin based on the engineering design document are for Gibe I is 722 GWh/year; for Gibe II is 1635
GWh/year; and for Gibe III is 6500 GWH/year (studied using the sequential streamflow routing (SSR)
method for the period of 1954-2001 daily data- (EEPCO, 2006)). The results depict that the new rulehydropower schedule operation improves the overall average energy production performance of the basin
by 28%. Even though there are slight reduction in terms of reservoir levels and energy production from
scenario one, the new rule increases the water management of the basin. This reduction of the reservoir
levels and energy production is due to the effect of the input parameters i.e., river discharge in the cascade
reservoirs from 2014-2031; this interns caused by the effect of climate change in the discharge of the river
(Seyoum, 2014 and Bishaw, 2012).
5 SUMMARY AND CONCLUSIONS
The main aim of this study is to model cascade dams and reservoirs operation in the Omo Gibe river basin to satisfactorily simulate reservoirs operation for optimal water use of hydropower energy generation,
environmental and availability of water at the downstream of the projects. It contributes for solving the
challenge of water management problem of the study region through improving the individual reservoir
operation to integrated operation system. Specifically, it is intended to inform policy makers, water resource managers, and other interested stakeholders to make effective and economically viable plans for
sustainable future development in the Omo Gibe river basin. Reservoir operators must simultaneously
meet water demands that rise from all stakeholders and other activities. Each of these demands imposes
constraints on the storage and release of water from the reservoir, and needs and constraints often conflict
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with one another. Managing water in ways that best meet all demands including the needs of natural ecosystem is absolutely essential. For getting a real based logic for taking decision on water allocation in the
basin, HEC-ResSim was applied for three dams and their reservoirs to maximize water for hydropower
production, environmental protection, flood control, and the safety and structural integrity of the dam itself. Three alternatives were configured for two scenarios to model cascade dams and reservoirs operation
so that the best reservoir operation rule that optimize the water release allocation was selected for modelling. The criterion for selection of the best reservoir operation is based on the simulation results of average energy generation per daily time step considering its effect on the availability of water at downstream
flows. According to the simulation results obtained from the two scenarios, hydropower schedule operation rule shows maximum average energy generation, maximum availability of water distributed throughout the year, and better control of flood at the downstream of the river. Hence, hydropower schedule operation rule was selected to model cascade dams and reservoirs operation in Omo Gibe river basin. The
power and energy generated from simulation model based on the best reservoir operation rule is summarized in Table 1. From the table, scenario two (time period from 2014-2031) gives relatively lower average power and energy generation compared to scenario one, and this is due to the effect of climate change
on the input parameter, for this case inflow discharge at the entrance of cascade reservoirs (Seyoum, 2014
and Bishaw, 2012). In terms of percentage of energy generated in the basin using the new reservoir operation system to the previous studies by EEPCCO-Saline, the model enhances by 45% for scenario I and
28% for scenario II. Overall, the study results show the model improves the performance of the plant to
generate hydropower energy more than the expected design target of the previous reservoir simulation
studies. Hence, this study has provided general operation strategies for reservoir releases according to the
current reservoir level, hydrological conditions and the time of year and develops a unique power guide
curve for all the three cascade hydropower plants.
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ABSTRACT: The ongoing depletion of the coastal aquifer in the Gaza strip due to groundwater overexploitation has led to the process of seawater intrusion, which is continually becoming a serious problem in
Gaza, as the seawater has further invaded into many sections along the coastal shoreline.
Prediction of the future behaviour of the seawater intrusion process in the Gaza aquifer is thus of crucial importance to safeguard the already scarce groundwater resources in the region. In this paper the
coupled three-dimensional groundwater flow and density-dependent solute transport model SEAWAT, as
implemented in Visual MODFLOW, is applied to the Gaza coastal aquifer system to simulate the location
and the dynamics of the saltwater–freshwater interface in the aquifer in the time period 2000-2010. A
very good agreement between simulated and observed TDS salinities with a correlation coefficient of
0.902 and 0.883 for both steady-state and transient calibration is obtained.
After successful calibration of the solute transport model, numerous management scenarios schemes
are examined to maintain the ground water system and to control the salinity distributions within the target period 2011-2040. In the first, pessimistic scenario, it is assumed that pumping from the aquifer continues to increase in the near future to meet the rising water demand, and that there is not further recharge
to the aquifer than what is provided by natural precipitation. The second, optimistic scenario assumes that
treated surficial wastewater can be used as a source of additional artificial recharge to the aquifer which,
in principle, should not only lead to an increased sustainable yield of the latter, but could, in the best of all
cases, revert even some of the adverse present-day conditions in the aquifer, i.e., seawater intrusion. This
scenario has been done with three different cases which differ by the locations and the extensions of the
injection-fields for the treated wastewater.
The results obtained with the first (do-nothing) scenario indicate that there will be ongoing negative
impacts on the aquifer, such as a higher propensity for strong seawater intrusion into the Gaza aquifer.
This scenario illustrates that, compared with 2010 situation of the baseline model, at the end of simulation
period, year 2040, the amount of saltwater intrusion into the coastal aquifer will be increased by about 35
%, whereas the salinity will be increased by 34 %. In contrast, all three cases of the second (artificial recharge) scenario group can partly revert the present seawater intrusion. From the water budget point of
view, compared with the first (do nothing) scenario, for year 2040, the water added to the aquifer by artificial recharge will reduces the amount of water entering the aquifer by seawater intrusion by 81, 77 and
72 %, for the three recharge cases, respectively. Meanwhile, the salinity in the Gaza aquifer will be decreased by 15, 32 and 26% for the three cases, respectively.
Keywords: Gaza coastal aquifer, Seawater intrusion modeling, SEAWAT, Artificial recharge.
1 INTRODUCTION
Groundwater is the most precious natural resource in the Gaza Strip and it is the only source of water
supply for domestic, agricultural, and other use in the area. Hydrological data reveals that, over the years,
the Gaza coastal aquifer has been overexploited from heavy groundwater pumping to meet municipal and
agricultural demands, which increased from 136 MCM (million cubic meters) in year 2000 to 174 MCM
in year 2010 (PWA, 2010a). This increased demand cannot be balanced anymore by natural aquifer replenishment from precipitation (Sirhan and Nigim, 2002). As a result of this over-exploitation, the water
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levels across most of the coastal aquifer have dropped significantly, with values going up to more than 12
m below the mean sea level in some areas. Such large groundwater level declines have led to increased
sea water intrusion and a subsequent deterioration of the freshwater quality, as the chloride concentrations
have exceeded the safe drinking threshold value of 250 mg/l recommended by WHO guidelines. Besides
that, some of the wells are already been closed due to the increase of chloride concentration (PWA,
2001).
Nowadays, the groundwater situation in the Gaza region has become even more disastrous, so that endeavours to forestall imminent future deficiencies problems and to restore and/or maintain the sustainability of the Gaza groundwater system for now and the near future are becoming extremely urgent. Under
these circumstances, appropriate ground water management policies are essential for preventing further
aquifer overdraft. Identification of such policies requires first an accurate simulation of dynamics of the
ground water system in response to various hydrological, meteorological, and human impact factors. Numerical modelling is the indispensable tool to achieve this objective, therefore a definite answer to see
that seawater intrusion is not possible anymore, or will have partly been reverted by that time can only be
given after application of a density-dependent flow and transport model.
In the present paper the coupled three-dimensional groundwater flow and density dependent solute
transport model SEAWAT as implemented in Visual MODFLOW is applied to the Gaza coastal aquifer
system to simulate the location and the dynamics of the saltwater–freshwater interface in the aquifer in a
time-dependent mode.
The main objective of the present paper is then to carry out an integrated numerical resources management analysis for the Gaza coastal aquifer. Thus, once the numerical groundwater flow model has
been set-up and calibrated, various groundwater impact scenario schemes for the near future target period
2011-2040 are simulated, in order to understand the aquifer behaviour, i.e. the changing of the salinity
distribution in the long-term. In particular, in order to possibly restore positive conditions of the Gaza aquifer’s mass balance and to revamp its depletion and deteriorations, groundwater management scenarios
for artificial recharge of groundwater by reclamation wastewater are numerically investigated.
2 STUDY AREA
2.1 Physiogeographic and hydro-climatic conditions
Palestine is composed of two-separated areas, the Gaza Strip and the West Bank. The Gaza Strip area is
part of the Palestinian occupied territories, located at 31°25'N, 34°20'E. It is a very small area located at
the eastern coast of the Mediterranean in southwest Palestine. The Gaza Strip is bounded by the 1948
cease-fire line by Israel in the north and east and by Egypt in the south and by the Mediterranean Sea in
the west (Figure 1). Its length is 40 km, while its width varies between 6 km in the north to 12 km in the
south, comprising a total area of 365 km2. With more than 1.84 million inhabitants living in this small area, the Gaza Strip is one of the most densely populated areas in the world, with an average population
density of 4,930 person/km2, which is bound to increase tremendously in the future, as the annual growth
rate is 3.2% (PCBS, 2000).
The climate of Gaza is a transitional one between an arid tropical climate in the south, with an average
annual rainfall of 200 mm/year that increases to 400 mm in the temperate and semi-humid climate of the
Mediterranean coast in the north, with mild winters and dry, hot summers (PWA, 2001). Most of the rainfall occurs in the months October to March in the form of thunderstorms and rain showers, but where only
a few days during these wet months are actually rainy days. As the potential evaporation in the Gaza strip
is of the order of 1300 mm/yr, it becomes clear that the rejuvenation of water resources in the region is rather low (PWA, 2000). In fact, the coastal groundwater aquifer is not only the sole source of fresh water,
but the only source of water supply in the region at all.
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3 MATHEMATICAL THEORY AND SETUP OF THE SOLUTE TRANSPORT MODEL
3.1 Governing equations
The density-dependent groundwater flow equation
The groundwater flow equation for variable density flow can be written in terms of this fresh water head,
as follows (Langevin et al., 2003):
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hf, equivalent fresh water head [L].
kfx, kfy, kfz, equivalent freshwater hydraulic conductivities in the three coordinate directions [LT-1].
ρ, density of native aquifer water [M/L3]
ρf, density of freshwater [M/L3].
Sf, specific storage in term of equivalent fresh water head [L-1].
C, solute concentration [M/ L3].
𝛳, effective porosity (dimensionless).
ρs, density of water entering from a source or leaving through a sink [M/L3].
qs, volumetric flow rate of sources or sinks per unit volume of aquifer [T-1].
The solute transport equation
The solute transport equation is the same for variable-as for constant-density flow and transport, i.e.
(Zheng and Bennett, 1995).
∂C
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C, salt concentration [ML-3].
D, hydrodynamic dispersion coefficient [L2/T].
v, fluid velocity [L/T]
qs, flux of source or sink (T-1).
Cs, solute concentration of water entering from sources or sinks [M/ L3].
𝛳 effective porosity (dimensionless).
Rk, rate of solute production or decay in reaction k of n different reactions [M/(L3*T)], which in the present application of pure saltwater transport is set to zero.
D, hydrodynamic dispersion tensor, defined as D = Dm + D*, where Dm and D* are the coefficients of
mechanical and molecular dispersion, respectively [L2/T], the former being related to the linear fluid velocity v [L/T] through Dm = f (v, AL, AT), where AL [L], AT [L] are the longitudinal and transversal dispersivity, respectively.
Equation of state relating density to concentration
The variable density flow equation (1) is coupled in two ways to the transport equation (2). Firstly by the
second term on the right-hand side of Eq. (1) which represents the change of fluid mass due to the change
in solute concentration C, and, secondly, by the direct effect of C on the density ρ appearing on the left
side of the subsequent equation.
The empirical (linear to first order) relation between the density ρ of saltwater and concentration C, also called an equation of state, was developed by Baxter and Wallace (1916) and can be written as
(3)

𝜌 = 𝜌𝑓 + 𝐸𝐶
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where:
E= dρ/dc is the empirical relation between the density and salt concentration, and which has a value of E=
0.7143 for salt concentrations ranging between zero and that of seawater. With Eq. (3) the groundwater
flow equation (1) is coupled to the solute transport equation (2).
3.2 SEAWAT model set-up for the Gaza coastal aquifer
3.2.1 Set-up of the solute transport module
As the basic conceptual structure of the groundwater flow model part of SEAWAT is essentially identical
to the MODFLOW model, the conceptual model setup of SEAWAT for the Gaza coastal aquifer, as implemented in Visual MODFLOW, relies directly also on that of the original MODFLOW groundwater
flow model set-up (Sirhan and Koch, 2013a). This means also that the calibration results of the constantdensity MODFLOW-2000 model, as well as the main internal and external hydrologic sources and stresses, will be incorporated with only minor adjustments into the SEAWAT-2000 variable-density model, to
simulate the transient dynamics of the saltwater-freshwater interface in the Gaza coastal aquifer.
3.2.2 Boundary conditions
The boundary conditions for the solution of the solute transport equation in the model domain are already
assigned in the conceptual Gaza aquifer groundwater flow and solute transport model. These are, namely,
constant concentration (Dirichlet) boundaries in the west (coastline), with a constant salt concentration
equivalent to that of seawater (see subsection below), and Neumann boundary conditions in the east, with
a specified salt concentration (see Figure 3 for details):
•
•

Dirichlet boundary-conditions with a constant salt (TDS) concentration of that of seawater, i.e.
C=C0 = 35,000 mg/l (salinity) are set in all layers for all cells along the Gaza coastline.
Neumann boundary conditions with a TDS of 250-1100 mg/l (salinity) are assigned in all layers
for all cells at the eastern boundary.

The salinization due to the infiltration of contaminant water from the surficial recharge (rainfall) is neglected, because of its very small effect, compared to the main source of salinity i.e. seawater intrusion.

Figure 3. Schematization of the conceptual model of the Gaza coastal aquifer (Sirhan and Koch, 2013a).

3.2.3 Initial conditions
For the transient variable-density groundwater flow and solute transport simulations, which cover a time
period of 2001-2010, initial conditions for chloride concentrations distributed across the model area must
be set. In the present application the simulated chloride concentrations for year 2000, as obtained during
the steady-state calibration of the model, are assigned as initial condition for the transient simulation.
In fact, SEAWAT model requires the concentrations of total dissolved solids (TDS) which, by virtue
of the equation of state (Eq. 3), determines the density of the saline fluid, rather than the chloride concentrations. Therefore, the latter are linearly converted to TDS, by assuming that seawater has a chloride
concentration of 19,800 mg/l and a TDS value of 35,000 mg/l (Parker et al., 1955). This means then also,
that the SEAWAT-computed concentration output is discussed in terms of total salinity, not chloride concentrations.
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3.2.4 Calibration and model results
Following the usual approach in groundwater flow and transport modeling (e,g. Anderson and Woessner,
1992; Kresic, 1996), both steady-state and transient calibrations for the solute transport modul, of SEAWAT, wherefore chloride concentrations measured biannually in the 2000-2010 time period at 51 wells
distributed across the model area (see Sirhan and Koch, 2013a,b; Sirhan, 2014) are used as calibration
targets, have been carried out. More exactly, as in the SEAWAT- model, the TDS salinity is required, and
all chloride concentrations are converted to equivalent TDS- salinity, prior use in the subsequent processing.
In addition to the aquifer parameters already calibrated in the groundwater flow model (Sirhan and
Koch, 2013a), the dispersivities for the sub-aquifers and aquitards (clay) layers are adjusted by trial and
error in the transient calibration of the SEAWAT solute transport model. For simulation the location and
the dynamics of the saltwater–freshwater interface in the aquifer in the time period 2000-2010 a very
good agreement between simulated and observed TDS salinities with a correlation coefficient of 0.902
and 0.883 for both steady-state and transient calibration is obtained (Figure 4).

Figure 4. Scatterplot of steady-state year-2000 (left) and transient year-2010 (right) SEAWAT- calculated over observed
salinity concentrations for the various layers of the model with summary of statistics.

4 PREDICTIONS OF THE VARIOUS MANAGEMENT SCENARIOS
Summarizing the results of various future groundwater management scenarios for the Gaza coastal aquifer of the previous sections, it is clear that all three artificial recharge cases are more or less able to forestall, or even to remedy, the presently existing adverse aquifer conditions, namely, low groundwater
heads and high salinity by the end of the target simulation period, year 2040 as shown in Figure 5 and 6.
The positive effects of this second (recharge) scenario groups become even more striking, when compared with the first (do-nothing) management scenario which is the most critical one, as it assumes everincreasing groundwater extraction in the coming 30 years.
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Figure 5. Year-2040 head for 1 scenario (a), compared with 2 scenario of 1st case (b), 2nd case (c) and 3rd case (d).
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Figure 6. Year-2040 salinity for 1st scenario (a), compared with 2nd scenario of 1st case (b), 2nd case (c) and 3rd case (d).

As a matter of fact, the first (do-nothing) scenario illustrate that at the end of the simulation period, year
2040, the amount of saltwater intrusion into the coastal part of the aquifer increases by about 35 %,
meanwhile the salinity will be increased by 34 %.
In contrast, all three cases of the second (artificial recharge) scenario group can partly revert the present seawater intrusion. From the water budget point of view, compared with the first (do nothing) scenario, for year 2040 the additional water to the aquifer by the artificial recharge reduces the amount of water
entering the aquifer by seawater intrusion by 81%, 77% and 72 %, for the three recharge cases, respec125
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ABSTRACT: Long-term navigation optimal operation of cascaded reservoirs aims at determining optimal
operation scheme of cascaded reservoirs to achieve maximum guarantee rate of navigation stage for 1
year while meeting all kinds of hydraulic and electric system constraints. This paper intends to present a
novel optimal approach based on dynamic clustering method for the optimizing navigation problem. Due
to different channel width and depth, which are determined by hydraulic condition, corresponding to different navigable stage for the ship, dynamic clustering method is employed to distinguish different operating patterns with different navigation condition. Based on the results of the navigation capacity recognition, operation scheme of cascaded reservoirs is continuously adjusted to obtain the maximum navigation
probability of insurance through the solving method, artificial immune system. The proposed approach is
applied to cascaded reservoirs in the lower Jinsha River. The simulation results obtained are feasible and
very close to the optimal one, which shows that it has advantages in dealing with this navigation optimal
problem.
Keywords: Long-term, Navigation optimal operation, Dynamic clustering method, Artificial immune system, Cascaded reservoirs
1 INTRODUCTION
With the development and utilization of basin water resources, a growing number of cascaded hydropower stations were built. In order to make full use of water resources, more and more studies focus on optimal scheduling of cascaded reservoirs. Establishment of cascaded reservoirs greatly improved hydraulic
conditions of navigation channel. However, in the dry season, the backwater zone of reservoir restores to
its natural state with low water level that is not navigable. Therefore, navigation optimal operation of cascaded reservoirs is employed to improve the hydraulic condition which can enhance the guarantee rate of
navigation. Since the flood control and power generation is the main task of reservoir usually (Ahmadi,
M., Haddad, O.B., et al 2014; Arunkumar, R., Jothiprakash, V., 2013.), few literatures focus on the longterm navigation operation. In recent decades, the navigation objective is considered as constraints by
some scholars (Ackermann, T., Loucks, D. P., et al.2000; Wang, J., Zhang, Y., 2012), and is discussed often in short-term reservoir operation. However, long-term navigation operation is an important way to enhance the benefit of water resources especially for the cascaded reservoirs with shipping task, which are
not taken into account reasonably in the aforementioned studies.
The purpose of long-term navigation optimal operation of cascaded reservoirs is to find out the maximize guarantee rate of navigation stage for a year while meeting all kinds of hydraulic constraints, such
as water dynamic balance, generation limits, flood control limits, water release limits and reservoirs storage volume limits. The long-term navigation optimal operation of cascaded reservoirs plays an important
role in comprehensive utilization of water resources. Many different methods have been used to solve optimal scheduling of cascaded reservoirs. Some of these methods are mixed-integer linear programming,
nonlinear programming, and dynamic programming. All these algorithms have been successfully employed under certain practical constraints for some problems. As the development of computer technology, a lot of modern heuristics algorithms like genetic algorithm, particle swarm optimization, differential
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evolution and other artificial intelligent methods, have been presented for this scheduling optimization
problem. In terms of the traditional algorithms, there need much more improvement when the problem
size is large and complex. For these above artificial intelligent methods, they do not depend on the mathematic model, and have better ability to handle large-scale, nonlinear and non-convex problems compared
to traditional methods. But these methods have more or less drawbacks, such as premature convergence
and trap into local optimum, owing to their disadvantages of balancing global exploration and local exploitation. In recent years, a new optimization method known as Artificial Immune System has been applied for many optimization problems. This method is presented in 1990s(J.E. Hunt,1996; de Castro L.N,1999),
which is a complex natural defense mechanism, and inspired by immunology, immune function and principles observed in nature. It has good robust, convergence properties.
However, the flow condition of channel is calculated by hydrodynamic model, which will cost much
more time especial for long river in a long time period. Usually, we need to calculate the flow condition
after each iterative calculation in modern heuristics algorithm. Therefore, as the number of variables and
the number of iterations increases, the computation time dramatically increase, too. There are some approaches like artificial neural network and dynamic clustering method(), which can simulate the calculation procedure with less computation time. If the calculation procedure is replace by the artificial neural
network or dynamic clustering method, the computation time can save much time for calculating flow
condition. Thus, the dynamic clustering method is employed to distinguish different operating patterns
with different navigation condition. Based on the results of the navigation capacity recognition, operation
scheme of cascaded reservoirs is continuously adjusted to obtain guarantee rate of navigation stage
through the solving method, artificial immune system.
In this paper, we present a novel optimal approach based on dynamic clustering method and artificial
immune system for the optimizing navigation problem. The actual size, hydraulic relations of cascaded
hydro systems, and the continuous reservoirs dynamic and constraints are considered. To show the validity of the proposed method, a case study based on a cascaded hydro system in lower Jinsha River is presented. And the efficiency and quality are discussed by comparing with other methods.
2 PROBLEM FORMULATIONS
2.1 Objective function
The objective of the problem is to maximize guarantee rate of navigation stage subjected to the operating
constraints of a power system with a defined interval (usually 1 month or 10 days). Therefore, it can be
formulated mathematically as the maximization of an objective function with constraints.
=
Pg max

Ti
f (qi −1 , Z i )
⋅=
⋅%
% max
T
T

(1)

where Pg is the guarantee rate of navigation stage; Ti is the number of navigable days in one year,
which don not consider the influence of weather and gate faults, and it depends on the qi-1 and zi; i the
number of the reservoir; q is the discharge flow of reservoir; Zi is the water level of reservoir.
2.2 Constraints
Due to most reservoirs are multi-purpose water control project, the optimal scheduling of hydro system
should subject to the following constraints:
(1) Water dynamic balance
Nui


Vi ,t +1 = Vi ,t +  I i ,t − qi ,t − Si ,t + ∑ qk ,t −Tki + S k ,t −Tki  ∆t
k −1



(

)

(2)

where Ii,t, Si,t are the inflow and spillage of the ith reservoir at the tth period, Nui is the number of upstream plants directly above the ith hydro unit, and Tki is the water transport delay between reservoirs k
and i.
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(2) Hydro power limits:

Pi ,min
≤ Pi ,t ≤ Pi ,max
t
t

(3)

max
where Pi ,min
are the minimum and maximum power generation of ith hydro plant at tth period,
t and Pi ,t
respectively.

(3) Water discharge limits
(4)

qimin
 qi ,t  qimax
,t
,t

where qimin
and qimax
are the lower and upper water discharge limits of the ith reservoir at tth period for
,t
,t
navigation.
(4) Reservoir storage volume limits

Vi ,min
≤ Vi ,t ≤ Vi ,max
t
t

(5)

where Vi ,min
and Vi ,max
are the minimum and maximum storage volume of the ith hydro unit at tth perit
t
od, respectively.
(5) Water head limits
max
himin
,t ≤ hi ,t ≤ hi ,t

(6)

and himax
are the allowable upper and lower net water head limits of ith hydro station at tth
where himin
,t
,t
period.
(6) Initial and terminal reservoir storage volumes limits
End
=
Vi ,0 Vi Begin =
, Vi ,T −1 V=
, i 1, 2,..., N
i

(7)

where Vi Begin and Vi End are the initial and terminal reservoir storage limits of ith reservoir.
(7) Daily variation in water level limits
(8)

∆Zid ≤ ∆Z d ,max

where ∆Z id is the daily variation in water level and ∆Z d ,max is the maximum daily variation in water
level limits.
3 SOLUTION TECHNIQUES
The optimal scheduling of the cascade reservoirs combined with shipping can be summarized into a nesting optimization mode between water regulation of a cascade reservoirs and hydrodynamic simulation. At
first, give a scheduling objective, then take the water level from the water regulation plan and discharged
volume during operation as the input condition of the simulation of the channel flow and use improved
AIS to solve alternately. In this process, the key problem is how to deal with hydrodynamic simulation effectively and obtain a best solution in a short time. Here, dynamic clustering method and improved AIS is
used for handle this problem.
3.1 Dynamic clustering method for hydrodynamic simulation
To study the fluctuation of the channel flow of the reservoirs, we use one-dimensional hydrodynamic
model to simulate the river channel. The formulations are described as follows.
A
t



Q
x

(9)

 qs
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(10)

where A is discharge cross-sectional area; Q is water flow of area; qs is distributary flow; Pc is hydrostatic pressure of discharge cross-sectional; F is the acting force along the x axis direction projection; S0 is
the river bed slope; s f  n 2Q Q A2 R 3 4 , R is hydraulic radius, and n is roughness coefficient.
In the process of optimization, the computation of hydrodynamic simulation for the channel in cascaded reservoirs needs much more computation time. In order to deal with this problem, dynamic clustering
method is used to classify hydrodynamic numerical simulation samples of the channel in reservoir areas
by classifying and combining different water quantity and water level generally. Then, different water and
combination modes of flow condition in the reservoir area channel. Based on the classification, guarantee
rate of navigation stage for 1 year can be calculated in a short time. The core of dynamic clustering method included the following contents:
 Select the proper distance that can be used to measure the similarity of samples;
 Give the criterion function that can evaluate the quality of clustering results;
 Obtain the best clustering results by a certain iterative algorithm.
In the dynamic clustering method, the least sum of square error is employed as the criterion function,
which is described as follows:
=
Je

c

∑∑

=i 1 y∈Ωi

y − mi

where mi =

1
Ni

2

(11)

∑ y , and mi is average value of the ith area cluster name

Ω

includes the number of N

y∈Ω i

samples; y is one of the samples; c is the number of clusters; Je is the evaluation result.
3.2 Improved artificial immune system method
Artificial immune system (AIS) mimics the biological immune system of vertebrates, which has the principles of clone generation, proliferation and maturation. Previous work has been done on the uses of AIS
for many optimization problems (Basu M, 2011; Timmis J,2000) The clonal selection describes how the
adaptive immune system reacts to antigen. Here, the AIS has two population of B cells and T cells. Each
B cell object can describes as a data item that is being used for learning and responding to a stimulus
closely matching item. The main stimulus is the affinity between the B cell and the pathogen by calculating the affinity by the objective function (1). First, a random solutions are generated as antibodies. And
then through proliferation and maturation operation, its capability of recognize specific antigen have been
improved. The proliferation of antibodies is implemented by cloning the each antibody depending on the
affinity by the equation. Next, the antigenic affinities of the antibodies are mutated by the equation (12).
By this operation, the population of antibodies can keep the diversity to avoid the premature convergence.
Additional, all kinds of constraints need to be handle by their features. In this paper, we add archives set
for AIS, which can enhance the exploration ability during the evolution process.
qg  qg  B 

Fk
Fmin

(12)

)
 Rand (0,1)  ( q max
 q min
j
j

where qg is the decision variables, B is a scaling factor, Fk is the value of objective function and
Rand(0,1) represents a random variable between 0 and 1.
Archive set in this paper is used to preserve a certain better feasible solution found along the evolutionary process. After the clonal proliferation and mutation operation for the population, some number of
the best individuals of archive set will be selected as the initial population. Therefore, the best feasible solution of the present generation can improve other mutated clone with better ability to recognize antigens.
Compared with the schedule period of long-term optimal operation which is usually a month, the water
transport delay is much shorter. As a result, it can be negligible for simplification in the practical calculation. Spillage occurs only when the water discharge of the station exceeds its maximum discharge limit
and the storage exceeds the maximum allowed storage of the reservoir. The main process of the improved
artificial immune system with external archives for solving cascaded hydro system scheduling problem
can be summarized as follows:
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Table.2 demonstrates the results of navigation and guarantee rate of navigation for the cascaded reservoir
in the lower of Jinsha River. From Table.2 we can see that the navigation mileage is increased by the optimal operation of cascaded reservoir compared to the normal operation of cascaded reservoir. And the
guarantee rate of navigation is also increased to 98.3% (average of four reservoirs). All these results indicate that the proposed approach is feasibility and efficiency.
Table 2. Comparison results of before optimization and after optimization
Reservoirs

Navigation mileage（km）
after optimizaBefore optimization
tion
197.0
197.0

Guarantee rate of navigation（%）

93.5

after optimization
98.1

BHT
XLD

179.2
196.7

186
196.7

92.4
93.6

98.4
98.8

XJB

152.8

154.5

95.7

97.9

WDD

Before optimization

5 CONCLUSIONS
In this paper, long-term navigation optimal operation of cascaded reservoirs in lower Jinsha River was
studied. The dynamic clustering method is used to classify the hydrodynamic simulation samples for the
channel of cascaded reservoir to reduce the dimension of hydrodynamic simulation. Meanwhile, an improved artificial immune system with external archive set is proposed to solve this optimization problem.
From the case study, we can see that the navigation of cascaded reservoir can be improved by the proposed approach. It is easy to see that the guarantee rate of navigation is increased to 98.3% (average of
four reservoirs), which shows the proposed method has good feasibility and effectiveness, and demonstrates the presented method can deal with this optimization problem with high dimensions.
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ABSTRACT: Integrated plans for river basins (IPRB) serve as important and effective means of water resources governance, utilization and development in river basins. It remains a great challenge to scholars
and practitioners of planning environmental impact assessment (PEIA) for river basins how to precisely
assess the holistic, long-term and cumulative impacts of river-basin ecosystem services made by the implementation of IPRB. In fact, the scholars and practitioners of river-basins PEIA fail to provide a set of
mature procedures and methods for impact assessments of ecosystem services. Therefore, this paper endeavors to define and categorize the ecosystem services of river basins, based on the pathways and features of impacts made by the implementation of IPRB on river-basin ecosystem services. On top of that,
this paper establishes a set of procedures of assessing impacts of ecosystem services made by the implementation of IPRB, and provides the corresponding assessment methods, which tries to provide a demonstration of holistic and systematic assessments of impacts made by IPRB on ecosystem services, and to
make contributions to the methods and theories of PEIA.
Keywords: Integrated plans for river basins, Ecosystem Services, Strategic Environmental Impact Assessment, Water management
1 INTRODUCTION
Integrated plans for river basins (IPRB) include strategic plans for flood mitigation, for comprehensive
utilization of water resources, for protecting water resources and aquatic environment and for the integrated management of river basin. The implementation of IPRB helps to achieve optimal allocation and
sustainable utilization of water resources, whereas, to some extent, it will make some impacts upon ecological environment as well as the economy and society in river-basin areas.
The assessments and predictions of holistic and long-term impacts as well as overall benefits need to
be emphasized in the process of formulating plans, due to the particular impacts, with the features of relevance, continuity, superposition, latency and cumulation, generated by IPRB on environmental resources,
ecological, social and economic environment. Inasmuch as ecosystem services serve as comprehensive
indicators that measure the health of ecosystems, the quantitative assessments of ecosystem services will
be of great help to determine the values and contributions of social and economic development made by
the ecosystems, and will be of great importance to gauge reactions made by human interference as well.
Some research shows that the integrated assessments of holistic impacts and overall benefits of ecosystems in the plans can be undertaken by the aid of assessments of ecosystem services. Some local Chinese
scholars on EIA in the integrated land plans have already adopted the ecosystem services as the indicators
of the holistic impacts made by the plan implementation on ecological environment (Tang et.al. 2007, Wu
et.al. 2008, Wang et al. 2010, Li et al. 2011, Zhou et al. 2011). However, existing literature and practices
merely focus on individual hydraulic construction projects, and their results and experiences can hardly
be applied to the PEIA for river basins. As a matter of fact, the scholars and practitioners of PEIA for river basins have yet to provide a set of mature assessment procedures and methods for impact assessments
of ecosystem services.
Therefore, this paper endeavors to define and categorize the ecosystem services of river basins, based
on the pathways and features of the impacts made by IPRB on ecosystem services. On top of that, this pa135

per establishes a set of procedures of assessing impacts of ecosystem services made by the implementation of IPRB, and provides the corresponding assessment methods, aiming at providing a demonstration
of holistic and systematic assessments of impacts made by IPRB on ecosystem services, and making contributions to the methods and theories of PEIA.
2 ECOSYSTEM SERVICES OF RIVER BASINS: DEFINITIONS AND CATEGORIES
The definitions and features of ecosystem services vary with scales. At present, different definitions and
categories of ecosystem services have been made and related research is properly conducted according to
divergent research needs and actual situations (Barbier et al. 1994, Costanza et al. 1997,Daily 1997, Millennium Ecosystem Assessment 2005, Ouyang et al. 1999, 2004, Zhao et al. 2003, Cai et al. 2003) Ecosystem services of river basins, linked with hydrologic cycle and ecological process, are regularly involved in providing water resources and hydrologic ecology. Their values embody the maintenance of
social economic development, keeping the health of ecological system and safeguarding ecological securities, etc.
With the purpose of facilitating the work of PEIA for river basins, this paper categorizes four major
services, namely provisioning services, regulating services, supporting services and cultural services that
river-basin ecosystems provide, mainly based on the compositional and structural features of river-basin
ecosystem, hydrologic cycle and ecological process as well as their utilities. (Table 1)
Table1. Categories of River-basin Ecosystem Services
Number Categories
Main Services
Water for Industry, Agriculture
and Human Life
1

Provisioning
Services

Hydropower
Agricultural, forestry and fishery production
Shipping
Hydrological Regulation

Accumulation and Regulation
of Water Resource
2

Regulating
services

Climate regulation

Water Purification
River Transportation

3

Supporting
services

4

Cultural
services

Provision of Various Habitat
Maintaining Biodiversity and
Genetic Resources
Recreation
spiritual and historical heritage

Definitions
Water for human life, manufacture and agricultural irrigation, etc.
Power derived from the energy of falling water
and running water. Stream flows and reservoirs
in river basins providing this service.
Providing agricultural, forestry and fishery products within the river-basin ecosystem
Providing conditions of shipping and downstream transportation in river basins.
Hydrological regulation of rivers, lakes and
swamps, buffering for floods and reduction of
economic loss.
Water resource accumulation of rivers, lakes,
reservoirs and marshes which is closely connected with underground water; Greatly important to
maintain river-basin ecosystem structures, functions and ecological processes
The mechanism of carbon fixation; Distinct effects of stabilizing regional climate and regulating climate by a broad expanse of water
Provision and maintenance of good metabolic
environment for pollutants in the river-basin areas; Improvement of purification capacity of the
regional environment.
Transportation, dispersal and cycling of sands
and nutrients, siltation and epeirogeny
Rivers and wetland provide habitats for a variety
of aquatic organisms by high landscape heterogeneity
Maintaining biodiversity of each species and
providing services of sustainable development
Nonmaterial benefits that people obtain from
ecosystems through spiritual enrichment, cognitive development, reflection, recreation, and aesthetic experiences
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3 ASSESSMENT PROCEDURES AND CONTENTS
According to the working procedures The Plan of Environment Impact Assessment Technical Guidelines
Synopsis (HJ130-2014) and the features of EIA for ecosystem services, the procedures are divide into
three stages, namely, preparation, formal session, and drafting assessment documents (Figure 1).
3.1 The Analysis of Coordination for Planning On Ecosystem Services
The analysis focuses on whether the plans meet relevant requirements regarding important ecosystems,
biodiversity and civilizations, environment protection that do not violates the laws, regulations and policies in certain river basins The analysis also includes whether the plans are in concert with national plans,
special environmental planning, ecological functioning and zoning at all levels for ecosystem services, i.e.
National Main Functional Areas Planning and Zoning, National Conservation Plan Outline of Fragile
Ecosystem Areas, Plans of National Key Ecological Function Protected Areas, Ecosystem Protection and
Restoration Plan for River-basin Areas, Special Planning for River Basins, etc. Moreover, the analysis
should cover whether the implementation of plans will cause the compromises of interests that stakeholders originally receive from the ecosystem services, and whether the implementation will be of help to
achieve the benefits of sharing.
3.2 Investigations and Assessments of Ecosystem Services
With the help of historical data and investigation of current status, the assessments of four major services,
provisioning services, regulating services, supporting services and cultural services, will be made regarding their current status and evolutional trends. Meanwhile, the investigation needs to pinpoint the current
problems of ecosystem-service protection and find out the causes of those problems.
3.3 Impact Identification of Ecosystem Services and Indicators Screening
On the basis of the analysis of IPRB and the investigations of current status, the impact identification of
ecosystem services is made by identifying the impacts of ecosystem services generated by the targets,
layouts and scales of IPRB. Moreover, the changes in various ecosystem services, regardless of damages
or losses, need to be identified by analyzing the implementation of IPRB. On top of that, based on the
systematic, scientific, representative and operational principles, the impact indicators of river-basin ecosystem services are determined by analogy analysis and experts’ consultations. This paper recommends a
list of indicators that measures impact of river-basin ecosystem services (Table 2), and the selections and
complements of indicators should be made based on the contents of IPRB and the features of river-basin
areas.
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Figure 1. Evaluation Process of Ecosystem Services in Strategic Environmental Assessment for River Basin Planning

3.4 Prediction and Assessments of Ecosystem Services
Based on the survey result of watershed ecosystem services and the environmental impact of river basin
plan, whether the plan will led to watershed ecosystem services occurred major changes should be analyzed. The way, range and degree of the effect on ecosystem services would be forecasted and evaluated.
The impact assessment focuses on determining whether the plan implementation has a significant adverse
change in or loss of the ecosystem major function.
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Table 2. Categories of River-basin Ecosystem Services
Categories
Index Set
Water supply
Provisioning Area of irrigated fields
Services
Hydro power capacity
Shipping volume
Stream discharge
Water area
Regulating
services
Water environmental capacity
silt content
Unique habitat, wintering grounds , spawning
grounds and feeding grounds reserved
Supporting
Stream connectivity
services
Biodiversity index
Cultural
Extent of damage to the cultural landscape and
services
aesthetics
Features
To select according to the plan and the characterIndex
istics of river basin

Unit
t/a
km2
MW
t/a
m3/s
km2
t/a
kg/m3

Index Nature
required
required
required
optional
required
required
Required
Required for sandy basins

/

required

/
/

required
optional

/

required

/

optional

Current evaluation methods in ecosystem service functions are physical assessment method, value assessment method and emergy assessment method. The evaluation of single indicator can select one of the
three methods according to the feature and data availability of the indicator. However, the evaluation results of single indicators do not reflect the overall impact of the planning on ecosystem service functions.
The value assessment method can be used to evaluate integrate effects. By this method, the overall impact
on ecological system service, caused by the plan implementation, could be calculated in monetary terms.
This approach includes three technologies: directly market technology, and alternative market technology
and simulation market technology.
3.5 Comprehensive Demonstration
Not only individual impact on the provisioning services, regulating services, supporting services and cultural services, but also the overall impact on river ecosystem service function should be evaluated.
Whether the river ecosystem could maintain stability needs to be demonstrated when the planning promotes social development and economic growth.
3.6 Optimization Advice and Measures
According to the conservation goals and requirements of river ecosystem service function, the evaluation
report should advance optimization advice on the planning from the angle of promoting ecosystem services protection and sustainability. The report could describe optimization recommendations in terms of
goal, scale, structure and layout in a list. Table 3 is a reference table format.
When we implement measures to slowdown the impact on ecosystem service function, we need to follow the "prevention first" principle. The measures should be implemented in the order of avoidance, mitigation and restoration. If the planning affects some ecosystem service functions which are irreplaceable,
vulnerable, or difficult to recover after destruction, the report should implement effective measures to
avoid the impact. But if avoidance was impossible, and engineering and management measures could not
mitigate the effects, the planners would put forward restoration and compensatory measures to protect the
ecosystem services directly affected.
Table 3. Optimization Advice for the Planning Impact on Ecosystem Service Function
Effect
of
Original
Optimization
Basis for Optimization
Planning Elements
Optimization
Plan
Advice
Advice
Goal
Scale
Structure
Layout
Measures
……
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4 CONCLUSIONS AND SUGGESTIONS
River-basin ecosystem has the features of complexity and diversity, and it can provide humans with a
wide variety of ecosystem service function. The implementation of IPRB produces substantial and complex effects on ecosystem services. Combined with the characteristics of the environmental impact of
IPRB, This study defined the connotation and classification of ecosystem service functions of river basins, and built a program to assess the impact on ecosystem service. This article defined the content and
requirements of different steps, and it would offer guidance in evaluating the impact on ecosystem service
of plan implementation.
Firstly, further study on the process and feature of the impact on ecosystem service functions of IPRB
should be to promote, and it can help us build a more scientific and reasonable index system. Secondly,
the evaluation methods in ecosystem service functions have their own advantages and limitations. A major disadvantage of value assessment method is that some impact on resources, environment and ecology
is difficult to be measured by monetary value. Therefore, the evaluators need to select the appropriate
method based on characteristics of river basins and the planning.
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ABSTRACT: The pattern of agricultural cultivation has an important effect on the water consumption
and the soil ecology, both of which, in turn, determine the agricultural productivity. Finding the optimum
cultivation pattern in agricultural development projects for maximizing the net economical profit under
several environmental and logistical constraints such as available water, area of the farms and etc., is
complicated and usually requires the use of methods of constrained optimization. Mathematical - or when
the problem can be cast in a linear form - Linear Programming (LP) is often used for that purpose and has
also been employed in the present study. The study area are 100 hectares of farm land near Kermanshah
City - located in the western Iran – that is cultivated by 8 major crops (wheat, barley, maize, sunflower,
soybean, alfalfa, canola and sorghum) and which are irrigated by groundwater extracted from seven wells.
The Linear Programming (LP) model is then set up , with the objective to maximize the net profit of cultivation wherefore the net profit is the difference between gross incomes (selling price of the product on
the market) minus costs (irrigation, fertilizer, farm rent and transportation of the crops). As for the constraints, these are the limitations on the soil area and the groundwater available. The LP- model has been
developed within the WINQSB- environment. During the LP-execution process a sensitivity analysis of
the variables with respect to changes on the right hand side (RHS) of the constraints has also been conducted. The results of the LP- constrained maximization indicate that, compared with the present status of
cultivation, an 11.3 percent annual increase of the economic benefits can be gained, when using this optimum cultivation pattern. The sensitivity analysis test shows further that, even with this increased net income with the optimum cultivation pattern, a water amount of 52878m3 - equal to 11.9 percent of the total available water - can be saved per year.
Keywords: Linear Programming, Optimum cultivation pattern, Net profit, Water consumption.
1 INTRODUCTION
Agricultural development plans are usually faced with the problem of how to find optimal cultivation pattern for maximizing the economical profit of the farmers under various constraints, such as limited availability of water and soil- area, as well as other strategic crop considerations. Obviously, the simplest way
of finding the agricultural pattern under such constraints, would be to use some trial-and-error method.
However, for a complicated optimization problem, as the one discussed here, such a trial-and-error approach is neither practical nor may it be able to find the optimal solution, Therefore, the more valuable
scientific method of constrained optimization should be applied for the optimization of agricultural cultivation pattern under various physical and economical constraints.
A literature review shows that unconstrained and constrained optimization methods have been used for
water resources management, in general,(Kumar et al, 1998 Kuo et al, 2000; Kipkorir et al, 2001; Zhiliang and Zhenmin, 2004) for finding optimum agricultural cultivation pattern, in particular (Sarkar and
Ray, 2009; Zenga et al 2010; Mansourifar et al,2013.).
Mathematical programming (MP) comprises a set of techniques for dealing with specific constrained
optimization problems, as they arise in many branches of management science. In such cases, MP is basically applied when the optimum allocation of limited resources among competing activities, under a set of
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constraints imposed by the nature of the problem being studied, is needed. These constraints may reﬂect
ﬁnancial, technological, marketing, organizational, or many other considerations. In broad terms, mathematical programming can be deﬁned as a mathematical tool aimed at programming or planning the best
possible allocation of scarce resources. When the mathematical representation of the optimization problem can be cast in a linear form, the general MP- model becomes a linear programming (LP) model.
In 1947, George B. Dantzig, then part of a research group of the U.S. Air Force known as Project
SCOOP (Scientiﬁc Computation of Optimum Programs), developed the Simplex method for solving the
general linear-programming problem. The extraordinary computational efﬁciency and robustness of the
Simplex method, together with the availability of high-speed digital computers, have made LP the most
powerful linear optimization method ever designed, and it so of no surprise that LP is most widely applied in the business environment, where it helps managers and engineers in planning and decision making under consideration of optimal resource allocation (Betters, 1988; Han et al., 2011). This is also due
to the fact, that since its original inception, many variants of the basic mathematical programming technique have been developed over time, which relax the assumptions of the LP--model and have so broadened the applications of the mathematical-programming approach (e.g. Luenberger, 1984).
Regarding the use of Linear Programming in agricultural management with constrained resources,
which is the focus of the present paper, Singh et al. (2001) formulated a LP-model for finding an optimal
cropping pattern, giving the maximum net return at different water levels in the Shahi Distributory region,
located in the Bareilly district in the state of Uttar Pardesh, India. The results of the LP-analysis showed
that farmers should grow a particular crop in a specific area and, for obtaining the maximum economical
profit (185 million Rs) at the 100% water availability level, the cultivation pattern should be changed to
an optimal combination of wheat, sugarcane, mustard, lentils, potatoes, chick peas and rice. Moreover,
wheat appears to provide the most consistent profit in the study area.
Hassan (2005) used a linear programming model to determine the optimal cropping pattern as a prerequisite to the efficient utilization of the available resources of land, water, and capital for Pakistan’s agriculture. His results show that cotton farming should be increased in acreage by about 10%, at the expense of all other crops. Doing so would, compared to the existing conditions, decrease the overall
optimal crop acreage by 1.64%, while still increasing the agricultural income by 2.91%,
A LP-model was applied by Igwe and Onyenweaku (2013) to farm data collected from thirty crop
farmers of the Aba Agricultural Zone in the the Abia State, Nigeria, during the 2010 farming season, for
the purpose of maximizing the gross margins from various combinations of arable crops. The optimization results indicate a substantial reallocation of the available resources, i.e. significant changes in the existing plan will be needed. The results show further that the optimum gross margin is only slightly sensitive to an increase in labor as well as to a decrease in the wage rate, calling for additional labor in crop
farming, in particular, as well as for an adaption of the wage policies among farmers. The authors recommended further that an optimal combination of enterprises be integrated in developing a prototype for
the study zone.
Numerous other empirical studies have revealed that LP is one of the best tools for optimization, because of its simplicity and applicability. In the present paper the LP-method has been used for the optimization of cultivation pattern in the 100 ha irrigated farm of the Faculty of Agriculture of Kermanshah
University, Iran.
2 STUDY AREA
The study area is located in Kermanshah City in western Iran on the boarder of the Gharasu River. This
region is geographically limited in the North by the Faculty of Agricultural sciences of Kermanshah University, in the South and West by Kermanshah City and in East by the Gharasu River. It has a surface area
of about 100 ha (see Figure 1). Regarding the long-term meteorological conditions (30 years), the annual
precipitation and temperature are 441 mm and 14oC, respectively.
The region is a semi-arid area, so the cultivation is entwined with irrigation. The farm is irrigated by 7
wells that are deep and semi deep. The irrigation time period is started from April to October.
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with the notations as mentioned above.
Table 1. Cost items for crop cultivation (Anonymous,2008)
No Item
Unit No Item
Unit
1
Farm rent
Ha
10
Transportation
Item
2
Soil analyzing
Item 11
Plow
Item
3
Herbicides
L
12
Disk
Item
4
Pesticide
L
13
Leveler
Item
5
Fungicides
Kg
14
Lining
Item
6
Potash F*
Kg
15
Seed
Kg
7
Phosphorus F*
Kg
16
Seeding
Item
8
Nitrogen F*
Kg
17
Irrigation
Item
9
Micronutrient F* L
18
weeding
Item
*F= Fertilizer

No
19
20
21
22
23
24
25
26
27

Item
F application
Spraying
Cultivator
Harvester machine
haulm cutting
Loading
Insurance
Worker
Water price

Table 2. Net profit Pi of each of the eight crops used in the LP-model (Anonymous,2008)
Crop
Wheat
Barley
Maize
Sunflower Soybean Alfalfa
Canola
Net Profit(€/ha) 1060.9
646.37
737
-13.36
213.83
523.07
237.89

Unit
Item
L
Item
Hour
Item
Ton/ha
€/ha
Person-hour
€/m3

Sorghum
449.35

3.1.2 Resource restrictions/constraints
In formulating the linear programming problem, the assumption is that a series of linear constraints involving the decision variables exist over the range of alternatives being considered in the problem
(Chinneck, 2004). In this study, (1) soil, (2) water and (3) required crops have been considered as constraints.
The first constraint is related to the soil area AWi covered by each of the j=1,..,7 groundwater wells
(Table 3). As water extracted from one well can economically be used only in its vicinity, an individual
LP-problem is set up for each of the 7 well areas, wherefore the difference is only in the formulation of
the constraint, i.e.
8

∑A
i =1

ji

≤AW j

( j = 1,...,7)

(2)

where Aji is now the decision variable of the cultivated area of each crop i for LP-problem (well) j, with
AWi denoting the corresponding covered area of well j which are listed in Table 3. Once the optimal crop
areas Aji have been computed for the individual well’s areas AWi , the final optimal cultivation pattern for
the entire 100 ha farm plot is obtained by summing Aji over the individual LP-problems, i.e. along the
columns of the matrix.
Table 3. Areas AWj covered by each well
Well No.
1
2
3
4
Covered area (ha)
5
25
15
22

5
10

6
10

7
15

Sum
102

The water availability is another constraint. As the farm has been irrigated by groundwater, the calculated
optimal water amount should be less than or equal to the amount of well-water withdrawn. On the other
hand, it should also be noted that the surface irrigation applied to the farmland has only 30% efficiency
which is typical for irrigation projects in regions with a dry climate as in this part of Iran.
For calculating the irrigation water requirement for each crop, the potential evapotranspiration is estimated from the pan evaporation by the formula of James (1988), i.e.

ETo = K P ∗ E p

(3)

where ETo = potential evapotranspiration (mm/day), E p = pan evaporation (mm/day) and K P = pan coefficient (dimensionless) which, as Table 4 shows, vary slightly over the months of the growing season.
Table 4. Pan coefficients in Kermanshah for different months of the growing season (Anonymous, 2008)
Pan coefficient/Month
April
May
June
July
August
September
Kp
0.77
0.78
0.77
0.76
0.75
0.73

The crop evapotranspiration is calculated by
ETc = K c ∗ ETo

(4)
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where ETc = crop evapotranspiration (mm/day) and K c = crop coefficient (dimensionless). The latter
have been selected from the FAO-56 publication (Allen et al, 1998) and depend on crop characteristics,
time of planting, growth stage of the crop and general climate conditions (Allen et al., 1998).
The Net Irrigation Requirement of a crop (NIR) (mm) is then calculated by
NIR = ETc − Pe

(5)

where Pe = the effective rainfall (mm) which has been taken as the rainfall at the 80% cumulative probability level (Dastane, 1974).
Based on these hydrological crop considerations, the water availability constraint for all crops (=8) in
each subarea supplied by well j for a particular month of the growing season (April to October) is:
8

∑A
i =1

ji

NIRi ≤VW j × e

(6)

where Aji is as above, NIRi is the water requirement of crop i for a particular month (see Table 5) , VWj
denotes volume of groundwater withdrawal from each well (see Table 6) and e is the named surface irrigation efficiency of the farm that equals to about 30%, which means that 70 % of the irrigation water is
lost and not available anymore for the plants’ needs. The constraint equation (6) is set up for each of the
six months of the growing season, i.e. six constraints are actually formulated.
Table 5. Irrigation requirement NIR (mm/month) for each month of a crop’s growing season
Crop/Month April
May
June
July
August
September
Wheat
194.19
323.34
355.92
50.77
0
0
Barley
96.74
149.85
128.14
0
0
0
Maize
0
22.64
128.87
167.99
109.83
0
Sunflower
0
5.28
26.21
42.87
37.38
4.55
Soybean
0
7.11
35.12
46.05
43.99
13.56
Alfalfa
41.65
142.9
259.66
304.63
304.29
223.06
Canola
30.52
54.45
97.42
103.2
0
0
Sorghum
0
19.6
108.3
140.57
84.34
0
Table 6. Groundwater withdrawal from each well (m3/month) for the months of the growing season
Well/Month
April
May
June
July
August
September
1
6300
9540
7200
3420
3600
3240
2
15750
23850
18000
8550
9000
8100
3
15750
23850
18000
8550
9000
8100
4
15120
22896
17280
8208
8640
7776
5
6552
9922
7488
3557
3744
3370
6
6552
9922
7488
3557
3744
3370
7
10710
16218
12240
5814
6120
5508

October
41.58
20.71
0
0
0
123.92
19.51
0
October
3060
7650
7650
7344
3182
3182
5202

The third constraint is related to the minimal farm area of a specifically required crop that should be considered in cultivation pattern. The farm belongs to the Agricultural faculty of Kermanshah University and
which manages aviculture and livestock. As the latter are fed by barely, alfalfa, sorghum and canola, minimal cultivation areas for these crops, as indicated in Table 7, must be provided.
Table 7. Agricultural faculty requirement for aviculture and livestock
Crop
Alfalfa Barley Sorghum Canola
Minimum cultivated area (ha)
15
4
10
1.5

4 RESULTS AND DISCUSSION
4.1 Optimum cultivation pattern
The LP- models for the individual well areas are solved in the WINQSB- environment and the optimalcultivation pattern for these areas have been calculated. The results are listed in Table 8 which shows the
optimal cultivation areas for the 8 crops and for each of the 7 well areas (LP-problems), i.e. the matrix Aji
(see Eq. 2). One can notice from the table that wheat is placed first in rank , with a total cultivation area of
35.5 ha, followed by those of barely and maize, with the 22.3 and 17.6 ha, respectively. It is important to
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The interesting question then arises of whether the scarce groundwater resources in the study region
can be further economized without a noticeable change in the cultivation pattern, i.e. a drop in the net
profit. Mathematically, this amounts to an investigation of the objective function Z in Eq. (1) around the
vertices of the water availability constraints, i.e. a sensitivity analysis. To that avail, the constraints on the
right hand side (RHS) of Eq. (6) have been varied, i.e. reduced until the optimal cultivation pattern and
with it, the net profit (=objective function Z ) will not change anymore. This sensitivity analysis is easily
carried out in the WINQSB environment.
The results of this sensitivity analysis are shown in Table 9, where the net pumping volume reductions
ΔVnet, i.e. the water saved, are listed for all wells and months of the growing season. More specifically,
ΔVnet is defined as ΔVnet = Vlim - Vmin , where Vlim is the original water pumping constraint (see Table 6)
and Vmin is the minimum pumping volume at the edge of the subspace around the maximum of the hyperspace spanned up by the objective function Z.
One can notice from Table 9 that the optimal cultivation pattern allows for an additional reduction of
52878 m3 water per year, without any significant decrease of the net profit. Although, theoretically, the
later will decrease, as one moves away from the maximum, this drop will be largely offset by the savings
in water which, in the study region, is a very scarce resource.
Table 9. Water saved (m3) with the optimal cultivation pattern for each well and month (see text for explanations)
Well/Mon
April
May
June
July
August
September
October
Sum
1
1164
1648
768
693
1080
972
743
7068
2
2566
3315
0
0
1340
2430
1832
11483
3
3754
6209
2537
905
1856
2430
2087
19778
4
934
1084
0
0
193
341
389
2941
5
934
1084
0
0
193
341
389
2941
6
982
1186
0
0
317
564
514
3563
7
1613
1897
100
0
314
537
643
5104
Sum
11947
16423
3405
1598
5293
7615
6597
52878

5 CONCLUSIONS
With the rapid socio-economic development in many developing countries, the contradiction between increased water demands and decreased available water resources becomes more and more obvious so this
problem necessitates special consideration, in order to optimally use scarce water resources (Lu et al.,
2008). Linear Programming (LP) models can be used as an effective management tool for dealing with
this problem.
In the present paper LP has been applied for the determination of optimal agricultural cultivation pattern, i.e which maximizes farmers profits under various resources restrictions (constraints), i.e. soil area
and water availability. The results of the LP- constrained maximization indicate that the optimal cultivation areas for wheat, barley, maize, alfalfa, sorghum and canola are 35.5, 22.3, 17.6 15, 10 and 1.5 Hectares, respectively, whereas those for soybean and sunflower are essentially zero, which means that the
cultivation of these two crops is not economical and should so be eliminated from future farm cultivation
pattern. Moreover, with this optimal cultivation pattern, an 11.3% annual increase of the economic profit
can be gained, when compared with that of the present cultivation scheme, .
In order to investigate if additional water savings beyond the given water-volumes constraints can be
achieved, a sensitivity analysis around the optimal solution (cultivation pattern) has been carried out. This
is done by varying the values of the RHS of the water constraint equation around the optimal vertices.
The results of this sensitivity exercise indicate that - even with this 11.3 % increased net income with the
optimum cultivation pattern - a further reduction of 52878m3 of water - equal to 11.9 percent of the total
available water - can be achieved per year. This amount of water could supply a portion of the domestic
water needs of the Faculty of Agriculture of the University.
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ABSTRACT: This work presents various simulations of flow and transport processes for the Itaparica
Reservoir in northeast of Brazil. Flow conditions and spreading of tracer were simulated for mean flow
conditions as well as for a drought and a flood case using the TELEMAC-2D model. The simulations indicate that the stream in the main river dominates the flow field for mean flow as well as for the drought,
while in the bays the water is almost stagnant and a tracer injected at the inflow boundary is mainly transported downstream without entering the bays. For the flood case, the flow velocities considerably increased in the whole reservoir. Therefore, a tracer injected at the inflow boundary enters parts of bays. It
was found out that in the flood case the friction coefficient is very sensitive.
Keywords: Numerical modeling, Parameter study, TELEMAC
1 INTRODUCTION
The Luiz Gonzaga Dam dam in northeast Brazil was built between 1979 and 1988 to generate renewable
energy and to provide water to the drier region in the north (Horgan 1999). In addition to the environmental impact through this dam, the soil and water quality became worse and algae blooms occurred (Gunkel
and Sobral, 2013). Focusing on the Itaparica Reservoir, the objective of the INNOVATE project is to
achieve a sustainable watershed management. Previous hydraulic studies which helped to get a better understanding of the present hydraulic conditions were mainly concerned with the Icó Mandantes bay which
is located in the middle part of the Itaparica Reservoir. Özgen et al. (2013) investigated flow and transport
processes in this bay for mean discharge and for a moderate flooding event. The simulations showed no
significant exchange of matter between the main stream and the Icó Mandantes bay for both cases. Moreover, Özgen et al. (2013) observed that the water inside the bay is almost stagnant. During the regarded
flood event the flow velocities inside the Icó Mandantes bay increased but remained small compared to
the main stream. While Özgen et al. (2013) neglected the interaction of wind, Matta (2013) introduced
wind-induced flow for the same domain. As a result the flow velocities inside the bay increased significantly. For the transport simulations, mean wind conditions as well as extreme wind conditions were considered. A tracer was injected upstream and along the northern boundary. Under mean wind conditions
the tracer did not enter the bay, whereas for extreme wind the concentrations were much higher. For both
study researches the Hydroinformatics Modelling System (HMS), an object-oriented framework, developed at the Chair of Water Resources Management and Modeling of Hydrosystems (Technische Universität Berlin) was used.
In this contribution flow and transport processes of the whole reservoir are investigated, applying the
modeling system TELEMAC-2D. The investigations should help to get a deeper understanding of the relevant parameters and processes of the Itaparica Reservoir as a base for further studies which address water quality and adaptation measures (Broecker 2014).
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As a second case the tracer is injected only for one day at the upstream boundary. Figure 6 shows the
breakthrough curves of four cross-sections. Cross-section 1 reaches a maximum concentration of 41.6 %
after 1.3 days. It takes 10 days until the concentration in this cross-section is lower than 1%.
Cross-section 2 indicates a maximum concentration of 6.7 % and it takes 18 days until the concentration
is less than 1%. For the following cross-sections the peaks of the tracer decrease significantly and therefore all concentrations are very low.
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Figure 6. Breakthrough curves for a one day tracer injection under mean flow conditions

3.2 Drought

discharge [m³/s]

Statistical analysis of field measurement data concluded that a drought with a statistical recurrence of ten
years corresponds to a minimum discharge of 442 m³/s. To simulate a realistic case which approximately
reflects this event, daily measured discharges from 14th May, 2008 to 30th November, 2008 with a minimum discharge of 436 m³/s are investigated. The measured discharges (see Figure 7a) of this period are
chosen as inflow boundary condition. The simulation starts with mean flow conditions. As downstream
boundary condition the mean water elevation of 302.8 m is chosen. The same Strickler roughness coefficient as in the previous simulations is imposed. A maximum decrease of the water level is calculated at
the inflow with a magnitude of 0.246 m. Figure 7b shows the velocity field after 180 days. The maximum
velocity is 0.136 m/s at this time. The velocities in the bays are not affected by the drought.
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Figure 7a. Inflow boundary condition for a
drought with a minimum discharge of
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Figure 7b. Velocity field drought after 180 days
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Table 2 shows the tracer concentrations at the control points in the bays. Compared to Table 1 (tracer injection under mean flow conditions) the concentrations in the bays are considerably higher. The water
level as well as the velocities increase.
Table 2. Tracer concentrations in the bays during a flood event
________________________________________________________________________
Maximum concentration at control points [%]
_______________________________________
bay 1
bay 2
bay 3
bay 4
________________________________________________________________________
14.9481
0.0417
1.0748
0.2698

4 DISCUSSION
A Strickler roughness coefficient of 50 m1/3/s was chosen for mean flow conditions and the droughts.
This value is very sensitive for the flood case (see sec 3.3), however it is less sensitive for the lower flow
conditions and the drought. Due to much vegetation in various parts of the reservoir, the friction coefficient is probably smaller than 50 m1/3/s and field measurements are desirable.
Matta (2013) has shown that mean as well as extreme wind have considerable influence on the hydrodynamics in Icó Mandantes bay. Therefore, wind should also be taken into account for the reservoir in future simulations.
The lateral (impermeable) boundaries of the domain were determined from the zero water level line for
mean discharge. A further lateral spreading of the water will occur in the flood case if the domain is extended. However, this effect is small for the considered case here.
The discharge boundary conditions can be changed in such a way that it is imposed through sink terms
at the outflow boundary which represent the conditions in a more realistic way at the dam.
Finally, tracer measurements are desirable to determine the diffusion coefficient.
5 CONCLUSIONS AND OUTLOOK
For mean flow and the drought the mean stream and the bays show very different flow conditions: clear
flow in the main stream and almost stagnant water in the bays, a tracer injected at the inflow boundary did
not enter the bay and is mainly transported downstream. In the flood case the velocities are considerably
increased in the main stream as well as in the bays. Therefore, a tracer injected at the inflow boundary also reaches parts of bays. It was found out that the friction coefficient is very sensitive in the flood case.
In future work, a 3D model of Icó Mandantes bay and a water quality model will be set up. Further,
climate and landuse change as well as stakeholder-defined scenarios will be investigated.
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ABSTRACT: Due to climate change and other environmental changes such as growing urbanization, floods
are expected to become more frequent and severe in the future. However, the magnitude of these changes remains highly uncertain. This calls generally for the analysis of a high number of scenarios and, therefore,
many runs of the numerical models are necessary. Simultaneously, high-resolution topographic data have become widely available. Consequently, the present need is mainly for high performance computational models
which take full benefit of the available detailed data, combining thus accuracy and high efficiency. One way
to meet this challenge is the development of subgrid models. Within each computational cell of a subgrid
model, the topography is represented by porosity parameters. The existing approaches for the derivation of
the shallow water equations (SWE) with porosity differ in the mathematical formulations obtained, in the assumptions, in the applicability range of the models as well as in the definitions of the porosities (depthdependent/depth-independent, isotropic/anisotropic). In this paper, we review and compare the different formulations, highlight their respective limitations and criticaly analyse the major assumptions.
Keywords: Urban flood modelling, Porosity, Representative Elementary Volume
1 INTRODUCTION
A detailed modelling flood in urban areas usually requires a fine discretization hardly compatible with
computational efficiency. To improve this computational efficiency, one option is the use of coarser grids
while preserving some representation of obstacles (i.e. buildings, walls,…) inside the cells.
Some techniques simply rely on the standard shallow water equations (SWE). These include the use of an
additional flow resistance to represent the influence of the obstacles (Yu and Lane, 2006a, 2006b, SoaresFrazão et al. 2008). Despite their simplicity, a strong drawback of these techniques is the poor use of the
available topographic data (Dottori 2013).
The subgrid parameterization methods enable the available topographic details to be preserved even on
coarser grids thanks to the use of porosity parameters. These porosities represent the part of space not occupied by topographic obstacles which are therefore free for water. The presence of these obstacles impacts the volume of water stored and the flux echanges which are respectively represented by storage porosity and conveyance porosity. Some methods use isotropic porosity and therefore do not distinguish the
storage porosity from the conveyance one (Guinot and Soares-Frazão 2006, Soares-Frazão et al. 2008)
while other methods distinguish both porosities thanks to anisotropic porosity (Sanders et al. 2008, Guinot 2012, Chen 2012a). Chen (2012b) reflects separate flows paths within a cell thanks to a multi-layered
approach. Some methods enable to consider the variability of the porosity with the altitude of the free surface thanks to relationship between the free surface and topographic parameters (i.e. volume of water
stored, conveyance area, roughness depths) with centered grid (Yu and Lane 2006b, McMillan and
Brasington 2007) or staggered grid (Stelling 2012, Volp et al. 2013, Vojinovic et al. 2013).
Each of these methods requires a mathematical reformulation of the SWE. Depending on the authors,
the modified SWE are derived in various ways with specific assumptions and limitations.
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The present paper firstly reviews the different mathematical formulations used with subgrid methods
to model urban floods and highlights the major assumptions and limitations. Then, some major assumptions are critically analysed based on a theoretical example and on a real-word case study.
2 FORMULATIONS OF THE SHALLOW WATER EQUATIONS WITH POROSITY
2.1 Definition
To derive the SWE with porosity, the three-dimensional Reynolds equations are space-averaged over a
control volume (CV). A control volume can be considered at every local point of the urban area, no matter whether that point corresponds to voids or to an obstacle.
An areal porosity is the fraction of a horizontal plane of a CV free for water at a given altitude. A linear porosity is the fraction of a horizontal line of a border free of water exchanges between the two CV at
each sides of the border at a given altitude. The mean linear porosity for a CV is the average of all linear
porosities corresponding to smaller CV. It tends toward the areal porosity when the size of the CV increases. The mean linear porosity is the mathematical expectation that a point is free for water, for a given
size of the CV.
Chen (2012a,2012b) uses the terms BCR and the CRF to carry out, respectively, the role of the storage
and conveyance porosities. The BCR and CRF represent the fraction of space occupied by obstacles and
are the complementaries of, respectively, the areal and linear porosities.
The representative elementary volume (REV) is defined as the smallest size of a CV for which the porosities are independent of the size of this CV. Differential SWE equations with porosity are derived with
the assumption that the size of the CV exceeds the size of the REV. This assumption turns the porosities
into parameters independent of the size of the CV.
2.2 Shallow water equations with porosity for partially dry areas
SWE with porosity were presented by Defina (2000) to deal with partially wet and very irregular domains. The derivation is performed by volume-averaging the three-dimensional Reynolds equations over
the horizontal projection of a REV and then over the water depth. Consequently to the averaging process,
the inertial term of the differential form of the continuity equation is multiplied by a depth-dependent
storage areal porosity. Moreover, an additional term appears in the momentum equation due to velocity
fluctuations induced by the bottom unevenness. Defina highlights the major assumptions and difficulties
related to the use of SWE with porosity in a subgrid model; i.e. the assumption of the existance of a REV
smaller than the size of the CV, the assumption of a smoothly varying free surface level inside the mesh,
the assumption of full connectivity within each cell and the difficulties to evaluate both the stresses induced by the velocity fluctuation insides the cell and the stresses at the bottom when the flow concentrates along specific paths.
2.3 Differential Formulation
Guinot and Soares-Frazão (2006) derived a differential formulation of the SWE with depth-independent
isotropic porosity, which was later applied for urban flood modelling (Soares-Frazão et al. 2008). In this
derivation, the space-averaging is first performed along the water depth and then over the area of the horizontal projection of the CV. Then, the differential formulation is obtained from the integral one by letting
the size of the CV tends towards zero. The isotropic porosity is assumed to be a statistical property representing both the storage volume and the conveyance sections due to the presence of obstacles. To derive
the differential formulation from the integral one, the porosity is assumed continuous and differentiable.
Lhomme (2006) extended the differential formulation of Guinot and Soares-Frazão (2006) to depthindependent anisotropic porosities. Besides the storage areal porosity, conveyance linear porosities are introduced and assigned to the border fluxes. However, these anisotropic porosities were not properly defined by Lhomme (2006) and the resulting equations were derived theoretically; but not applied to urban
flood modelling.
The three assumptions of continuous, differentiable and isotropic porosity required to derive the differential formulation of the SWE with porosity are all verified if the size of the CV for which porosities are
computed is higher than the size of the REV (Sanders 2008). In this approach, the porosities are consid160

ered as mathematical expectation values of the presence of void at the scale of the REV. Based on theoretical Cartesian and periodic streets networks, Guinot (2012) shows that the REV does not exist for realword urban areas. However, he argues that the error on the isotropic porosity evaluation is of the same
order of accuracy as other errors in the model, such as the friction coefficient. According to Guinot
(2012), this enables the use of the differential formulation to model urban floods with a reasonable accuracy.
Guinot (2012) described a multiple porosity model in which the domain is subdivised into five types of
region. These regions correspond, respectively, to obstacles without voids, regions with water at rest, regions of isotropic 2D flow, regions of anisotropic 1D flow and interconnections between the 1D anisotropic flow regions. These regions may exchange mass and momentum based on local differences in,
repectively, water levels and energy heads. The differential governing equations are directly derived from
the formulation derived by Guinot and Soares-Frazão (2006), but, in each type of region, the computation
of water depth, flow velocity and depth-independent porosity are distinguished. The multiple porosity
models give more accurate results than the classical porosity model but the determination of the different
regions is complex for real-world urban areas.
Velickovic (2012) proposed a new formulation of the SWE with depth-independent isotropic porosity,
in which the anisotropy of the urban area is taken into account through a closure expression including
drag and dispersion terms in the momentum equation. However, Velickovic (2012) acknowledges that
these closure relations turn out to be inappropriate to reproduce real-worl anisotropic phenomena.
A multi-layered model was developed by Chen et al. (2012b) to reflect separated flow paths within a
single coarse cell. The equations used are 2D non-inertia SWE with BCR and CRF to reflect the cell’s porosities (Chen 2012a). Among others, Cea et al. (2010) showed that fully dynamic two-dimensional models give better results than simplified descriptions such as diffusive wave-based description for urban
flood modelling.
2.4 Integral formulation
The direct discretization of the integral formulation of the SWE with porosity avoids questionable assumptions concerning the size of the REV. After deriving macroscopically the integral formulation of the
equations, Sanders et al. (2008) discretized this integral form based on a cell-centered grid and a Godunov-type finite volume method (see also Schubert and Sanders 2012 and Kim et al. 2013). The depthindependent porosities are evaluated for each cell and are therefore direction- and mesh-dependent. Sanders et al. (2008) proved that using anisotropic porosity gives more accurate results than the standard isotropic models. In this model, the fluid pressures acting on the obstacles and on the bottom are lumped into
a “quasi-conservative” divergence term, consistently with the method proposed by Valiani and Begnudelli
(2006).
Stelling (2012), Volp et al. (2013) and Vojinovic et al. (2013) use finite volume approaches for solving
the SWE with porosity based on a staggered grid. The main unknowns are the volume of water stored in a
cell and the mean velocity at a border. They associate relationships to the cells and the borders to represent, respectively, the depth-dependency of the storage volumes and the conveyance areas. These relationships are similar to depth-dependent anisotropic porosities and are therefore of relevance for the following of this paper. One benefit of this method is that it does not require to distinguish the obstacles
from the ground in a pre-processing step to evaluate the depth-independent porosity.
3 CRITICAL ANALYSIS OF SOME MAJOR ASSUMPTIONS OF THE EXISTING
FORMULATIONS
The majority of the standard formulations of the SWE with porosity are derived under the assumption of a
depth-independent porosity. Moreover, the two additional assumptions of continuity and differentiability
of the flow variables are used for the differential formulations, as well as the assumption that the size of
the CV is higher than the size of the REV. Then, the absence of a proper definition of an anisotropic porosity in the differential formulations leads to the use of an isotropic porosity by many authors. These major assumptions are analysed in this section based on theoretical and real-world urban areas.
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Figure 3. Evolution of the size of the REV and of the areal porosity (dashed line) as a function of the streets network configuration.

Figure 3 indicates that the smaller the porosity, the larger the size of the REV. For the lower values of
W/L, the size of the REV is high because a small variation of the porosity induces an important relative
variation due to the low porosity value. In this research, we focus on floods in urban areas, for which the
values of W/L are generally low. Therefore, the size of the REV is high. For example, with a spatial
length L of 200 m and a threshold percentage of 5%, the edge dimension of a squared control volume has
to be higher than 1.3 km to verify the assumption of a continuous media for a W/L value of 0.5 ( φREV =
0.75).
For the urban area of Liege, the areal porosities do not converge towards finite values due to the irregular urban patterns. The evolutions of the depth-dependent areal porosity with the size of the CV are represented in Figure 4 for Boulevard d’Avroy (A), localized in Figure 2-b. To show the influence of the
depth-dependency, six areal porosities are determined for six altitudes between the ground surface levels
to altitudes above the maximum range of water levels.

(a)

(b)

(c)

Figure 4. Evolution of the depth-dependent areal porosities for increasing size of the CV, centered on Boulevard d’Avroy (A).

The irregular patterns of the urban networks do not guaranty a convergence of the porosity when the size
of the control volume increases for Boulevard d’Avroy (A). A REV cannot be defined below practical CV
sizes (10-100 m) and the use of a single depth-independent porosity, like in most existing approaches, is
here strongly arguable.
3.2.2 Continuity and differentiability of the porosities
For the theoretical streets network, the areal porosities were computed at each point situated between
points A (x = 0) and B (x = 1), for different CV sizes (Figure 5-a). The street network is characterized by
the same street and obstacle widths (W/L = 0.5). As demonstrated in Figure 5-b, the porosity shows substantial variations at x = 0.25 and x = 0.75 for the smallest CV, which is much smaller than the REV.
When the size of the CV increases, the spatial variation of the areal porosity decreases because this porosity converges towards the asymptotic value φREV .
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ABSTRACT: A one-way CFD-CSD coupled model system is developed within the OpenFOAM®
framework to provide a tool for numerical analysis of coastal structures (e.g. vertical breakwaters). This
tool is intended to work in parallel with physical experiments to extend the range of testing conditions and
give better insight into the processes involved with wave-structure-soil interaction. This numerical tool
can be used for optimizing and analyzing innovative coastal structures and designing physical wavestructure-soil interaction experiments. The Computational Structural Dynamics (CSD) model is developed using the finite volume method for the fully dynamic, fully coupled Biot equations. The fully coupled poro-mechanical analysis is handled in a segregated approach in which the skeleton displacement,
the pore fluid pressure and the pore fluid velocity (relative to the skeleton) are decoupled at the iteration
level. The pore fluid pressure-velocity coupling is resolved using the PISO (Pressure Implicit with Splitting of Operators) algorithm. The u-p approximation is also implemented, which fully neglects the pore
fluid acceleration. A frictional contact model is implemented to model soil-structure interaction. A multisurface plasticity model with the Drucker-Prager failure criterion is introduced to model the behavior of
sand foundations under cyclic load posed by wave action on the caisson breakwater (i.e. residual pore
pressure build-up and residual deformation). A multiphase Computational Fluid Dynamics (CFD) solver
is developed for solving flow inside and outside porous media simultaneously using the principle of volume averaged velocity. A seepage model is implemented to model flow resistance of porous media that
includes viscous, transitional, inertial and transient terms. Fluid compressibility is introduced to air as an
ideal gas to enhance simulating effect of air entrapment on breaking wave impact.
Keywords: CFD-CSD, OpenFOAM®, Caisson breakwaters, Breaking wave impact, Soil liquefaction,
Cyclic mobility
1 INTRODUCTION
Caisson breakwaters are more advantageous compared to rubble mound breakwaters in terms of environmental considerations, quality control, construction speed and multi-purpose use. However, most of the
failures experienced by monolithic breakwaters are of geotechnical nature. Despite the extensive research
in the past (e.g. Oumeraci et al., 2001 and Kudella et al., 2006), the behaviour of sand foundations underneath monolithic structures, subject to breaking wave impacts, is not fully understood and no reliable numerical model is yet available to reproduce this behaviour. This is partially due to simplifications adopted
in the governing equations (i.e. using uncoupled solution or Biot’s quasi-static poro-elastic model). Another significant aspect is the selection of a suitable soil constitutive model, which should be able to reproduce with acceptable accuracy salient processes such as the balance between pore pressure generation
and dissipation and subsequent soil failure. Only few publications can be found with implementations of
non-elastic models. Nevertheless, the implementations do not consider the acceleration of the pore fluid
which was proven necessary for the problem at hand (cf. Ülker et al., 2012). A hydrodynamicgeotechnical model system is presented for studying the foundations of marine structures subject to
breaking wave impact.
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2 THE HYDRODYNAMIC MODEL
The model is implemented in the Eulerian multiphase (Volume-Of-Fluid) solver; porousInterFoam. The
fluid continuity equation (mass balance) is modified for the incompressible multiphase solver to account
for fluid compressibility:
1 𝜕𝑝

(1)

∇. 𝑼 + 𝑄 𝜕𝑡 = 0

Where the fluid bulk modulus Kf is calculated based on the phase fraction (γ), the degree of saturation (Sw
= Vw/Vv) and porosity (n) as:
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For Kw = 2200 MPa is the bulk modulus of pure water, the bulk modulus of air Ka = p + p0; where p is the
fluid pressure and p0 = 0.101 MPa is the atmospheric pressure. The porosity and degree of saturation are
set to unity outside of the porous zones. The momentum balance is:
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Where U is the ensemble (Darcy) average velocity ( U = nU ; where U is the intrinsic velocity), while (p)
is the intrinsic pore pressure, ρ = ρ water γ + (1 − γ ) ρ air is the mixture density. S is a sink term that represents the resistance of the porous media to fluid flow, b is the body acceleration vector (mostly gravity),
T
τ = µ ((∇U + (∇U ) ) − 2 3 (∇ ⋅ U )I ) is the deviatoric viscous stress tensor, µ = γµ water + (1 − γ )µ air is the
T
mixture dynamic viscosity, R = µt ((∇U + (∇U ) ) − 2 3 (∇ ⋅ U )I) is the additional stress tensor induced by the unresolved turbulence fluctuation (absent for laminar flow), µt is the eddy dynamic viscosity, I is the identity
tensor and cA is the added mass coefficient calculated as cA= 0.34 (1-n)/n. The seepage model from Lin
and Karunarathna (2007) as explained in Lin (2008) is implemented to calculate the porous media resistance (sink term):
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Where I is the hydraulic gradient a, b and c are constants (ν is the fluid kinematic viscosity and D50 is the
mean diameter of the porous material). The model incorporates viscous and inertial components (DarcyForchheimer terms) with additional terms for transitional flow and transient flow (implemented directly in
Eq. 3). For generation and absorption of water waves, the waves2Foam library (Jacobsen et al., 2012) is
used.
For the validation, the problem of transient flow past a porous block filled with rocks or beads presented by (Liu et. al, 1999) as reported in (Lin, 2008). This benchmark is used, here, to validate and test the
different implemented seepage models. The case consists of a vertical column of crushed stones (n =
0.49, D50 = 1.59 cm.) of 30 cm breadth in the middle of a fish tank. Water is retained on the left basin by
a vertical gate for a head of 23.85 cm then the gate is lifted to unleash the water to hit the crushed stone
and flow to the other side. The fish tank extends 30 cm on both sides of the crushed stones column. Results from the numerical simulations for different seepage models against experimental results are shown
in Figure 1.
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and (2) Pore fluid mass balance:
 K 
  ∂ε
∂ 2u
1 ∂p
 − ∇p − ρ f 2 + ρ f b   + v +
∇ ⋅
=0
ρ g
 ∂t Q ∂t
t
∂


f



(10)

The developed geotechnical solver (geotechFoam) uses a segregated algorithm for solving the coupled
equations using the finite volume method with traction correction at multi-material interfaces. The segregated approach uncouples the equations at the iteration level. The governing equations are discretized into
implicit terms, which are used for solution of current iteration, and explicit terms, which are updated from
the previous iteration. The (u-p) approximation is implemented in a straightforward manner. Nonetheless,
the fully dynamic formulation need an approach to resolve the velocity-pressure ( U -p) coupling for the
pore fluid. The same problem exists for CFD models. Therefore, the PISO algorithm (Pressure Implicit
with Splitting of Operators) is adapted from CFD solvers to solve the momentum balance and diffusion
equations for the pore fluid. For the structure-soil interface, a contact model was implemented which can
simulate the separation and reattachment of soil and structure adjacent surfaces. The contact also accounts
for friction between caisson surface and sand foundation. The non-linearity of the system is caused by the
fact that the boundary condition is solution-dependant. A mixed boundary condition (Dirichlet-Neuman)
is defined for the displacement at the contact boundary. A fixed value (Dirichlet) is used for displacement
component normal to contact surface while a fixed displacement gradient (Neumann) is used for tangential components (friction). This mixed boundary condition is defined for the surface normal. Three values
are defined: (i) the displacement, (ii) the displacement gradient and (iii) the value-fraction to define which
part of the boundary is in contact and consequently which fraction of the displacement value and gradient
is assigned for the calculation. Different (potential) pairs of contact surfaces are defined by the user and
one of them is assigned a mixed boundary condition and the other is assigned a fixed-gradient boundary
condition. Both boundaries are updated together when the contact surfaces overlap (during iterations).
The normal contact constraint can be represented as:
gn = 0 ,

′
when σ n′ > 0 ; g n > 0 , when σ n′ = 0 ; g nσ n = 0 ,

(11)

where gn is the relative displacement in normal direction (separation) and σn is the normal stress component. The contact adopts Coulomb’s law of friction for tangential constrains, as:
g t = 0 ,when µσ n′ − σ t > 0 ;
gt > 0

,when

µσ n′ − σ t = 0 g t (µσ n′ − σ t ) = 0

;

,

(12)

where gt is the relative displacement in tangential direction (slide). The tangential stress at contact is σt
and the coefficient of friction is µ. No adhesion is simulated by the contact.
Modelling the soil foundation as a continuum dictates the introduction of a material constitutive model
for the solid phase of soil (i.e. the skeleton). Implementing simple material models (e.g. linear elasticity)
in a fully coupled and fully dynamic poro-mechanical model can only reproduce the transient pore pressure in the soil. To model residual pore-pressure accumulation underneath monolithic structures, the residual deformation of soil must be accounted for. Classical elasto-plastic models (where an elastic region
of soil behaviour is enclosed by a plastic yielding envelope) are capable of reproducing soil behaviour
when subject to monotonic loading. Nevertheless, in case of cyclic loads (especially with small amplitudes) classic elasto-plastic models tend to behave like elastic models (with load fluctuations occurring
inside the elasticity region). Therefore, more sophisticated material constitutive models are needed to capture plasticity due to small changes in load-time history.
Unfortunately, no soil constitutive model exists, yet, that can be considered as a standard for soil dynamic analysis. Nevertheless, several promising models exist with advantages and disadvantages in reproducing behaviour of soil under specific conditions. Densification models decouple the soil strain into
monotonic part and a densification part (damage) caused by cyclic loading. Densification models are relatively simple but may suffer on the accuracy side. Multi-yield surface (kinematic) models approximate
the stress-strain curve for soil into small linear segments. Bounding surface models use only two surfaces
from which the inner surface can translate inside the outside “failure” surface eliminating the need for
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4 LARGE-SCALE CAISSON BREAKWATER TESTS
The model tests were performed in the Large Wave Flume (GWK) in Hanover (Figure 5a). The effective
length of the flume is about 307 m, the width 5 m and the depth 7 m. The wave paddle is driven by an engine with a maximal power of 900 kW. After a horizontal bottom of 250 m the flume is limited by an impermeable embankment with a slope of 1:6. The investigated model construction includes the sand body
beneath the breakwater, the rubble foundation with a seaward berm and the caisson breakwater [29]. In
Figure 8, the array of different wave gauges is shown. As shown in Figure 5b, the caisson structure was
fitted with wave pressure transducers as well as displacement meters at the top of the caisson to measure
its rigid body motion. Several pressure transducers were positioned on a wooden frame that is buried inside the sand foundation to measure pore pressure inside the sand foundation.

(a)
(b)

Figure 5. Caisson breakwater model set-up: (a) locations of wave gauges in the Large Wave Flume and (b) Cross section of
the caisson and founda-tion model with locations of measuring devices (Oumeraci and Kudella, 2004)

Results from the hydrodynamic model are presented for three test cases of the large-scale caisson breakwater experiments with regular waves: non-breaking waves (H = 0.4 m. and T = 5.5 s.), slightly breaking
waves (H = 0.5 and T = 6.5 s.) and breaking waves (H = 0.7 m. and T = 6.5 s.). The experimental results
were not filtered from noise in measured signal. Results of wave pressure on the caisson breakwater are
shown in Figure 6. The results agree quite well for the three wave types. The introduction of the compressibility term to the continuity equation (Eq. 1) enhances the results of the breaking wave impact by
producing oscillation in pressure after the impact. This behaviour is observed in physical experiments and
is justified by the oscillation of trapped air inside the breaker and cannot be reproduced by incompressible
hydrodynamic models. Results of the pore pressure inside the rubble foundation show good agreement
with physical test results as well. However, for the uplift pressure on the caisson (Figure 6e), the computed uplift pressure is of higher amplitude compared to the measurements. This is partially due to the fact
that uplift pressure on caisson structures is affected by its motion (Oumeraci et al., 2001). This effect is
magnified because of the impermeable sheet underneath the caisson, which is non-deformable in the hydrodynamic model while it actually has a response to change in pore pressure. It is anticipated that introduction of mesh motion to the hydrodynamic model (as feedback from the structural model) would enhance the results and reduce computed uplift pressure amplitude. The caisson idealized geometry with
considered boundary conditions, domain discretization and deformed mesh are shown in Figure 7.
5 SUMMARY AND CONCLUDING REMARKS
A one-way coupled CFD-CSD model system is developed using the OpenFOAM® framework. The model system uses a one-way weak coupling approach between the developed geotechnical model (CSD) and
the developed hydrodynamic model (CFD). The geotechnical model uses the PISO algorithm for solving
the fully dynamic fully coupled Biot’s equations. The fluid momentum balance is solved in the PISO
based approach instead of being considered implicitly in the mass conservation equation in other approaches. Hence, the PISO based model calculates the total pore pressure instead of calculating the excess
pore pressure in other approximations.
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It is further observed that for the fully dynamic model the generation/dissipation of excess pore pressure
is affected by the ratio of the excess pore pressure to the hydrostatic pore pressure. Further, the air content
in the pore fluid (fluid compressibility) significantly affects the results. Neglecting convective acceleration of the pore fluid does not yield any computational benefit.
Different material models can be explicitly introduced into the model. A multi-surface plasticity model
is implemented to reproduce the behaviour of sand foundation under cyclic loading induced by caisson
motions. The use of the elastic-plastic model enables the successful simulation of pore pressure accumulation (build-up) and dissipation. Further, a frictional contact model is implemented in the solver to simulate soil-structure interaction.
The hydrodynamic model is developed for simultaneous solution of flow inside and outside the porous
media using the principle of velocity averaging and an advanced seepage model. Adding change of fluid
volume due to pressure change has improved results of breaking wave impact on the structure.
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Coastal Engineering, TU Braunschweig, Braunschweig, Germany

ABSTRACT: A hybrid 2D-3D CFD model is developed for studying water wave loads acting on a pile in
a pile group. In the hybrid model approach, a one-way link is established between a model for the farfield and another for studying the (local) fluid-structure interaction phenomenon. For this study, the farfield is considered as a 2D incompressible Navier-Stokes multiphase solver for proper reproduction of
phase-focused waves produced in physical experiments. The near-field model is a multiphase 3D CFD
model that utilizes compressible Navier-Stokes equations to enhance simulation of entrapped air compressibility effects during breaking wave impact on structures. Both models use the Volume-Of-Fluid
(VOF) method to capture the air-water interface. An overlap zone is introduced to both models, in which
fluid kinematics and surface elevation are sampled from the far-field model and introduced via a relaxation function to the overlap zone in the near-field model. In the 3D model, the use of a relaxation approach provides absorption for reflected waves from the structure. Further, a procedure is outlined to
achieve/enhance the 3D model convergence. This is necessary in case of development of artificial high
velocities at water-air interface at the end of a short overlap (relaxation) zone for wave inlet (or near the
boundary if only a wave inlet boundary condition is considered). The model system is developed using
the OpenFOAM® framework. The overlap zone is implemented as an extension to the waves2Foam
toolbox (Jacobsen et al., 2012).
Keywords: CFD, OpenFOAM®, Pile groups, Wave loading, Focused waves
1 INTRODUCTION
Piles have always played an important role in supporting fixed marine structures. These structures range
from offshore oil and gas (fixed) platforms to maritime transportation infrastructure, such as sea bridges,
piers and jetties. Most commonly, marine structures would be supported by a pile group rather than a single pile. For closely spaced piles, the effect of wave-pile group interaction is more obvious, as piles produce interference effects that change the flow around the piles. Consequently, wave loads on a pile in a
pile group may vary significantly from those exerted on a single pile in isolation.
Experimental studies were carried out for studying different wave loads on a pile in a pile group. The
physical experiments include large-scale tests in the Large Wave Flume (GWK) in Hanover (Sparboom
and Oumeraci, 2006; Bonakdar and Oumeraci, 2012). The experiments were aimed at enhancing the
knowledge about the effect of wave-pile group interaction on wave loads on a pile in a group. These experiments are used for validation of the numerical model at hand.
The most important drawbacks of the available studies are (i) the lack of deeper understanding of the
processes associated with the interaction of breaking/non-breaking waves and pile groups and (ii) the lack
of reliable formulae for the prediction of wave forces on a slender pile within a pile group in different arrangements. Within the WaPiGS project, additional scale-experiments were carried out to meet the
aforementioned challenges. Further, and in complement to physical experiments, a numerical model is
necessary to extend the testing conditions (e.g. pile group configurations) to further improve the data base
of results.
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Additionally, the numerical model provides an excellent tool for further understanding of physical processes involved in the problem by providing flexible and comprehensive output options. Nonetheless, a
numerical model must be validated (e.g. against physical experiments) before being approved for the
aforementioned purposes.
While considerable effort has been expended in numerical simulation of wave forces on an isolated
vertical cylinder, much less attention has been paid to the influence of neighbouring cylinders on wave
loading, although many offshore structures are founded on groups of cylindrical piles in different arrangements. While some methods are available for calculating wave loads on a pile in a pile-array, they
do not provide an insight into the relevant physics. They are also neither reliable nor convenient for practical engineering applications. It is evident that computational fluid dynamics (CFD) models are able to
assess the effects of the wave-pile group interaction on the hydrodynamic forces on any one support, as
well as providing more comprehensive results for the understanding of relevant processes involved. Further, CFD models constitute powerful tools for assisting design purposes and decisions making.
2 THE 2D-3D HYBRID CFD MODEL APPROACH
The model is implemented in the Eulerian multiphase (Volume-Of-Fluid) solver; interFoam. The fluid
continuity equation (mass balance) is modified for the incompressible multiphase solver to account for
fluid compressibility:
1 𝜕𝑝

∇.U + 𝐾

𝑓

=0

(1)

(1−𝛾)

(2)

𝜕𝑡

Where the fluid bulk modulus Kf is calculated based on the phase fraction (γ) as:
1

𝐾𝑓

𝛾

=𝐾 +
𝑤

𝐾𝑎

For Kw = 2200 MPa is the bulk modulus of pure water, the bulk modulus of air Ka = p + p0; where p is the
fluid pressure and p0 = 0.101 MPa is the atmospheric pressure.
The hybrid 2D-3D model system consists of three main parts:
1. A 2D wave flume (without any structure present) with a moving piston (dynamic mesh) wave
maker, extending for a long distance before the position of the structure (i.e. similar to the Large
Wave Flume, GWK) in order to properly simulate wave-wave interaction needed to construct
phase focused (rogue) waves. The domain extends for enough distance after the position of the
structure to allow for wave absorption,
2. Linking utilities to sample the data from the 2D model and to introduce them to the 3D model inside an overlap zone using a relaxation function. The linking utilities are equipped with interpolation and mapping capabilities to ensure independence of time and space discretization of both the
2D and the 3D models,
3. A small 3D wave basin with inlet and outlet boundaries close to the structure with two relaxation
zones for the generation (overlap zone) and absorption of waves. The structure is modelled in the
domain between both relaxation zones.
The outline of the developed 2D-3D hybrid CFD model system is illustrated in Figure 1. The procedure
for using the hybrid 2D-3D CFD model system is as follows:
1. Prepare the 2D flume and provide positions for velocity probes and wave gauges inside the overlap zone in the 2D flume
2. Run the 2D model to simulate each wave condition
3. Use the linking utilities to prepare probed velocities and water surface data for use as input in the
3D model
4. Prepare the geometry (and mesh) for the 3D model for each structural configuration, starting at the
overlap zone
5. Run the 3D model for each combination of structural configuration and wave conditions
In Figure 2, a sketch is given for the dual domains used in the hybrid model system with illustration of
system components.
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(a)

(b)
(c)
Figure 6. Inline moment on the top of (a) a single pile, (b) two piles in tandem and (c) three piles side by side for a Gaussian
wave packet that focuses 103 m. away from the wave maker (finest mesh size 0.01375 m.)

The inline moment on top of the single pile due to impact of the focused-waves (from Figure 4), is shown
in Figure 6. The numerical and experimental moments are relatively in good agreement. The maximum
value of moment (at impact) exerted on the pile is well reproduced from the physical experiments.
The high frequency oscillation appearing in the numerically calculated moment (just after impact) is
due to consideration of fluid compressibility that enhances the reproduction of wave impact. Nevertheless, a more apparent high frequency oscillation of higher amplitude is measured and is not reproduced
numerically. This is most likely due to the pile structural response to the wave impact (vibration). The
given interpretation becomes clear when one observes how the oscillation dampens after the impact. Basically, this response cannot be reproduced without considering a coupled CSD-CFD (Computational
Structural Dynamics-Computational Fluid Dynamics) model system. Further, the pile vibration does not
appear in experiments with regular waves as they seem to exert quasi-static loads on the pile.
Two cases of wave-pile group interaction are considered herein, as well, for validation of the model
system: the case of two piles in tandem and three piles side by side (Figure 6). The approach of a focusedwave to the two piles in tandem is shown in Figure 7, with maps of the fluid velocity and pressure. The
plan of the water surface elevation of the focused wave attacking two piles in tandem, for different times,
is given in Figure 8. In this figure, the shedding of the wave by the front pile is evident, which yields the
reduction of the forces exerted on the rear pile. The spacing (face to face) between piles for both cases is
equal to the pile diameter. In forthcoming publications, the focus will be set on using the validated model
system to enhance the understanding of the relevant hydrodynamic processes involved, and to extend the
range of tested conditions in the laboratory
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∇
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Structure of Thermal Convection Development in a Closed Water
Body with Aquatic Plants
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ABSTRACT: A field observation was conducted in order to consider the effects of the abundance of
aquatic plants on the water quality and water flow of a small water body, such as an agricultural pond.
The results of measuring the luminance showed that solar radiation was blocked significantly under the
abundance of vegetation. This effect increased with the increase of the vegetation abundance density. In
addition, the result of measuring the water temperature showed that fluid exchange was performed by a
thermal convection between the area with and without an abundance of vegetation at nighttime. Moreover, the results of the measuring of water qualities showed that, although the nutrients decreased due to
the absorption and adsorption from vegetation during the flowering period in the summer, these nutrients
conversely increased due to the elution from the bottom of the water body after vegetation decayed in the
winter.
Keywords: Aquatic plant, DO, Underwater luminance, Thermal convection, Water quality, Nutrients,
Vegetation abundant density, Rate of vegetation abundance
1 INTRODUCTION
In some closed water bodies, the fluid flow tends to stagnate because of insufficient inflow and outflow.
Hence, hydraulic characteristics are different from those of river or irrigation canals. When the water is
undisturbed in a closed water body, the fluid is stratified based on vertical density distribution. In these
bodies, the main fluid movement of the environmental substances in the water is caused by the convective
flow based on thermal disturbance.
On the other hand, water quality purification by use of an aquatic plant is proposed in a closed water
body. The method is to purify the water quality by moving the nutritive salt out of the water body after
being absorbed into aquatic plants in a closed water body. To make use of the method in a water body
with floating aquatic plants, we have to transport the nutritive salt, which accumulates at the bottom of the
water body, from the bottom to the surface of the water. When we apply aquatic plants for water quality
purification in a closed water body, firstly, it is important for us to comprehend what the aquatic plants influence in the water body.
In this study, we particularly focused on the change of the water environment due to the abundance of
aquatic plants by a field observation. First, we conducted a field observation and evaluated the effect of
aquatic plants on the underwater luminance. Being the most important factors in water quality, the change
of water temperature and dissolved oxygen were measured. Also, we evaluated the effect of aquatic plants
on the convection and the variation of water quality in a closed water body.
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3.2 Changes in the water temperature and DO
Figure 2 shows the changes in the amount of solar radiation and the changes of water temperature and DO
at Point 3 (with an abundance of vegetation) and Point 4 (without an abundance of vegetation) from the
24th of August to the 31st of August. It is understood that there is no little difference for water temperature
between with and without an abundance of vegetation. On the other hand, although DO increased with the
increase of the solar radiation at Point 4 without an abundance of vegetation, there was no significant
change at Point 3 with an abundance of vegetation. The measuring of the luminance showed that about
98% of the solar radiation was blocked under the abundance of vegetation; hence, the abundance of vegetation has a large impact on the variation of the DO. Also, the DO value was almost the same at night
with radiation cooling, revealing that the fluid exchange was performed by thermal convection between
the area with and without an abundance of vegetation.
From the above result, it can be understood that the status of vegetation abundance affects the DO;
therefore, the relationship between the daily accumulation of solar radiation and the incremental amount
of DO was plotted in each vegetation abundant density in Figure 3. The incremental amount of DO to the
daily accumulation of solar radiation decreased with the increase of the vegetation abundant density. That
is why the water body is likely to be in a non-oxygenated state during the flowering period.
Water
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Figure 2. The changes in the amount of solar radiation and the changes of water temperature and DO.
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Figure 3. The relationship between the daily accumulation of solar radiation and the incremental amount of DO.

3.3 Changes in nutrients
Figure 4 shows the changes of TOC, TN and TP for each week at points 1, 2, 3 and 4. This figure shows
that there is an increasing trend in each point in the winter period after October. However, there was not a
significant difference between Point 4 with an abundance of vegetation and any other measuring points.
Therefore, the rate of vegetation abundance was calculated as the status of vegetation abundance for the
entire water body during each month. Figure 5 shows the relationship between the rate of vegetation
abundance and each water quality. From the figure, it can be seen that there is a negative correlation be187

TOC(ppm）

tween nutrients and the rate of vegetation abundance. That is because although the nutrients decreased
due to the absorption and adsorption from the vegetation during the flowering period in the summer, these
nutrients increased in reversal due to the elution from the bottom of the water body after the vegetation
decayed in the winter. It is important that the vegetation should be reaped after flowering in the eutrophied water body.
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4 CONCLUSION
A field observation was conducted in order to consider the effects of the abundance of aquatic plants on
the water quality and water flow in a small water body, such as an agricultural pond. The following results were obtained:
(1)The measuring of the luminance showed that solar radiation was blocked significantly due to the
abundance of vegetation. This effect increased with the increase of the vegetation abundant density.
(2)The fluid exchange was performed by thermal convection between the area with and without an abundance of vegetation at nighttime.
(3)Though the nutrients decreased due to the absorption and adsorption from the vegetation during the
flowering period in the summer, these nutrients increased in reversal due to the elution from the bottom of water body after the vegetation decayed in the winter.
From the above results, it can be concluded that aquatic plants should be adequately controlled to exert its
effect sufficiently on the eutrophied water body.
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Fully Coupled Numerical Modelling of Wave-Current-Mud
Interaction by Finite Volume Method
K. Hejazi, S. Sami & M. Soltanpour
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ABSTRACT: Wave-current-mud interaction is a complicated mechanism in the coastal and estuarine turbid waters. A laterally averaged finite volume numerical model has been used to study the interaction of
wave, current and mud. The fully non-linear Navier-Stokes equations with complete set of kinematic and
dynamic boundary conditions at free surface and interface and the Bingham constitutive equation for
modelling the behavior of mud layer, are solved. Finite volume method based on an ALE description has
been utilized for the simulation of wave motion in a combined system of water and mud layer. The model
is applied for simulating three numerical tests including velocity profiles of steady flow along a trench,
and variation of wave characteristics in interaction with opposing and following currents on fixed bed and
mud bed. Comparison of the model predictions against analytical and experimental results confirms the
ability of the model for wave-current-mud interaction predictions.
Keywords: Wave-Current-Mud Interaction, FVM, Bingham Equation, ALE, Projection Method
1 INTRODUCTION
Historically, sediments have been treated as either muds or sands due to the different characteristics and
consequent behaviour for each of them. Muddy sediments occur commonly in estuaries, coastal embayment, and in areas of the continental shelf where both currents and waves exert only weak forces on the
bed. Fluid mud is a highly concentrated near-bed suspension of cohesive sediments, with either mobile or
stationary states. It is generated by liquefaction of muddy beds by waves, or during rapid deposition,
when the deposition rate exceeds the consolidation rate.
Wave attenuation and mud mass transport are two noteworthy phenomena of wave-mud interaction,
which have been observed both at laboratory and in field when waves propagate over muddy bottom, especially over low density mud beds. In addition to wave-mud interaction, introduction of currents in the
wave field also affects wave propagation. The presence of currents would further complicate the phenomena of wave attenuation and mud mass transport by the interaction between waves and currents. Previous
studies on wave-current-mud interaction are very limited. An (1993) presented a mathematical model
based on a visco-elastic-plastic model of mud and conducted a series of wave flume experiments to clarify the interaction between wave-current and mud bed. The assumption of the no effect of mud bed on
wave-current interaction and the assumption of the no direct effect of current on mud mass transport velocity, significantly simplify the mathematical formulation of wave-current-mud interaction problem.
Based on these assumptions, the mathematical formulation of the wave-current-mud interaction problem
in here study was divided into two steps. The first step was to determine the parameters of deformed wave
such as the amplitude, wave number and relative angular frequency due to the current (after Thomas,
1981) in which the mud bed plays no role. The second step was to calculate the wave attenuation and mud
mass transport in which actions of deformed waves were the only driving forces. By assuming separable
and periodic solution, the two dimensionally linearized Navier-Stokes equations for multi-layered fluid
were solved according to Tsuruya et al. (1987). The results revealed that the wave height variation due to
wave-current interactions on the mud bed can be predicted by a simple model of irrotational slowlyvarying current. It was reported that the wave attenuation increases in the opposing currents and decreases
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velocity obtained from the vertical displacement of mesh in each time step which only appears for j = 2.
The indices i, j = 1, 2 represent the coordinate directions. The last term of equation (2) is only included
for i = 2.
To complete the formulation, a constitutive equation to represent the physical properties of the continuum, must be added. For Newtonian fluids, the viscosity, μ, is assumed to be independent of shear rate
tensor. The relation between the stress tensor and the shear rate tensor, γij, is expressed as:
𝜏𝑖𝑗 = µ𝛾̇ 𝑖𝑗
𝛾̇ 𝑖𝑗 =

𝜕𝑢𝑖

𝜕𝑥𝑗

(3)
𝜕𝑢

+ 𝜕𝑥𝑗

(4)

𝑖

Different constitutive equations have been assumed for prediction of the response of muddy beds due to
complexity of the mud behavior. To model the stress-deformation of Bingham plastic behaviour of fluid
mud, the ideal Bingham constitutive equations have been proposed as:
𝜏𝑖𝑗 = 𝜏𝑦 + 𝜇𝐵 𝛾̇ 𝑖𝑗 , 𝑓𝑜𝑟 �𝜏𝑖𝑗 � > 𝜏𝑦
𝛾̇ 𝑖𝑗 = 0,

(5)

𝑓𝑜𝑟 �𝜏𝑖𝑗 � ≤ 𝜏𝑦

where τy = the yield stress, and μB = the plastic viscosity. These constitutive relations indicate that when
the magnitude of the local stress falls below τy, the material is unyielded and behaves like a solid, and
once it is yielded, fluid motion is launched. To avoid the discontinuity inherent in this model, Papanastasiou (1987) proposed a modified expression that makes the shear stress vary continuously with the shear
rate as:
(6)

𝜏𝑖𝑗 = 𝜏𝑦 �1 − 𝑒𝑥𝑝�−𝑚𝛾̇ 𝑖𝑗 �� + µ𝐵 𝛾̇ 𝑖𝑗

where m = the material parameter which controls the exponential growth of the stress. The ideal Bingham
fluid can be closely approximated if m is large enough. Equation (6) can be rewritten as:
𝜏𝑦

𝜏𝑖𝑗 = �µ𝐵 + �𝛾̇

𝑖𝑗 �

(7)

�1 − 𝑒𝑥𝑝�−𝑚�𝛾̇ 𝑖𝑗 ���� 𝛾̇ 𝑖𝑗

where ׀γij = ׀the second invariant of the rate-of-strain tensor whose magnitude can be calculated through
1

�𝛾̇ 𝑖𝑗 � = �2 𝑡𝑟 𝛾̇ 𝑖𝑗2

(8)

The resulting momentum equations for the Bingham plastic fluid mud can be obtained by substituting
Equation (7) in (2) that yields:
𝜕𝑢𝑖
𝜕𝑡

+

𝜕𝑢𝑖 𝑢𝑗
𝜕𝑥𝑗

− 𝑢𝑔

𝜕𝑢𝑖

𝜕𝑥𝑗

=−

𝜌𝑟 𝜕𝑃∗
𝜌 𝜕𝑥𝑖

2.2 Boundary Conditions

1 𝜕

𝜏𝑦

+ 𝜌 𝜕𝑥 �µ𝐵 + �𝛾̇
𝑗

𝑖𝑗

𝜌−𝜌𝑟

�1 − 𝑒𝑥𝑝�−𝑚�𝛾̇ 𝑖𝑗 ���� 𝛾̇ 𝑖𝑗 − �
�

𝜌

� 𝛿𝑖2 𝑔

(9)

Spatial boundary conditions have been divided into five locations: the rigid bottom of the mud layer
(bed), the interface boundary at plain water and mud flow, the free surface of water, the inlet, and the outlet boundaries (Hejazi et al., 2013).
3 NUMERICAL METHOD
The numerical model uses a structured non-orthogonal curvilinear staggered mesh and is capable of simulating non-homogeneous, gravity stratified flow fields. Projection method has been deployed for solving
the non-hydrostatic Reynolds-averaged Navier–Stokes equations based on an ALE description. With finite volume method in the ALE system, the newly updated free surface is determined purely by the Lagrangian method, and by the velocity of the fluid particles at the free surface, while the nodes in the interior of the domain are displaced in an arbitrary prescribed manner to be redistributed to avoid mesh
crossing. To solve the set of the equations, in the first step the pressure gradient terms are omitted from
the momentum equations, and the unsteady equations which include the advective and diffusive terms,
are advanced in time to obtain a provisional velocity field. For large Reynolds numbers, the flow is effectively advection-dominated; hence, to achieve more realistic predictions of the flow characteristics, the
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6 CONCLUSIONS
A 2DV FVM numerical model has been utilized to investigate the interaction of wave, current and mud.
The simulation of steady current over the trench in comparison with experimental measurements of velocity profiles shows good agreement. Wave height and wave length variations due to current on the fixed
bed have been simulated satisfactory. On the mud bed, simulated results in accordance with measured
values suggest that the wave length decreases in the opposing current and increases in the following current, while the wave height variations reveal an inverse tendency. This trend is also valid for the rate of
wave attenuation in which ki is greater in the opposing current and is less in the following current. It is
seen that the opposing current has more significant effects on the rate of wave height attenuation than the
following current.
NOTATION
C
Cg
d
E
g
H
H0
k
m
P*
t
U
u
ug
x

γ

µ
µB
ω

ρ
ρr
τ
τy

the phase speed
the vector of group velocity
the water depth
the wave energy
gravity acceleration
the wave height
the wave height at U=0
the wave number
the material paremeter
the pressure in the absence of hydrostatic pressure divided by reference density of water
time
the vector of current speed
the velocity
the vertical mesh velocity
the Cartesian coordinate
the shear rate tensor
the viscosity
the plastic viscosity
the wave frequency
fluid density
reference density of water
the symmetric extra-stress tensor
the yield stress
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ABSTRACT: Cylinders with rectangular cross-sections ﬁnd application in the design of offshore structures due to the ease in manufacture and transport in comparison to circular elements. Rectangular sections can also be seen in the design of tension leg platforms and ﬂoating production units. The ﬂuid ﬂow
problem is changed due to the introduction of asymmetry and the aspect ratio of a rectangular crosssection which inﬂuences the ﬂow regime. So, gaining more knowledge about the hydrodynamics of the
ﬂow around a rectangular cylinder and the wave forces acting on the cylinder is of practical interest. This
paper investigates the interaction of regular waves with a truncated rectangular cylinder using a Computational Fluid Dynamics (CFD) model. The inﬂuence of the aspect ratio of the cylinder with respect to the
incident wavelength is investigated and the force experienced by the cylinder under different aspect ratios
is calculated. The numerical results are compared with experimental data.
Keywords: CFD, Rectangular cylinders, Wave force, Numerical wave tank, REEF3D
1 INTRODUCTION
Offshore constructions are generally composed of cylindrical elements of circular cross section. A lot of
research has been carried out to understand wave interaction with circular cylindrical structures for example by Morison et al. (1950), Keulegan and Carpenter (1958), Sarpkaya (1976) and Mo et al. (2007).
There are empirical and analytical formulae that can be used to calculate wave forces on circular cylinders such as the Morison formula (Morison et al., 1954) and the MacCamy-Fuchs diffraction theory
(MacCamy and Fuchs, 1954) for different types of ﬂow regimes around circular cylinders. On the other
hand, not many studies have been carried out to investigate the wave interaction with cylinders of rectangular cross-sections. Due to the presence of sharp corners in a rectangular cross-section, the force coefﬁcients are different for these cylinders compared to circular cylinders (Bearman et al., 1979) and the
standard force coefﬁcients used in the Morison formula are not applicable. An investigation into ﬂow
around rectangular cylinders and the wave forces acting on them can provide insight into the hydrodynamics around them.
Computational Fluid Dynamics (CFD) uses the Navier-Stokes equations to solve the ﬂuid ﬂow problem. This accounts for most of the ﬂow physics and provides detailed information regarding the ﬂow.
Flow parameters such as ﬂuid particle velocities, free surface elevation and ﬂow patterns around the cylinders can be studied in a detailed manner. The wave forces acting on the cylinders can be calculated and
the variation of the force on the cylinder for various conﬁgurations of a rectangular cylinder can be studied.
In this study, an open source CFD model REEF3D, is employed to study wave interaction with truncated rectangular cylinders. A cylinder with a rectangular cross-section is placed in a 3D numerical wave
tank and exposed to regular periodic waves. Wave interaction with ﬁve different cylinder aspect ratios are
simulated and the wave forces acting on the cylinder in each case is studied. The wave elevation contours
around the cylinders in each of the cases are also studied to obtain a better understanding of the ﬂow ﬁeld.
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2 NUMERICAL MODEL
2.1 Governing Equations
The numerical model solves the ﬂuid ﬂow problem using the incompressible Reynolds-averaged NavierStokes (RANS) equations along with the continuity equation:

∂U i
=0
∂xi
 ∂U ∂U j
∂U i
∂U i
∂ 
1 ∂P
+U j
=
−
+
( v + vt )  i +
ρ ∂xi ∂x j 
∂t
∂x j
∂xi
 ∂x j

(1)

  + gi
 

(2)

where U is the time averaged velocity, ρ is the density of water, P is the pressure, ν is the kinematic viscosity, νt is the eddy viscosity, t is time and g is the acceleration due to gravity.
Turbulence modeling is carried out using the two equation k − ω turbulence model (Wilcox, 1994).
The highly strained ﬂow due to the waves results in an unphysical overproduction of turbulence. This is
reduced using the eddy viscosity limiters proposed by Durbin (2009). The free surface is a natural boundary where the eddy viscosity is damped, but the k-ω model does not account for this. This results in overproduction of turbulence at the interface between water and air in a two-phase model. This is reduced using limiters on the turbulent source terms as shown by Egorov (2004) at the free surface using the Dirac
delta function.
2.2 Free Surface
The free surface is obtained using the level set method (Osher and Sethian, 1988). In this method, the interface between the two ﬂuids is represented by the zero level set of the function. For the rest of the domain, the level set function ( φ ) provides the least distance from the interface and the different ﬂuids are
identiﬁed by the sign of the level set function. The level set function loses its signed-distance property on
convection and it is reinitialised after every iteration using a partial differential equation based method
shown by Peng et al. (1999) to restore the signed-distance property of the function.
2.3 Discretisation Schemes
A conservative ﬁfth-order Weighted Essentially Non-Oscillatory (WENO) scheme (Jiang and Shu, 1996)
is used to discretise the convective terms of the RANS equations. The Hamilton-Jacobi formulation of the
WENO scheme (Jiang and Peng, 2000) is used to discretise the turbulent kinetic energy (k), the speciﬁc
turbulent dissipation (ω) and the level set function ( φ ). The explicit third-order total variation diminishing Runge-Kutta scheme is used for time advancement of the level set function and the reinitialisation
equation. Numerical stability of the simulation is ensured through an adaptive time stepping scheme satisfying the CFL criterion based on the maximum velocity in the domain. A ﬁrst-order implicit scheme is
used for the time advancement of the turbulent kinetic energy and the speciﬁc turbulent dissipation rate.
These terms are mainly source term driven with a low inﬂuence of the convective terms and the large
source terms can result in very small time steps due to the turbulence model. With an implicit treatment of
these terms, the time steps are based on the maximum velocity in the domain. The diffusion terms of the
velocity are also treated with a ﬁrst-order implicit scheme to base the time steps on the maximum velocity
in the domain.
2.4 Numerical Wave Tank
The numerical wave tank uses the relaxation method (Larsen and Dancy, 1983) for wave generation and
absorption. In this method, a portion of the wave tank is reserved as relaxation zones for wave generation
and absorption. Relaxation functions are used in these zones to moderate the numerical values for the velocities and the free surface. In the wave generation zone, the relaxation function prescribes the values for
velocities and free surface from the wave theory used for the simulation and generates waves which are
then released into the working zone of the tank. The objects to be studied are placed in the working zone
of the tank. The wave absorption relaxation zone is located at the end of the working zone of the wave
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NOTATION
U
ρ
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νt
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k
ω
λ
H
d
dx
b
l
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Cm
Cd
F
Fsym

time-averaged velocity
density of the ﬂuid
Pressure
viscosity of the ﬂuid
eddy viscosity of the ﬂuid
acceleration due to gravity
level set function
turbulent kinetic energy
speciﬁc turbulent dissipation rate
wavelength
wave height
water depth
grid size
dimension of the cylinder normal to the ﬂow
dimension of the cylinder along the ﬂow
aspect ratio (b/l)
Morison added mass force coefﬁcient
Morison drag force coefﬁcient
Inline wave force
Inline wave force on a cylinder of square cross-section (AR = 1/1)
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Sinuousness
T.B. Kim & J.-S. Yang

School of Civil and Environmental Engineering, Kookmin University, Seoul, Korea

ABSTRACT: It is well known that the flow in curved channels is much more complex than the straight
channel. Due to the centrifugal force, the helicoidal flow (sometimes, this is called as the secondary current in curved channels) and super-elevation of water surface are induced in curved channels. In order to
simulate such complex flows, 3D numerical model is required. However, 2D numerical model is favorably chosen by practical engineers because of relative simplicity in implementation and application compared to 3D model. The purpose of this study is 2D numerical modeling of open-channel flow in bends in
order to investigate the influence of channel sinuousness and flow discharge on flow characteristics. The
depth-averaged Reynolds equation and finite element method are adopted as governing equation and numerical method for 2D numerical flow model. All of conditions or parameters given through experiments
in sine-generated curved channel with 30°, 60°, and 110° maximum deflection angles are applied identically to numerical model. The results of flow characteristics depending on the flow discharge and channel
sinuousness are analyzed.
Keywords: Meandering, Curved channel, Numerical model
1 INTRODUCTION
Meandering river rather than the straight can be commonly seen in the nature. Therefore, various phenomena occurred in curved channels have been important and interesting topics over the last several decades. Through a lot of researches, it is well known that the flow in curved channels is much more complex than the straight channel. Due to the centrifugal force, the helicoidal flow (sometimes, this is called
as the secondary current in curved channels) and super-elevation of water surface are induced in curved
channels. Due to these flow characteristics in curved channels, point bar and pool are created near the inner bank and the outer bank, respectively, and the bank erosion is threatened by the wall shear stress. In
spite of a lot of researches for decades, many fundamental mechanisms and interrelationships between
geometry and flow conditions are remained as the undiscovered and challenged category.
To investigate the flow characteristics and turbulent structure in curved channels, laboratory experiments have been conducted in recent years by several researchers (Liu et al., 2005; da Silva et al., 2006;
Abad and Garcia, 2009; Blanckaert, 2009; Termini and Piraino, 2011). However, most of these experiments were carried out in one or two specific shaped channel, because physical models have restrictions
on time, space, scale, and costs in their operation and practice. These restrictions make detailed and intensive investigation and further research on flow structure and interrelationship between channel geometry
and flow conditions difficult.
Therefore, in this study, alternatively numerical model is applied to investigate the flow structure in
curved channels. In order to simulate such complex flows in curved channels, 3D numerical model is required. However, 2D numerical model is favorably chosen by practical engineers because of relative simplicity in implementation and application compared to 3D model. The effects of channel sinuousness and
flow discharge on flow structure is investigated with 2D numerical open-channel flow model.
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2 GOVERNING EQUATIONS AND NUMERICAL METHOD
2.1 Governing Equations
The following depth-averaged Reynolds equations are adopted as the governing equations for 2D flow
model.
∂h ∂p ∂q
+
+
=
0
∂t ∂x ∂y

(1)
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(3)

where h = water depth, p and q = unit discharges in the x- and y-directions, respectively, g = gravity acceleration, νt = turbulent viscosity, zb = channel bed elevation, ρ = fluid density, and τbx and τby = x- and ycomponents of the bed shear stress, respectively. The x- and y-components of depth-averaged velocity, u
and v, can be estimated with the relationship of u = p/h and v = q/h, respectively.
τbx and τby are given by applying the Manning’s equation as the followings:

τ bx =

ρ gn 2
h

7/3

p ( p 2 + q 2 ) , τ by =
1/2

ρ gn 2
h

7/3

q ( p2 + q2 )

1/2

(4)

where n = Manning’s roughness coefficient.
The following relationship for turbulent viscosity is adopted.

κ
ν t = U *h

(5)

6

where κ = von Kármán’s constant (≈ 0.41) and U* = shear velocity.
2.2 Numerical Method
To obtain the numerical solution for the open-channel flows, the finite element method is adopted in this
study. The weighted residual equation of Eqs. (1) ~ (3) for FEM is as the following:

 ∂U

∂U
∂U ∂Dx ∂Dy
N* 
+A
+B
+
+
+ F  d Ω =0
Ω
∂x
∂y
∂x
∂y
 ∂t


∫

(6)

where Ω = model domain, and N* = weighting function. The terms of Eq. (6) enclosed in the brackets represent a matrix form of governing equation, in which U is the solution vector, A and B the convection matrices, Dx and Dy the turbulent diffusion vectors, and F the force vector playing a role as a source.
Depending on the weighting function, a various finite element schemes are introduced. In this study,
SU/PG scheme showing the following weighting function is employed.
N i* = N i + ω∆x

∂N i
∂N
Wx + ω∆y i Wy
∂x
∂y

(7)

where Ni* and Ni = weighting and basis functions for the i-th node, respectively, ω = weighting coefficient, and Wx and Wy = weighting matrices in the x- and y-directions, respectively, which are suggested
by Ghanem (1995) as the following:
Wx

A
=
, Wy
A2 + B2

B

(8)

A2 + B2

Δx and Δy in Eq. (7) are estimated as the following which is suggested by Katopodes (1984):
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where ξ and η = local coordinates.
Eq. (6) is applied to all elements within the modeled area. Then, nonlinear equations are obtained,
which are linearized by using the Newton-Raphson method. Through solving the linear matrix system, the
numerical solution for 2D open-channel flow can be obtained.
3 APPLICATION
Xu and Bai (2013) conducted series of experiments with physical models in a small scale. The water was
circulated with a pump and pipe from a tank at tail to channel head. The water discharge was controlled
with a ball valve and measured at tail. The channel was filled with non-uniform sand with a mean grain
size of 0.73 mm. The shape of channels were made as sine-generated with river bank by driving organic
plastic sheets into the bed. The centerlines of channel followed a sine-generated curve as the following:



θ = θ 0 sin  2π

s

L

(10)

where θ = deflection angle at any point following the centerline of channel, θ0 = maximum deflection angle, s = longitudinal coordinate along the centerline of channel, and L = longitudinal wavelength. Xu and
Bai (2013) conducted totally 8 experimental run with the combination of channel sinuosness and water
discharge. The geometric and hydraulic conditions of 6 experimental runs which were chosen in this
study are listed in Table 1.
Table 1. Geometric and hydraulic characteristics in experiments of Xu and Bai (2013)
Max. deflection
Longitudinal
Discharge
Mean depth of
Mean flow veangle (θ0)
wavelength (L)
[m3/s]
water [m]
locity [m/s]
30°
1.0
0.68×10-3
0.0151
0.30
1.55×10-3
0.0344
0.30
60°
2.0
0.68×10-3
0.0227
0.20
1.55×10-3
0.0413
0.25
110°
2.5
0.68×10-3
0.0252
0.18
1.55×10-3
0.0470
0.22

Froude number
0.78
0.52
0.42
0.39
0.36
0.32

Manning’s
roughness (n)
0.0110
0.0193
0.0220
0.0262
0.0262
0.0324

(a) θ0 = 30°

(b) θ0 = 60°

(c) θ0 = 110°
Figure 1. Geography of sine-generated channel for numerical modeling

Channel width and bed slope are 0.15 m and 0.003, respectively, which are identical in all experiments.
All of conditions or parameters given through experiments of Xu and Bai (2013) were applied identically
209

to numerical model. It is noted that Manning’s roughness coefficients in the last column of Table 1 were
estimated for numerical modeling based on the hydraulic data given at Xu and Bai (2013), because they
did not clearly describe the roughness of channel bed. It can be known through these estimation that depending on the physical model scale the extent and effect of channel roughness can be changed, although
bed material and geometry of channel are same.
By using Eq. (10), totally 3 kinds of finite element meshes with linear quadrilateral elements were
made up as shown in Figure 1. When the maximum deflection angles were 30° and 110°, 4 periods of sine-generated curves were used as shown in Figures 1(a) and 1(c), resulting in 9,951 nodes and 9,600 elements composed. When the maximum deflection angle was 60°, 3 periods of sine-generated curves were
used as shown in Figure 1(b), resulting in 7,471 nodes and 7,200 elements composed. Because experiments in laboratory were conducted within the basin with the length of 4 m, these difference of periods
was induced.
Figures 2 and 3 show the comparison of calculated velocity vectors along cross-sections with observation. Both of calculated and observed flow velocity distribution have such a same trend that velocity near
convex bank at a streamwise position is higher than that near concave bank and the maximum flow velocity shifts to the opposite bank from one apex to the next apex. However, flow detachment near the convex
bank just downstream of the apex and reattachment near the concave bank just upstream of the next apex
are observed in experimental results as shown in Figures 2(a) and 3(a) whilst in calculated results the
highest velocity on a cross-section near the convex bank just downstream of the apex is maintained as
shown in Figures 2(b) and 3(b). This is due to the difference of obtained data type. The flow velocities
obtained with numerical model represent values of depth-averaged field, while observed velocities represent those of surface flow field which were measured with particle tracking velocimeter composed with
scattered seeding particles, camera, and analyzing computer program. In curved channels, bulk of fluid
elements is pushed outward from near convex bank toward near concave bank by centrifugal force. Due
to the flow resistance near the bed, fluid elements near the water surface can move outward freely in relative, resulting in the occurrence of super-elevation phenomena. Therefore, it can be inferred that low velocity area near the convex bank just downstream of the apex observed in experiments is just due to tracing lines of suspending particles on water surface which reflect predominant centrifugal force. Pressure
increase near the concave bank due to the super-elevation and compensation for the loss of fluid mass
near the convex bank cause the fluid elements shifted along near channel bed from concave bank toward
convex bank. Therefore, it can be considered that low velocity area as observed in experiment cannot be
caught in numerical model, because outward component near water surface and inward component near
channel bed are depth-averaged and cancelled each other.

(a) Observed

(b) Calculated
Figure 2. Velocity vectors in channel of θ0 = 30°
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(a) Observed
Figure 3. Velocity vectors in channel of θ0 = 110°

(a) Q = 0.68×10-3 m3/s

(b) Calculated

(b) Q = 1.55×10-3 m3/s

Figure 4. Distribution of water depth in channel of θ0 = 110°

(a) Q = 0.68×10-3 m3/s

(b) Q = 1.55×10-3 m3/s

Figure 5. Distribution of mean velocity in channel of θ0 = 110°

Figures 4 and 5 show the calculated results of the distribution of water depth and mean velocity, respectively, in channel bends of 110° maximum deflection angle depending on the flow discharge. These show
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a typical feature of curved channel flow on which the water depth near the concave bank is deeper than
that near the convex bank and the flow velocity near the convex bank is higher than that near the concave
bank. In addition, it is shown that as the water discharge increases, transitional area of water depth and
flow velocity along around the convex and concave banks also increases.
Figure 6 shows the cross-sectional distribution of water depth at apex normalized with the mean depth
of water (h0) corresponding to the fourth column in Table 1. A horizontal axis represents the distance
from the centerline of channel. Left side having negative values shows the approach to concave bank and
right side vice versa. In Figure 6, super-elevation phenomena can be definitely observed. In addition, it is
interestingly observed that as flow discharge increases, the rate of change in water depth decreases. In
general thinking, increase of flow discharge resulting in increase of flow velocity causes the rate of
change in water depth around channel bends increase. However, the calculated results show exactly the
opposite of what it is expected. It may be considered that increase of flow discharge causes the water
depth increase. As a result, gravitational force acts relatively stronger to increased volume of water and
advection of flow tends to dominate. Therefore, the incline of water depth with respect to mean water
depth is less than that of small flow discharge. Additionally, as the maximum deflection angle increases,
the junction point where the water depth coincides with the mean value is shifted toward convex bank.

(a) θ0 = 30°

(b) θ0 = 60°

(c) θ0 = 110°
Figure 6. Cross-sectional distribution of normalized water depth at apex
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4 CONCLUSIONS
In this study, 2D finite element numerical model for open-channel flows was applied to 3 types of sinegenerated curved channel which correspond to 30°, 60°, and 110°, respectively. In each sine-generated
curved channels, 2 kinds of water discharge were used as boundary conditions with identical width and
slope of channel. The calculated results showed such a typical trend of curved open-channel flows that
velocity and water depth near convex bank were higher and shallower, respectively, than those near concave bank and the maximum flow velocity shifted to the opposite bank from one apex to the next apex.
However, low velocity area as observed in experiment could not be caught in numerical model, because
outward component near water surface and inward component near channel bed were depth-averaged and
cancelled each other.
It can be known through numerical modeling that transitional area of water depth and flow velocity
along around the convex and concave banks increases and the rate of change in water depth with respective to mean water depth at apex decreases as the flow discharge increases, and that the junction point
where the water depth coincides with the mean water depth is shifted toward convex bank as the maximum deflection angle increases.
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NOTATION
η
κ
νt
θ
θ0
ρ
τbx
τby
ω
ξ

Ω
g
h
h0
L
N
N*
n
p
Q
q
s
U*
u
v
Δx
Δy
zb
A
B
Dx
Dy
F
U
Wx
Wy

local coordinate in finite element mesh
von Kármán’s constant (≈ 0.41)
turbulent viscosity
deflection angle at any point of sine-generated curve
maximum deflection angle of sine-generated curve
fluid density
x-component of bed shear stress
y-component of bed shear stress
weighting coefficient in SU/PG scheme
local coordinate in finite element mesh
model domain
gravity acceleration
depth of water
mean depth of water
longitudinal wavelength of sine-generated curve
basis function of finite element method
weighting function of finite element method
Manning’s roughness coefficient
x-component of unit discharge
flow discharge
y-component of unit discharge
longitudinal coordinate of sine-generated curve
shear velocity
x-component of depth-averaged velocity
y-component of depth-averaged velocity
length of finite element mesh in x-direction
length of finite element mesh in y-direction
bed elevation
convection matrix in matrix form of governing equations
convection matrix in matrix form of governing equations
turbulent diffusion vector in matrix form of governing equations
turbulent diffusion vector in matrix form of governing equations
source vector in matrix form of governing equations
solution vector in matrix form of governing equations
weighting matrix in x-direction of SU/PG scheme
weighting matrix in y-direction of SU/PG scheme
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Reynolds Stress Modeling of Flow in Compound Channels with
Vegetated Floodplains
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ABSTRACT: Flow in compound channel with vegetated floodplain is complex and efficient modeling of
such flow should include the effects of vegetation on velocity, secondary flow and bed shear stress. In the
present study, computations of the Volume-Averaged Reynolds-Averaged Navier-Stokes equations, in
conjunction with a Reynolds Stress turbulence model based on a vegetation dynamics approach, are performed for a non-symmetrical compound channel of a trapezoidal main channel and a vegetated floodplain. The numerical results agree well with the available experimental data, while the model is capable to
reproduce the evolution of vortices with the stronger one found in the interface region between the main
channel and the vegetated floodplain. The cross-sectional flow characteristics reveal the momentum exchange mechanism between main channel and floodplain due to increased shear stresses and turbulence
anisotropy near the vegetation interface. Also, the analytical SKM method of Shiono and Knight (1991) is
applied for the depth-averaged velocity, together with simple Manning calculations.
Keywords: Vegetation, Compound channel, Secondary flow, Shear stress, Turbulence models
1 INTRODUCTION
In natural rivers, vegetation grows on floodplains, generating complex velocity field within the compound
channel. Due to the velocity difference and the momentum exchange between the vegetated and nonvegetated area, strong shear layer and vortices occur (Liu et al. 2013). Therefore, knowledge of the mechanism of momentum exchange between the main channel and the vegetated floodplain is significant due
to the effect on the discharge capacity of the channel, on erosion processes and on biological and issues.
In the present study three dimensional computations of the VARANS (Volume-Averaged ReynoldsAveraged Navier-Stokes) equations, in conjunction with a Reynolds Stress (RS) model, are performed for
a non-symmetrical compound channel of a trapezoidal main channel and a vegetated floodplain, corresponding to the experimental setup of Yang et al. (2007). The drag effect of the vegetation on the current
is taken into account through additional terms in both the momentum and the RSM equations based on a
vegetation dynamics approach. The additional terms are related to the drag coefficient Cd and the plant
density α, defined as the frontal area per unit volume (m-1). The results are compared against the experiments of Yang et al. (2007). Moreover, the analytical method of Shiono and Knight (1991) is applied for
the depth-averaged velocity, together with simple Manning calculations. The cross-sectional flow field is
presented regarding the streamwise velocity, the shear stresses, the turbulent anisotropy and the secondary
currents, revealing the momentum exchange mechanism at the interface region, between main channel
and floodplain.
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2 GOVERNING EQUATIONS
2.1 Reynolds Stress Turbulent Model
In this section the macroscopic VARANS equations are presented briefly and emphasis is given to the
additional terms, due to vegetation, used in both VARANS and the Reynolds Stress (RS) turbulence
model. The volume averaged continuity and momentum, equations, for fully-developed open-channel
flow are written respectively as follows (Finnigan 2000, Souliotis and Prinos 2010):
𝜕〈𝑈𝑖 〉
𝜕𝑥𝑖

〈𝑈𝑗 〉

=0

𝜕〈𝑈𝑖 〉
𝜕𝑥𝑗

(1)
1 𝜕〈𝑃〉
𝜕
𝜕
��
= − 𝜌 𝜕𝑥 + 𝜕𝑥 〈−u
�����〉
ı uȷ − 𝜕𝑥 〈𝑈𝚤 𝑈𝚥 〉 + 𝑆𝑚𝑖
𝑗

𝑗

𝑗

(2)

where Ui = fluid velocity in the xi direction (U, V, W in the direction x, y and z respectively), ρ = fluid
�����〉=
Reynolds stresses and Smi= extra drag term due to the presence
density, P = effective pressure, 〈−u
ı uȷ
of vegetation. The symbol 〈 〉 indicates averaged values over a fluid volume. The third term of the right
hand side is an “additional dispersive” term, due to correlation of spatial deviations of the mean velocity
components, which can be assumed negligible in flows with high vegetation density. The pressure term in
Eq. (2), for the streamwise velocity U, in a channel with slope S0 is calculated as:
1 𝜕〈𝑃〉

𝜌 𝜕𝑥𝑗

(3)

= −g𝑆0

The extra drag term in Eq. (2) , is modelled according to Ayotte et al. (1999), as:
1

(4)

𝑆𝑚𝑖 = 2𝜑 𝐶𝑑 𝛼|𝑈|〈𝑈𝑖 〉

where Cd = drag coefficient, α = plant density, defined as the frontal area per unit volume (m-1) and φ =
vegetation porosity. Similar terms, accounting for vegetation effects, are included in the transport equations of the modified Reynolds stress turbulence model, based on the Ayotte et al. (1999) model (not presented here for the sake of brevity). The extra term, used in the transport equations for the normal stresses, Sstr. is written as:
1

𝑆𝑠𝑡𝑟. = 3𝜑 0.5𝐶𝑑 𝛼|〈𝑈〉|3

(5)

The additional dissipation term 𝑆𝜀 in the 𝜀 equation (𝜀 = dissipation rate of turbulence kinetic energy), accounting for vegetation effects, is calculated as:
1

−1
𝑆𝜀 = 2𝜑 𝑡𝑒𝑓𝑓
𝑑𝑖𝑖

(6)

where dii= the foliage contribution associated with work against pressure and viscous drag on the vegetation (Ayotte et al. 1999) and teff= time scale variable, based on geometrical and turbulence characteristics
(Uittenbogaard 2003). A more detailed analysis of the modified approach of the RSM Ayotte et al. (1999)
model can be found in Souliotis and Prinos (2010).
2.2 Analytical SKM Method
In this section the analytical SKM is presented. Based on the momentum Eq. (2) for the streamwise velocity U, the equation for the depth-averaged velocity Ud is derived as follows:
𝜌�

𝜕𝐻(𝑈𝑊)𝑑
𝜕𝑧

� = 𝜌𝑔𝐻𝑆0 +

𝜕𝐻𝜏�
𝑥𝑧
𝜕𝑧

1

− 𝜏𝑏 − 2𝜑 𝜌𝐶𝑑 𝛼𝐻𝑈𝑑2

(7)

where the index d refers to depth averaged quantity, H=water depth, 𝜏̃ 𝑥𝑧 = turbulent shear stress, 𝜏𝑏 = bed
shear stress. The stresses 𝜏̃𝑥𝑧 and 𝜏𝑏 are calculated as 𝜏̃𝑥𝑧 = 𝜌𝜀̃𝑥𝑧 𝜕𝑈𝑑 /𝜕𝑧, 𝜏𝑏 = (𝑓/8)𝜌𝑈𝑑2 where 𝜀̃𝑥𝑧 is
the turbulent viscosity (𝜀̃𝑥𝑧 = 𝜆𝑈∗ 𝐻, 𝜆=0.07 is turbulence constant and 𝑈∗ = shear velocity) and f is the
Darcy – Weisbach friction coefficient.
The left hand side of Eq. (7) denotes the secondary flow. The first term of the right hand side is the
gravity term, the second term is the turbulent shear stresses, the third term is the bed shear stress and the
last one is the extra drag term due to vegetation. The analytical solution to Eq. (7) is given as 𝑈𝑑 =
(𝐴1 𝑒 𝛾𝑧 + 𝐴2 𝑒 −𝛾𝑧 + 𝑘)1/2 where Α1 and Α2 constants (different for the vegetated and the non vegetated
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5 CONCLUSIONS
The main conclusions from the numerical study of Reynolds stress modeling of flow in compound channels with vegetated floodplains can be summarized in the following:
− The turbulence penetration through the vegetation interface is evident with increased stresses and turbulence anisotropy near the vegetation interface, due to the momentum exchange between main channel and floodplain.
− The secondary flow is considerable especially in the main channel near the vertical interface with the
vegetated floodplain (~8% of Umean). The numerical model is able to reproduce the evolution of vortices with the stronger one found in the interface region. The vortical pattern is in accordance with the
experimental findings of Yang et al. (2007).
− The analytical SKM method overestimates the mean velocities of such channels and the depth averaged velocity profiles is not efficiently reproduced near the vertical interface due to the weakness of
the model to describe accurately the momentum exchange between the main channel and the vegetated
floodplain.
− The separate channels method, based on the vertical interface, estimates better the mean velocity, in
comparison with the numerical one, for the lower relative depths (Dr=0.15 and 0.30), while for the
higher one (Dr=0.56) the simple channel method estimates better the mean velocity.
NOTATION
plant density, defined as the frontal area per unit volume (m-1)
parameter used in the SKM method for the non vegetated region
dissipation rate of turbulence kinetic energy
turbulent viscosity
turbulence constant =0.07
fluid viscosity
ρ
fluid density
𝜏�
turbulent
shear stress
𝑥𝑧
τb
bed shear stress
𝜑
vegetation porosity
Δx,Δy,Δz dimensions of the computational cells the direction x, y and z respectively
b
main channel width
dii
the foliage contribution associated with work against pressure and viscous drag on the vegetation
d
vegetation cylinder diameter
f
Darcy – Weisbach friction coefficient
g
gravity acceleration
h
main channel bankfull height
k
parameter used in the SKM method for the vegetated region
smc
main channel side slope
teff
time scale variable used for calculation of Sε
〈−u
Reynolds stresses
�����〉
ı uȷ
A
cross sectional area of flow
A 1, A 2
constants used in the SKM method for the vegetated and the non vegetated region
B
channel width
Cd
drag force coefficient
Dr
relative depth ratio (H-h/H)
H
total depth flow
P
effective pressure
Ph
wetted perimeter
Rh
hydraulic radius (A/Ph)
Re
Reynolds number
S0
channel bed slope
Smi
extra drag term in momentum equation due to the presence of vegetation
Sstr
extra term in transport equations of the Reynolds normal stresses
Sε
extra drag term in transport equation of dissipation rate of turbulence kinetic energy
U, V, W fluid velocity in the direction x, y and z respectively
Ud
depth averaged streamwise velocity
Umean
average velocity of the channel cross-section
𝑈∗
friction velocity
𝛼
γ
𝜀
𝜀�
𝑥𝑧
𝜆
𝜈
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ABSTRACT: This study investigated the effect of yaw angles (𝛼) on the hydrodynamic forces of a square
cylinder oscillating in still water. The independent principle (IP), which is generally applicable for the
steady current, was examined in oscillating flows. The in-line and transverse forces were measured with a
load cell at different Keulegan-Carpenter (KC) numbers and Stokes parameters (𝛽). The normalized drag
(𝐶𝐷𝑁 ) and inertia (𝐶𝑀𝑁 ) coefficients were evaluated with the least square method by minimizing the difference between measured in-line force and the theoretical value predicted by the Morison equation. The
spectrum of lift force and the normalized root-mean-square (𝐶𝐿𝑟𝑚𝑠𝑁 ) lift coefficients were examined to illustrate the cylinder yaw angle effect. Significant differences are observed for KC in the range of 8~20,
where 𝐶𝐷𝑁 at 𝛼 = 45° is about 50% higher than that at 𝛼 = 0°, indicating the invalidity of the IP in oscillating flow over this KC number range. The inertia coefficient 𝐶𝑀𝑁 , however, decreases with the increase of yaw angle, except for KC = 10~18, where a sudden drop of 𝐶𝑀𝑁 is found to be absent for 𝛼 =
45° and the magnitude of 𝐶𝑀𝑁 at 𝛼 = 0° is the smallest. The high peak on the spectrum of the lift force
time series reflects the increase of vortex shedding energy as the yaw angle become larger. In addition,
some influences of yaw angles on lift coefficients are also observed despite they are not as significant as
that on 𝐶𝐷𝑁 or 𝐶𝑀𝑁 .
Keywords: Hydrodynamics, Yawed square cylinder, Oscillating flow

1 INTRODUCTION
Oscillating flows around a cylindrical structure are of theoretical and practical importance due to its intrinsic interest in theoretical hydrodynamic research and relevance to practical engineering applications.
Knowledge of environmental hydrodynamics is essential in both the design and operation of offshore
structures, such as semisubmersibles and tension leg platforms. For some cylindrical structures, owning to
their directionality, the sea waves can approach the structures obliquely. In these cases, the fluid velocity
in the axial direction of the structure is not negligible, which may have profound effects on vortex instability, vortex regime classifications and force characteristics. For a yawed circular cylinder, it has been
found that over a certain range of yaw angle the normalized Strouhal number (𝑆𝑡𝑁 = 𝑓0 𝑑/𝑈𝑁 , where 𝑓0
is the vortex shedding frequency, 𝑑 is the diameter of the cylinder and 𝑈𝑁 is the velocity component
normal to the cylinder axis) and the normalized drag coefficient (𝐶𝐷𝑁 = 𝐹𝐷 /(0.5𝜌𝑈𝑁2 𝑑), where 𝐹𝐷 is the
drag force and 𝜌 is the density of the flow), are the same as those when the cylinder encounters a normal
incidence flow. This is normally known as the Independence Principle (IP). A number of studies on a
yawed circular cylinder have been reported to describe the variation of hydrodynamic coefficients as a
function of Keulegan-Carpenter number (KC = 𝑈𝑚 𝑇/D, where 𝑈𝑚 is the maximum velocity of the sinusoidal oscillation) and Stokes number (𝛽 = 𝑅𝑒/KC, where 𝑅𝑒 is Reynolds number).
According to the results from a test with harmonically oscillated flow about a yawed cylinder by
Sarpkaya (1982), the independent principle does not apply due to the significant derivation in 𝐶𝐷𝑁 for the
inclined cylinder from the vertical one, except in the high KC drag-dominated range where it may be valid. It is also stated that in waves the independent principle may not apply at all. Cotter and Chakrabarti
(1984) measured the oscillatory wave forces on a fixed yawed cylinder at three angles of 0°, 30° and 45°.
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Figure 2. Two typical static calibration curves.

Calibration of the load cell has been done by the manufacture. To avoid the influence of moment due to
eccentric force, as well as the water trapped effect, more calibrations are needed before the start of experiment. By placing the model horizontally and hanging some known amount of weight at different locations along the cylinder, the actual weight and the measured weight can be compared and a calibration
factor can be found. Extensive static calibration in both the ±𝑥 and ±𝑦 directions indicated that the
measured force is practically linearly proportional to the distance between the force acting point and the
center of load cell (Figure 2). Considering the resultant force point for water depth of 0.40m, the calibration factors for both in-line and transverse directions were determined. The interval between two consecutive test cases was set to at least 1 minute to make sure the water surface totally level out. The sampling
frequency was set at 200Hz. Some noise can be found in the measured signals due to the high sensibility
of the load cell, drift of force signals, as well as the mechanical vibration during the oscillation. Filtering
and modification have been applied to signals for further processing. Table 1 lists the experimental parameters for the vertical square cylinder (𝛼 = 0°).

Table 1. Experiment parameter ranges for the square cylinder
______________________________________________
____________
_____________
Period (s)
Amplitude (m)
𝑈𝑚 (m/s)
KC

Re

1.0

0.02~0.15

0.12~0.94

3~24

5000~38000

1600

1.5

0.02~0.18

0.08~0.75

3~28

3400~30000

1067

2.0

0.02~0.20

0.06~0.63

3~31

2500~25000

800

2.5

0.02~0.20

0.05~0.50

3~31

2000~20000

640

3.2

0.04~0.20

0.07~0.39

5~31

2700~16000

500

𝛽

3 RESULTS AND DISCUSSION
3.1 In-line force
In waves and oscillating flows, the total forces can be expressed using Morison Equation:
π

1

(1)

π

1

(2)

F = CM ρ 4 D2 u̇ ds + CD 2 ρDu|u|ds

where F is the total in-line force, CM is the inertia coefficient, CD is the drag coefficient, D is the diameter of cylinder, u and u̇ are the flow velocity and acceleration, ρ is the density of water and ds is the
immersed length of the cylinder in water. The first term of the right-hand side of the equation is the inertia force due to the flow acceleration and second term is the drag force related to flow velocity. Here CM
=1+CA , CA is the added mass coefficient and 1 accounts for the hydrodynamic force from pressure gradient which is required to accelerate the flow. However, for a cylinder oscillating in still water, the pressure is no longer required and only the added mass is used in Morison Equation:
F = CA ρ 4 D2 u̇ ds + CD 2 ρDu|u|ds
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different KC numbers at β = 1600 are presented in Figure 4, and compared with previously published results. Considering the large uncertainty of force measurements in oscillatory flows, the two hydrodynamic
coefficients show very well agreement with the other experimental results at approximately the same β
numbers (Obasaju et al., 1988; Yuan, 2013), validating the present experiments. Some small discrepancies, however, are inevitable due to the different experimental setup and experimental uncertainties. For
the cases with apparent discrepancies, tests were repeated several times to eliminate the probability of experiment errors and minimize the relative uncertainties to less than 5%.
The drag coefficients of the square cylinder at different yaw angles are shown in Figure 5. Only the results at β = 1067 are demonstrated here due to the similar features and the limitation of the paper length.
Generally, CDN decreases with KC number for α = 0°. When KC becomes large enough, CDN approaches gradually to approximately 1.8, where the flow is considered as quasi-steady flow and the drag
coefficient tends to the value in steady currents (Laya et al., 1984). Sumer and Fredsoe (2006) suggested
that the transverse vortex street will disappear and the shedding vortices will form a vortex street parallel
to the oscillatory direction as KC is increased beyond 13, in much the same way as in the steady current.
When the cylinder is inclined to the flow, a significant difference can be observed in the drag coefficients
for different yaw angles when KC ≤ 5 in that CDN at α = 45° is larger than that of other angles, which
corresponds well with the results of the yawed circular cylinder by Sundar et al. (1998). For KC in the
range of about 8 and 20, there is a dramatic deviation of CDN at α = 30° and 45° from that of other angles. Specifically, CDN almost keeps constant for α = 0° and 15°, and increases as α = 30° and 45°.
Particularly the difference of CDN between α = 0° and 45° can be more than 50% at some KC numbers
and is too big to attribute to the experimental uncertainties. The present results are similar to that of a circular cylinder from Sarpkaya et al. (1982), who found the significant increase in CDN is absent for yawed
cylinders for KC in the range of 8 to 25, showing a trend of decrease in the magnitude of CDN for α =
45°. This result indicates the invalidation of IP in the oscillating flow over this KC range.

Figure 5. Drag coefficients of yawed square cylinder for different KC numbers at 𝛽 = 1067.

Figure 6. Inertia coefficients of yawed square cylinder for different KC numbers at 𝛽 = 1067.

With regard to a circular cylinder, a negative value of CA (CM < 1) has been found around 10 ≤ KC ≤
18 for some β numbers, which commonly referred as the ‘inertia crises’ (Sumer and Fredsoe, 2006). For
the inertia coefficient CM of a square cylinder (Figure 6), a sudden drop in CM can also be observed at
around KC = 12~18 for all the angles. The largest difference in CMN between the yawed cylinder and
the vertical one is also observed over this KC range (Figure 6). Within this range, CMN increases significantly as α increases, especially for α = 45°. The variation of CMN in the whole measured KC range
demonstrates a level trend without trough, which is in accordance with the yawed circular cylinder results
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that the existence of the yaw angle may have an increasing effect on the vortex shedding process. Attentions should also be drawn to the advanced appearance of the local maxima on the CLrms distribution
when α increases. As the KC number is determined by the component of maximum oscillating velocity
normal to the cylinder axis, for a certain KC the larger oscillating amplitude should be expected for the
cylinder with larger yaw angles. Therefore, the larger oscillating amplitude may induce the corresponding
vortex shedding regime.
4 CONCLUSIONS
A well-controlled experimental investigation has been conducted on a square cylinder in terms of the hydrodynamic forces in oscillating flows. The effect of the cylinder yaw angles on the hydrodynamics has
been examined. Quantitative comparisons were made between the square cylinder and the circular cylinder to demonstrate the similarities and differences between the two types of cylinders. The main conclusions are summarized below:
The magnitude of 𝐶𝐷𝑁 increases as the yaw angle increases for the square cylinder, which is opposite
to that of the yawed circular cylinder. However, for both kinds of cylinders, the most significant difference among yaw angles are observed in the range KC = 8~20, indicating the invalid of IP in oscillating
flows over this KC number range.
The inertia coefficient 𝐶𝑀𝑁 , decreases with the increase of the yaw angle. Except in the range of KC
= 10~18, where a sudden drop of 𝐶𝑀𝑁 is absent for 𝛼 = 45° and the magnitude of 𝐶𝑀𝑁 at 𝛼 = 0° is
the smallest. Similar to the circular cylinder results, the deviation of 𝐶𝐷𝑁 and 𝐶𝑀𝑁 observed at different
angles in the range KC = 8~20 is attributed to the disruption of the transverse vortex street.
Unlike the results of yawed circular cylinder, from which a reduction of the vorticity structure due to
the yaw angle was found, the increase of 𝛼 may intensify the vortex shedding process behind a yawed
square cylinder. This is verified by the increase of the peak energy on the lift force spectra as the yaw angle increases. As 𝐶𝐿𝑟𝑚𝑠 is also closely related to the vortex shedding and the motion history, the increasing trend corresponds well to the intensified peak energy of the lift force spectra as the yaw angle increases.
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ABSTRACT: Wind-induced flow and transport processes were investigated in Icó-Mandantes bay, a
branch of the São Francisco river, Brazil. Aim of the study was to analyze the effects of the wind on the
water body and on the interaction between the São Francisco river and the bay, for different scenarios and
different wind conditions. It was found out that while the velocities in the bay remained relatively small
(mm/s), they were significantly increased by the wind shear stress. Additionally, a tracer was injected at
different locations in the area to simulate the spreading of a contaminant. An increase of tracer exchange
between the river and the bay was observed.
Keywords: Wind-induced flow, 2D shallow water model, Parameter study
1 INTRODUCTION
Turbulent mixing in reservoirs and lakes is primarily caused by wind which is the principal source of the
required mechanical energy. Wind-induced flow was an object of a wide range of studies, on the field and
in laboratory experiments (Tsanis, 1989). Facing the complexity in studying water flow and circulations
in bays, nowadays the aid is found in numerical models, which simulate shallow water and transport.
In this work a two-dimensional shallow water model was used in order to investigate wind-induced
flow in Icó-Mandantes bay, North-East Brazil. The model is implemented in the Hydroinformatics Modelling System (HMS), a Java-oriented software framework, developed at the Chair of Water Resource
Management and Modeling of Hydrosystems, Technische Universität Berlin. Previous research on IcóMandantes bay showed that no significant exchange of water and matter between the bay and the São
Francisco river occurred and that the water in the bay was almost stagnant (Özgen et al., 2013). The study
was conducted without considering the influence of the wind. In this regard a method was implemented in
HMS, in order to consider the wind shear influence on the water body and to analyze the interactions between the bay and the main stream.
The study area is located in the Itaparica reservoir in the state of Pernambuco, North-East Brazil. The
reservoir is upstream the Louis Gonzaga dam, formerly known as Itaparica dam, built with the purpose of
water storage, mainly for power generation. Nowadays it also serves to develop large areas of irrigation
agriculture, abstraction of drinking water, fishery and aquaculture. Over the past twenty years, the demand for energy has increased and the uses of water are multiple. This, combined with the climate
change, is leading to significant environmental impacts, as well as increasing pressure on the aquatic systems and sedimentation in the inflow area, water losses and a trophic upsurge with severe eutrophication
related processes (Gunkel and Sobral, 2013). The INNOVATE project (INterplay among multiple uses of
water reservoirs via inNOVative coupling of substance cycles in Aquatic and Terrestrial Ecosystems) was
born in this context. It is funded by the BMBF (Federal Ministry of Education and Research), with the
aim to develop a sustainable reservoir management for the region and to find suitable solutions for the
conflicts about the multiple uses of the basin.
As part of the INNOVATE project, this work investigates the interaction of Icò Mandantes bay and
São Francisco river with a numerical model which simulates flow and transport processes. This model
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should help to get deeper insight into the relevant parameters and processes and into water reservoir eutrophication and its nutrient concentration limits as well as to determine mitigation measures.
2 MATERIAL AND METHODS
2.1 Governing Equations and Modeling System
The model is based on the depth-averaged two-dimensional shallow water and transport equations. The
equations are derived from the principles of conservation of mass and conservation of momentum and
they are non-linear and hyperbolic. These equations are applicable only to free surface flows. The other
underlined assumptions are hydrostatic pressure in gravity direction, slow bottom inclinations and depthaveraged variables. Physical and turbulent viscosity are neglected in this work. At right hand side of the
momentum equation there are both the bottom friction and the surface friction terms. The first is computed with the Strickler Law, with a roughness coefficient of 50 m1/3/s, which is kept constant for every simulation run. The Flather’s approach was used to compute the wind stress. The determination of the wind
coefficient depends on the intensity of the wind velocity. The 2D shallow water equations in the conservative form can be written as:
(1)
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𝜌

(2)

𝜕𝑦

where 𝒒 = storage vector, 𝒇 = flux vector, 𝒔 = source vector, 𝒗 = velocity vector, 𝜈𝑡 = turbulent viscosity
(assumption: 𝜈𝑡 = 0), 𝜏𝐵 = bottom shear stress, ℎ = water depth, 𝑟 = mass sink/source term (e.g. rainfall,
infiltration), 𝑔 = gravity acceleration, ρ = fluid density, 𝜌𝑎 = air density, 𝐶𝐷 = wind coefficient and 𝑧𝐵 =
bottom elevation. The depth-averaged transport equation as follows:
𝒒 = [𝑐ℎ] , 𝒇 = [𝒗𝑐 − 𝐷∇(𝑐ℎ)] , 𝒔 = 𝑟𝑡

(3)

with 𝑟𝑡 = tracer mass sink/source term, 𝐷 = turbulent diffusion and 𝑐 = concentration. The wind coefficient
necessary to compute the shear stress in Equation (2) can be calculated by Flather’s approach as:
𝐶𝐷 = (0.63 + 0.066 ∙ 𝑣𝑤 ) ∙ 10−3 , if 𝑣𝑤 < 5 m/s

𝐶𝐷 = (−0.12 + 0.137 ∙ 𝑣𝑤 ) ∙ 10−3, if 5 ≤ 𝑣𝑤 ≤ 19.22 m/s
𝐶𝐷 = 2.513 ∙ 10−3, if 𝑣𝑤 > 19.22 m/s

(4)

with 𝑣𝑤 = intensity of the velocity of the wind, at 10 m above the surface level.
The modeling system used was Hydroinformatics Modelling System (HMS), a Java-oriented software
framework, developed at the Chair of Water Resource Management and Modeling of Hydrosystems,
Technische Universität Berlin. In HMS the two-dimensional shallow water and transport equations are
discretized with a cell-centered finite volume method using a high resolution scheme in space (Hou et al.
2012, 2013) and an explicit forward Euler method in time. An overview of the software architecture and
model concepts can be found in Busse et al. (2012) and Simons et al. (2012, 2014).
2.2 Study site and Computational Domain
Icò-Mandantes bay is located in the Itaparica reservoir, in the semi-arid State of Pernambuco. The area is
crossed by the São Francisco river, the longest of Brazil, about 2,914 km, damed up by the Louis Gonzaga dam, built around the 80s. The Itaparica reservoir is a large basin of about 828 km2. It has a regulated mean outflow of 2,060 m3/s and a mean water elevation of 302.8 m (source of the hydrological data:
CHESF, Companhia Hidro Elétrica do São Francisco). For sake of simplicity the Icò-Mandantes bay will
be further referred to as “the bay” and the São Francisco river as “the main stream”.
Wind data from May 2002 until May 2013 were provided by a weather station in the city of Floresta,
with an approximate distance of 30 km to the study site. The source was a database (SINDA, Sistema
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1 % of the initial value (ca. 0.6 %), then reached a maximum of 10 % after 1 day and then started to decrease. After ca. 1.5 days the tracer spread widely inside the bay with concentrations between 2.0 and
4.0 %. It can be seen in Figure 5 (down) that it was also transported in percentages lower than 1 % inside
the circular currents of the main stream. Since then, the concentrations inside the bay decreased quickly.
The spreading affected the whole bay, but after less than 2 days the concentrations were already much
lower than 1 %.
4 CONCLUSIONS AND OUTLOOK
Wind shear stress induced flow and transport processes in Icó-Mandantes bay were simulated with the
shallow water flow and transport model HMS.
When wind effects were not taken into account, the water in the bay was stagnant and along the main
stream the velocities assumed the order of cm/s. The influence of the wind affected the velocities and the
currents inside the bay, with an increase of about 1 order of magnitude for the mean wind and of about 2 3 orders of magnitude for the extreme wind. A moderate flood seemed to not relevantly affect the interaction between the main stream and the bay and the velocities in the study site, compared to the effect of the
wind, also because the value of 4688 m3/s is moderate for a big reservoir as the Itaparica. The spreading
of a substance in the area was simulated injecting a tracer in two different points and observing the results
in terms of concentration and width of spreading. Only when the injection point was chosen along the
northern boundary, directly inside the distinct flow that enters the bay, the interaction occurred, with different timing and intensities, depending on the case under consideration. It was observed that turbulent
diffusion had an impact on the results. No certain information about its value were available, therefore
other diffusion coefficients (e.g. 10-4) could be further investigated.
The eventual uncertainty of this work is due to the lack of data. The wind data were available just from
one station (Floresta, ca. 30 km from the bay) and only for the last 12 years. Despite that, the results could
help the other sub-project partners of the INNOVATE, the stakeholders (as CHESF, Hydroelectric Company of São Francisco), the Brazilian partners and others to better understand the behaviour of Icó- Mandantes bay and the interaction with the main stream. In future work a 3D model of the Icò-Mandantes bay
and a water quality model will be set up. Further, climate and land use change as well as stakeholderdefined scenarios will be investigated.
NOTATION
𝒒
𝒇
𝒔
𝒗
𝑢, 𝑣
𝑣𝑤
𝜈𝑡
𝜏𝐵
𝑟
𝑟𝑡
𝑧𝐵

ρ

𝜌𝑎
𝐶𝐷
𝐷
𝑐
ℎ

storage vector
flux vector
source vector
velocity vector
x- and y- components of the velocity [m/s]
intensity of the velocity of the wind, at 10 m above the surface level [m/s]
turbulent viscosity [m2/s]
bottom shear stress [N/m2]
mass sink/source term [m/s]
tracer mass sink/source term [m/s]
bottom elevation [m]
fluid density [kg/m3]
air density [kg/m3]
wind coefficient [-]
diffusion coefficient [m2/s]
concentration [-]
water depth [m]
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ABSTRACT: Breakwaters are structures built to protect the harbour, anchorages or marina basins from
the onslaught of ocean waves. In addition, breakwaters enable safe navigation of vessels in and out of a
harbour by providing the clam water conditions. Depending on the design requirements, breakwaters can
be permeable for better water circulations. In the present study the hydrodynamic performances of single
permeable screen are investigated. Experimental and numerical model tests are carried out to estimate the
reflection and transmission coefficients of permeable barriers. The details of model, analysis and results
are presented in this paper.
Keywords: Permeable screen, Reflection, Transmission and numerical wave tank
1 INTRODUCTION
In places, where certain degree of transmitted waves is permitted, breakwaters shall be of permeable/porous barriers/screens, which may lead to economical protection from waves in harbors or marinas
(Isaacson et al., 1998). It is essential to understand the hydrodynamic characteristics of such permeable
screens for efficient design. In general, the wave structure problems are investigated through, analytical,
numerical and experimental methods. With increase in the computational infrastructures, numerical models are preferred over experimental model, as they are time consuming and expensive. The analytical
methods can be applied to problems with simple mathematical models, geometries and boundaries conditions (Monica et al. 2010). The evolution of Computational Fluid Dynamics (CFD) has opened the window for the development of complex geometry and their dynamic interaction with fluids. The main goal
of the present study is to develop a numerical wave tank, using a two dimensional (2D) numerical model
based on Volume of Fluid model (VOF) to estimate the hydrodynamic characteristics of permeable barriers. Experimental tests are also carried out to measure the reflection and transmission characteristics of
permeable barriers and the same are used to fine tune the numerical wave tank boundary conditions.
2 EXPERIMENTAL INVESTIGATIONS
The experimental study is carried out in a 50m long, 0.98m wide and 1m deep physical wave tank facility
in the Department of Civil Engineering, Indian Institute of Technology Bombay. One end of the wave
tank is installed with a piston-driven wave maker that can generate regular waves of desired periods and
heights. A sloping beach is provided at the other end of the wave tank for wave absorption. At the centre
of the wave tank, a 5m wide glass wall is fitted to observe the physical phenomenon. Three wave probes
are installed on the seaward side of the barrier to measure the composite incident and reflected waves,
whereas one wave probe is installed on the leeward side to register the transmitted wave elevations, as
shown in Figure 1. The spacing between three wave probes is estimated as per the guidelines of Mansard
and Funke (1980). The details of wave train generated inside flume are given in table 1.
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Table 1. Details of experimental program.

Water depth

Wave period

Wave heights

(d, m)

(T, sec)

(H, m)

0.5

1.5

0.05, 0.075, 0.1

1.8

0.05, 0.075, 0.1

2

0.05, 0.075, 0.1

1.5

0.05, 0.075, 0.1

1.8

0.05, 0.075, 0.1

2

0.05, 0.075, 0.1

0.75

Figure 1. Longitudinal sectional view model setup in wave tank.

3 NUMERICAL MODELLING
A numerical wave tank with dimensions similar to the experimental tank is developed, the schematic of
which is presented in Figure 2. The perforated barrier model, in terms of boundary conditions, is considered in the middle of the numerical wave tank. A special boundary condition, to represent the piston type
wave maker, is used to generate the waves at one end. Similar to physical wave tank, a numerical wave
absorber, in terms of slope bed, is adopted at other end of the tank to dissipate the incident wave energy.

Figure 2. Schematic diagram of numerical wave tank.

The model domain is discretized with quad scheme with map type for rectangular region, and tri with
pave for triangular region (slope boundary) as shown in Figure 3. The size of mesh in x and y direction is
0.05m respectively, and total number of elements are 19790. With this grid resolution, the total time for
CPU processing is 4 hour for wave simulation of 2 minutes.

Figure 3. Typical numerical grid for the numerical wave tank.
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The two dimensional numerical model, based on Volume of Fluid model (VOF), solves the following
continuity and momentum equations.
Momentum equation

∂u
∂u
∂u
∂P
+u
+v
=
−
+
∂t
∂x
∂y
∂x

 ∂ 2u ∂ 2u 
μ 2 + 2 
∂y 
 ∂x

(1)

∂v
∂v
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∂P
+u +v =
−
+
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μ 2 + 2 
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(2)

Continuity equation
∂u ∂v
+
=
0
∂x ∂y

(3)

In which P = pressure and μ = viscosity, and u and v are velocities in two coordinate systems x and y respectively.
The numerical wave tank is imposed with four different surrounding boundary conditions, as described
in Figure 2. The inlet left boundary is controlled by the wave maker motion, the displacement of which is
given by;
H0
4 sinh 2 kd
=
2e 2kd + sinh 2kd

(4)

Where; 𝐻0 =Wave height, 𝑒=Amplitude of wave maker displacement, d=Water depth and 𝑘=Wave
number.
The bed of the numerical wave tank is imposed with wall boundary condition, in which the normal
gradient of potential function should vanish, as;
∂∅
=0
∂n

(5)

The thin porous medium has a finite thickness over which the pressure change is defined using viscous
loss and inertial losses (Ansys 2009). The porous boundary condition for the case of simple homogeneous
porous media is given as;
1
μ

∆P =−  ϑi + C ρ υ υi  ∆m
2
α


(6)

Where, ΔP = Pressure difference, Δm = thickness of medium, α = Permeability, C= Inertial Resistance
factor, μ = Laminar fluid flow, υ = Velocity normal to the face.
The wave characteristics inside the numerical wave tank are controlled by the maker boundary conditions and the reflected and transmitted waves off permeable boundary are controlled by the inertial resistance coefficient. The boundary condition is summarized in table 2 along with other parameters setting
applied in numerical model.
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and 20%) of the permeable screens are considered for the present study in a constant water depth, d of
0.5m. The inertial resistance coefficient is adjusted in the permeable boundary condition, so as to match
with the experimentally measured wave elevations.
The wave elevations estimated from the numerical wave tank is compared with that of obtained from
experiments, as typically shown for d=0.5m, P=20% and H/L=0.0265 in Figure 7, clearly demonstrates
the agreement. The typical wave elevations shown in that figure are extracted on the seaward and leeward
side of the permeable barrier. It is clear from the figure that the numerical model capable of estimating the
reflected and transmitted wave elevations.

Figure 7. Time series comparison with experimental studies for H/L=0.0265 and P=20%.

Reflection and Transmission characteristics
Both experimental and numerical wave elevations obtained from the three seaward probes were subjected
to analysis to get the average reflection coefficient, Kr. The wave elevations measured on the leeward
side of the barrier are subjected to statistical analysis to the transmitted wave height, which is then normalised with incident wave height to get the transmission coefficient, Kt. The variation of Kr and Kt with
relative water depth, d/L for different porosities are shown in Figure 8. It observed from the figures that
Kr increases with increase in d/L for all three wave heights, due to the fact that the shorter waves are reflected back without getting attenuated. Higher reflections of waves are observed for lesser barrier porosity, as they offer more resistance to the flow of waves through it. The Kt is observed to be decreasing with
increase in d/L, due to the fact that the longer waves are past the barrier without significantly reflected
from the barrier.
The variation of Kr and Kt with porosity for a particular wave period, T=1.5s, shown in Figure 9,
demonstrates the effect of porosity on the reflection and transmission wave characteristics. It is observed
from the figures that the numerical model capable of predicting the hydrodynamics of permeable barriers.
As mentioned earlier, the inertial resistance coefficients on the permeable boundary conditions, eqn.
(6) are adjusted by trial and error method, for each of the barrier porosity to obtain wave elevations close
to that of experimentally measure elevations. An attempt is made in the present study, to explore the relation between the resistance coefficient and the barrier porosity. The final inertial resistance coefficients
obtained for all the tested barrier porosities are shown in Figure 10. It is observed from the figure that the
resistance coefficient decreases with increase in barrier porosity, as observed in the experiments. It is also
observed that the resistance to the waves through the permeable barriers increases with increase in wave
steepness, as seen in Figure 10b.
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(a) H=0.1m

(b) H=0.075

(c) H=0.05m
Figure 8. Variation of Kr and Kt with d/L.

Figure 9. Variation of reflection and tranmission with porosity of the barrier.
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(a) effect of porosity

(b) effect of wave steepness

Figure 10. Variation of interial resistance coefficient.

5 CONCLUSION
A numerical wave tank is developed to estimate the hydrodynamics of permeable barriers. The reflection
and transmitted wave elevations obtained from the numerical wave tank are compared with that obtained
from an experimental investigation and found to be in agreement. The inertial resistance coefficients, representing the permeable boundary conditions in the numerical wave tank, are obtained by comparing the
wave elevations of experimental program. A relationship between the barrier porosity and the inertial resistance coefficients is also established through the present study.
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ABSTRACT: Recently the single relaxation time Lattice Boltzmann Method (hereinafter LBM) has considerably spread in Computational Hydraulics. Such a diffusion is motivated by the fact that the corresponding numerical algorithm is much simpler than the ones derived from “classical” hydraulic models,
such as e.g. the Shallow Water (hereinafter SW) equations. The main drawback of the standard LBMbased model of the SW equations is that it cannot simulate transcritical and supercritical SW flows, which
very often occur in realistic situations. Such a serious shortcoming depends on the low number of lattice
velocities usually adopted in standard LBM-based models of SW equations. If the number of lattice velocity is arbitrarily increased (i.e. an infinite number of lattice velocity is adopted), numerical simulations
of transcritical and supercritical SW flows are possible. This is the basic idea of the Gas Kinetic Method
(hereinafter GKM), recently extended to the simulation of SW flows. The aim of this work is to assess the
ability of the finite volume formulation of the GKM recently proposed in literature when simulating SW
flows in presence of wet/dry fronts and transcritical flows. The assessment is performed through a comparison with a considerable number of benchmark cases, both theoretical and experimental, 1D and 2D.
Results are promising.
Keywords: Lattice Boltzmann Method, Gas Kinetic Method, Shallow Water Flows
1 INTRODUCTION
In the last two decades the single relaxation time Lattice Boltzmann Method (hereinafter LBM) spread
considerably in Computational Hydraulics (Succi, 2001; Zhou; 2004, Aidun and Clausen, 2010). The
main reason for such a development is that the corresponding numerical algorithm is much simpler than
the usual numerical algorithms adopted for the Shallow Water (hereinafter SW) equations, the reference
model for computational Hydraulics. The LBM has been successfully applied to multi-layered SW flows
too (La Rocca et al., 2012, Prestininzi et al., 2013).
The simplicity of the standard LBM stems from the fact that the velocity space discretization is based
on a low number of lattice velocities. On the other hand this simplicity implies a fundamental and serious
drawback: transcritical and supercritical SW flows, which practically always occur in real-world hydraulic flows, cannot be simulated. Among such realistic flows, it is worth mentioning the propagation of a
water front over dry bed, which physically implies the transition through critical state just upstream the
propagation front.
However, if the number of lattice velocities is increased arbitrarily, i.e. tends to infinity, the representation of the exact Maxwellian equilibrium distribution function becomes better and better and the simulation of transcritical and supercritical SW flows becomes possible. This is the basic idea of the Gas Kinetic
Method (hereinafter GKM), developed by Prendergast and Xu (1993) and Xu and Prendergast (1994) and
later applied successfully to the simulation of SW flows on structured (Ghidaoui et al., 2001) and unstructured (Liang et al., 2007) grids. In particular, the ability of the GKM in simulating different transcritical
flows on wet bottoms is shown in Liang et al. (2007).
The capability of handling wet/dry fronts is crucial to the development of any SW model aimed at
providing technically grounded results. One of the most crucial problems in numerically handling wet/dry
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fronts is the unstable behavior shown by many algorithms in the wet/dry edge, very often characterized by
the onset of physically meaningless negative water depths. The effect is severely aggravated by irregular
topographies, which is usually the case in practical applications.
The most common approaches are: (i) the ones derived from Brufau et al. (2002), who adopted a temporary modification of the bed elevation that renders the cell completely wet; (ii) the ones derived from
Bradford and Sanders (2002) and Begnudelli and Sanders (2006), who substitute the momentum equation
at front interface with an extrapolation of the particle velocity from the wet portion to the dry one; (iii) the
ones derived from Tao (1984), who introduces a porous bed in order to avoid the distinction between wet
and dry elements. Similar approaches have been adopted by several authors in the field of Boussinesqtype equations for run-up problems in Coastal Hydraulics (Ip et al., 1998; Kennedy et al., 2000) and more
recently for complex SW flows over irregular terrains (Hou et al., 2013).
The capability of handling wet-dry fronts within the framework of GKM has been preliminary assessed in Prestininzi et al. (2014), where the authors apply a consolidated numerical algorithm (Ghidaoui
et al., 2001 Liang et al., 2007) to the numerical simulation of the propagation of wet-dry fronts, adopting
a non-Minimum Positive Depth (hereinafter non-MPD). In Prestininzi et al. (2014) this approach, based
on an ad hoc formulation of the inter-cell fluxes of the wet-dry front cells, was applied mainly to the
propagation of wet-dry fronts on frictionless bottom. In this work we want to extend the assessment of the
GKM performed in Prestininzi et al. (2014) to the simulation of SW flows propagating over rough, dry
bottom, carrying out comparisons with several experimental benchmark cases.
The structure of the paper is as follows: firstly, a brief presentation of the GKM; secondly, the description of the treatment of the wet-dry interface; thirdly, the description of the benchmark cases considered;
fourthly, the presentation and the discussion of the results.
2 THE GAS KINETIC METHOD AND THE SHALLOW WATER EQUATIONS
Consider the Probability Distribution Function (hereinafter PDF) f=f(x,y,cx,cy,t), which gives the probability of finding a fluid particle at time t, at point P (P ≡ix+jy), with velocity c (c≡icx+ jcy). x, y are the horizontal spatial coordinates, whose unit vectors are i, j respectively. The time evolution of the PDF is governed by the Boltzmann equation:
(1)
where Fx, Fy are the horizontal components of the external force vector per unit mass. According to equation (1) the PDF is advected by the particle velocity c (which does not coincide with the flow velocity)
and affected by external forces by fourth and fifth term at LHS. The term at RHS is the collision term,
which represents the modification of the PDF due to the interactions (collisions) with other particles. The
collision term is represented by means of the collision operator at RHS of (1), which is linear with respect
to the PDF f (Bhatnagar-Gross-Krook, 1954). The Bhatnagar-Gross-Krook collision operator expresses
the relaxation of the PDF function f towards the local Maxwellian equilibrium fe in a time τ. Consider the
following expression for the equilibrium PDF (Ghidaoui et al., 2001; Deng et al.; 2001):
∙

(2)

where u (u≡iu+ jv) is the flow velocity vector, whose Cartesian components are u, v along x and y axis
respectively. h is the flow depth and g is the gravity acceleration. Equation (1) together with the definition
(2) for the equilibrium PDF is equivalent to the SW equations. For the sake of simplicity the equivalence
is not shown here. Details can be found in Prestininzi et al. (2014). It is enough to say that the equivalence
is based on the following properties, which hold exactly for vanishing τ:
,

,

(3)

,

In other words, for vanishing τ, the first and second statistical moment of the equilibrium PDF with respect to the particle velocity c coincide with the conservative terms of the Shallow Water equations:
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0

(4)

the latter can then formally expressed by:
0

(5)

External force components Fx, Fy are given by:
√ ∙

,

√ ∙

(6)

being zf (zf≡zf(x, y)) the bottom topography and nm the Manning roughness coefficient. The basis for the
GKM formulation of the SW equations is represented by equations (5): practically they are equivalent to
a LBM formulation with an infinite number of particle velocities. According to Liang et al. (2007), equation (1) can be solved analytically neglecting fourth and fifth term at LHS. The result is:
(7)

|

Substituting (7) in equations (5), the GKM formulation of the SW equations is finally obtained. Integrals at RHS of (5) can be calculated in terms of the PDF f at time t0, the flow velocity u and the flow
depth h.
3 TREATMENT OF THE WET-DRY INTERFACE
In this work the finite-volume approximation of equations (5) of Ghidaoui et al. (2001), Liang et al.
(2007) is considered on a structured mesh defined on the xy plane (Prestininzi et al., 2014).
In order to define the numerical algorithm, it is necessary to calculate the integral at right hand side of
(5), adopting the expression (7) for the PDF. The technique is explained in Ghidaoui et al. (2001) and
Liang et al., (2007) and applied in Prestininzi et al. (2014). Due to its cumbersome aspects, this is not reported here for the sake of simplicity. The reader is directly referred to these works for details.
Treatment of wet-dry fronts deserves particular attention. Indeed realistic Shallow Water flows very
often imply the presence of such fronts, which is a major source of numerical instability. The latter stems
from the fact that some calculations require the computation of primitive variables (velocity components
u and v) in a framework which uses the conservative variables hu and hv. The division by some numerically small h always introduces high rounding errors possibly leading to instabilities.
In this work the wet-dry fronts are treated according to a slightly modified non-MPD approach (Prestininzi et al., 2014), which assures a correct handling of the wetting phase by setting a minimum threshold
for the depth. Differently from purely non-MPD approaches, this minimum value is not initially set over
the whole domain which, in this case, is actually dry. When the depth in a computational volume grows
above zero but lower than the threshold, the numerical fluxes are all substituted by their analytical formulation in the limit for abitrary small h: h→0.
Such a treatment avoids overflow. The resulting scheme recovers the analytical transition over dry bed
obtainable by considering the eigenstructure of the Riemann problem (Toro, 2001) and is here found to be
extremely robust, allowing for very low values of the threshold to be used. No particular treatment is
adopted for the drying phase. The depth is just set to zero when falling below the threshold. In order to
fulfill the mass balance when employing high threshold values, such subtracted volume is distributed
among the wet surrounding cells, proportionally to the previously calculated depth.
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4 RESULTS
In order to validate the finite volume formulation of the GKM in simulating SW flows with both transcritical regimes and wet-dry interface on rough bottom, several benchmark cases are taken into consideration.
The first benchmark case is the 1D steady motion over a given frictionless bottom profile. Although
this flow does not have any wet-dry front and occurs on a frictionless bottom, nevertheless it is considered in order to show the correctness of the implementation of the numerical algorithm.
The second benchmark case is the 1D dam-break problem on a rough dry bottom, experimentally realized by Lauger and Hager (1998).
The third benchmark case is selected from the CADAM (Concerted Action on DAm-Break Modeling)
project (Morris, 2000), which provides useful benchmarks for numerical verification of dam-break flow
propagation.
Finally, the fourth and last benchmark case is the 2D dam break in a 90° bend, realized experimentally
by Soares-Frazão and Zech (2002).
4.1 1D steady motion over a smooth bottom profile
The 1D steady flow over a smooth bottom profile is considered in a 1D channel discretized by means of
800 square cells. The bottom profile is described by the Gaussian function:
(8)
The exact solution can be easily obtained in terms of flow depth h by means of the Bernoulli’s theorem:
(9)
The flow velocity u is obtained by means of: u=q/h, being q the discharge per unit width of the channel, constant with respect to x. Results are plotted in Fig. 1, where analytical and GKM numerical flow
depth (Fig. 1a), flow velocity and Froude number (Fig. 1b) are shown. Abscissa x, flow depth h and flow
velocity u are scaled with respect to the half-length of the channel L/2,
and
respectively, being
hu the upstream flow depth.

Figure 1. Steady motion over a smooth bottom profile. a) Flow depth profiles. b) Dimensionless velocity and Froude
number profiles. Suffix “Sub” stands for Subcritical regime, suffix “Sup” for Supercritical regime. Continuous traces are analytical solution from equation (9).
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In Fig. 1a (upper panel) the dashed line is the bottom profile of the supercritical flow, while the dotdashed line is the bottom profile of both the sub- and transcritical flow. The overall qualitative agreement
is very good. From a quantitative point of view, the approximation error has been estimated as:
∑

,

,

,

,

(11)

where the generic quantity p is considered both numerically (pGKM) and analytically or experimentally
(the reference value pRef). This error has been calculated for the flow depth h and the x-velocity component u and has been found in the range: 3×10-5 <E(h), E(u)<5×10-3 for all of the cases considered in Fig.
1. The position of the GKM numerical hydraulic jump agrees quite well with the position of the hydraulic
jump, determined analytically for the Subcritical-Supercritical-Subcritical case. The oscillations near the
shock are due to the second order nature of the proposed GKM.
4.2 1D dam-break on a dry, rough bottom
To demonstrate the applicability of the proposed GKM to 1D dam break flows over dry, rough bed, the
experimental dam-break flow results of Lauber and Hager (1998) are considered for testing shockcapturing capability in dry, rough beds. The experimental set-up used by Lauber and Hager (1998) consists of a reservoir with a gate placed at x0= 3.315m in a channel, 14.0m long. The initial water depth hl is
equal to 0.3 m. The roughness of the channel is characterized by a Manning roughness coefficient nm
equal to 0.01m-1/3s.
In Fig. 2 the flow depth (upper panel) and velocity (lower panel) profiles are shown at different instants of times. All the quantities in Fig. 2 are dimensionless: flow depth is scaled with respect to hl, flow
velocity to (ghl)1/2, the length of the channel to hl and the time to hl/(ghl)1/2. The considered instants in the
upper panel are: 0.97, 1.94, 2.91, 3.89, 4.86, 5.83, 6.80. The considered instants in the lower panel are:
0.97, 1.94, 3.89, 7.77, 9.72.

Figure 2. Dimensionless flow depth (upper panel) and velocity (lower panel) profiles along the channel at t/hl/(g hl)1/2=0.97,
1.94, 2.91, 3.89, 4.86, 5.83, 6.80 (upper panel) and at t/hl/(g hl)1/2=0.97, 1.94, 3.89, 7.77, 9.72 (lower panel). Solid
line: GKM numerical results.

The agreement between GKM numerical results and the experimental results of Lauber and Hager
(1998) is satisfactory. It is interesting to observe (upper panel of Fig. 2) that the propagation characteristics of the front as well as its shape, affected by the bottom roughness, are correctly reproduced by numerical results. The error (11) has been calculated for the flow depth h. Its order of magnitude has been found
in the range 10-2÷10-1 for all of the cases considered in Fig. 2.
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4.3 The CADAM test case
The experimental set-up (Morris, 2000) consists of a reservoir, 15.5m long, closed by a gate and followed
by a rectangular channel, 38m long. The initial flow depth in the reservoir is 0.75m. Moreover, a symmetric triangular bump, 0.4m high, 6m long, is placed at xB=13m downstream of the gate. The roughness of
the channel is characterized assuming a Manning coefficient equal to 0.0125m-1/3s. Several gauge stations
are placed at different positions. Numerical simulations have been carried out considering the bottom
completely dry.
In Fig. 4, experimental and GKM numerical flow depth time histories at x=19.5m (left panel) and
x=28.5m (right panel) are shown. Experimental time histories are relative to gauge station G4 and G13,
located 4m and 13m downstream of the gate respectively (Morris, 2000). In Fig. 4 numerical results are
represented by dots, while the solid lines represent experimental data.

Figure 4. Experimental and GKM numerical flow depth time histories. Left panel: results relative to gauge station G4. Right
panel: results relative to gauge station G13. Dots: GKM numerical results. Solid line: experimental results.

Also in this case the agreement is quite satisfactory and the error (11), calculated for the flow depth h,
had an order of magnitude in the range 10-2÷10-1.
In Fig. 5, two snapshots of the GKM numerical flow depth and Froude number profiles along the
channel are shown at t=1.8s and t=4.2s. Solid lines represent the flow depth profiles and dashed lines the
Froude number profiles. Dots represent the initial flow depth profile (before the dam-break). At t=1.8s
the flow has not reached the bump yet, while at t=4.2s, the flow has reached and overcome the bump. It is
interesting to observe the transitions occurring at t=4.2s: a continuous sub-supercritical transition downstream of the bump, a discontinuous super-subcritical transition (a hydraulic jump) just at the basis of the
bump and finally a continuous sub-supercritical transition at the top of the bump.

Figure 5. Snapshots of the GKM numerical flow depth and Froude number profiles along the channel at t=1.8s and t=4.2s.
Solid lines: flow depth profiles. Dashed lines: Froude number profiles. Dots: initial flow depth profile.

4.4 2D dam break in a 90° bend
The setup consists of an upstream square reservoir connected to a rectangular channel with a 90° degree bend (Soares-Frazão and Zech (2002). The Manning coefficient nm is assumed equal to 0.006m-1/3s.
Gauges are used to measure the flow depth time histories at different locations.
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Figure 6. Flow depth time histories obtained from probes 1 (upper panel) and 3 (lower panel). Solid lines: GKM numerical results. Dots experimental results of Soares-Frazão and Zech (2002).

In this work flow depth time histories obtained from probes 1, 3 and 5 (Soares-Frazão and Zech (2002)
are considered and used for comparison with GKM numerical results (Fig. 6). Gauge 1 is located within
the reservoir. Gauge 3 is located within the channel, upstream of the bend, at x=1.85m from the reservoir.
Gauge 5 is located within the channel, downstream of the bend, at y=1.5m from the bend. In Fig. 6 the
solid lines represent GKM numerical results, while dots represent experimental results of Soares-Frazão
and Zech (2002). Upper panel is relative to probe 1, middle panel to probe 3, lower panel to probe 5. The
agreement is fairly satisfactory, although differences between numerical and experimental data are evident in Fig. 6, as time goes by, probably due to the fact that source terms modeling is not balanced in the
proposed model.
5 CONCLUSIONS
This work is aimed at assessing of the ability of the GKM in dealing with 1D and 2D SW flows and it can
be seen as the prosecution of a previous work, where the same GKM finite-volume numerical formulation
was presented and applied to simulate fundamental benchmark cases of both 1D and 2D SW flows.
Here the authors focused particularly on the role of the roughness in 1D dam-break flow and on the
ability in simulating a rather complex 2D flow, such as the 2D dam-break in a 90° bending channel.
Results can be considered fairly good for 1D SW flows, being the effect of roughness well interpreted
by the GKM. With respect to the 2D SW flow considered in this work, results are satisfactory. Improvements are expected by a balanced modeling of the source terms. Considerable work is currently being carried out along these lines.
NOTATION
x
y
t
f

horizontal spatial coordinate
horizontal spatial coordinate
time
probability density function
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fe

τ

cx
cy
g
Fx
Fy
h
u
v
u
nm
zf
t0

θ

zMAX
x0

σ

q
hu
hl
pGKM,i
pRef,i
N

equilibrium probability density function
relaxation time
fluid particle velocity - x component
fluid particle velocity - y component
gravity acceleration
external force - x component
external force - y component
flow depth
x-flow velocity component
y-flow velocity component
flow velocity vector
Manning’s roughness coefficient
bottom topography
reference time
dummy variable
peak of the Gaussian bottom
position of the peak in the Gaussian bottom, position of the dam
variance of the Gaussian bottom
discharge per unit width
upstream flow depth
flow depth at the left of the dam
ith numerical data of the generic quantity p
ith reference data of the generic quantity p
number of considered data
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ABSTRACT: In this paper the development, construction and use of a rainfall simulator (RS-TUHH) are
described. On a testing area of 1m² different drop forming measures have been analysed before the
simulator was constructed. The RS-TUHH uses ending grid heads with a grid space of 6 cm and an
underlying drop splitting net.
The simulator consists of four parts: the pipe pressure and water distribution module, the aluminum
structure, the irrigation system and the drop splitting net.
As it is built, the shaped plot area of 6 m² can be divided in to 3 sectors á 2 m². The main intention is to
imitate natural rainfall by reproducing parameters like rainfall velocity, intensity and duration, as well as
drop size, amount and distribution. Experimental parameters are measured with laser precipitation monitor (by ThiesClima) and rain collectors. The RS-TUHH is able to imitate natural heavy rain events of different intensities from 3 to 200 mm/h on three sizes of plot areas with any duration. Intensity and duration are set by the control module. Drop size distribution and drop amount depend on the used net grid
space. Spatial distribution is homogeneous over the plot area. Fall velocities are low compared to natural
rain.
Keywords: Rainfall simulation, Intensity, Drop size, Drop velocity, Rainfall Runoff model
1 INTRODUCTION
During the last decades new concepts and approaches have been developed in flood protection and rainwater management in order to cope with climate change and urbanization. In particular, central systems
for the collection and conveyance of rainwater have slowly lost ground in favor of more sustainable
technics which promote on-site infiltration, evaporation and reuse.
In Germany, the heavy flood events in 2002 first and in 2013 after drove to a new call for change.
The funding for reconstruction and for research i.e. planning and implementation of adaptation measures
led to new construction schemes. A prestigious project was started in Berlin within the framework of the
rearrangement of the old Tempelhofer airport into a sustainable water treatment plant, which represents a
new target in the whole rainwater management plan. Another example is found in the district of Wilhelmsburg in Hamburg, where a concept for a sustainable rainwater management was developed and
implemented for a 35 Km² area within the scope of the international building exhibition.
The growing involvement of the community in such projects increases the public awareness toward
sustainable water management as well as the understanding of the adaptation measures.
To foresee and quantify the effects of the adaptation measures numerical and physical models are needed. In this work the development, construction and use of an experimental station to simulate rainwater
close to reality are presented. Rainwater simulation represents a crucial point within the studies of soil
erosion ((Iserloh, 2013), (Cerdà, 1999), (Schmidt, 09-2005), (R.Pall, 02.1983)). However, the original
purpose for the construction of the RS-TUHH simulator was the analysis of the measures of the rainwater
management. Therefore, in this study the focus lies on the control of the parameters such as intensity
and distribution of the rain.
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1.1 Theoretical background
With the aim of predicting rainfall events, in the period between 1961 and 1969 (Geissles, 2003) precipitations were continuously recorded and interpreted. Subsequently, on the basis of the collected information, regional design rainfall data with representative duration and returning period were developed.
These represent the required assessment basis for the construction of facilities for the management of
rainwater and wastewater according to the codes of practice.
According to these specifications, for the rainfall simulator presented in this work the target was set to
r100a/D15 i.e. to achieve an intensity equal to an event with 100 year returning period and 15 minutes duration. Relatively to the rainfall series of the city of Hamburg (Geissler, 2003) this means an intensity of
300 l/s/ha which corresponds to 27 mm.
Currently, rainwater simulators are manly used in the field of soil erosion (J. Fernandez-Galvez,
2008) (R.Pall, 02.1983) (Cerdà, 1999) (Iserloh, 2013)). In his research, Iserloh (Iserloh, et al., 2013)
compared existing simulators examining their characteristics and assumptions. He concludes that no exact reproductions can be achieved under laboratory conditions due to the spatial and temporal inconstancy of natural precipitations. However, although this standardization of natural rainfall events in experimental simulations means a leveling of real highly variable processes, it makes it possible to collect
relevant and comparable data. With respect to the experiments with rainfall simulators Iserloh highlights
as critical amongst others parameters intensity, spatial distribution, drop distribution and fall velocity.
2 MATERIALS AND METHODS
2.1 Development, description and use of rainfall simulator RS-TUHH
The first task was finding out a system to form water droplets. The two possibilities were: single drop
creation or spraying nozzles. In order to develop a method to reproduce precipitations in a more representative way, the single drop system was chosen.
2.1.1 Test phase
As orientation for the development of a single drop creation system, the characteristics of a rainwater
simulator developed in Kiel were analyzed. At first a structure was built out of aluminum profiles with a
base of 1x1 m² and 2.5 m high (s. Figure 1).

Figure 1. Test simulator of 1 m²

Figure 2. Water tank and net

This was helpful for the selection of methods and materials for the construction of the final simulator.
Following the Kiel experience, the first system was created, which consisted of a 1 m² tank with holes
of 1 mm diameter distributed in a matrix of 6 cm. The water tank was then fixed on top of the aluminum structure. Below the tank, a net was stretched, which was used to split the drops into smaller ones
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(s. Figure 2). For the first experiments, a net with a 3 mm mesh was placed 50 cm below the tank. Drop
amount and fall velocity measured using these settings resulted to be quite similar to those measured at
the Kiel simulator. However, the system showed several limitations. First of all, the intensity of the
rain could be set only by controlling the water level in the tank. Additionally, noticeable differences in
amount of water passing through were observed between the center and the area next to the walls of the
tank. This was mainly caused by inflection of the bottom side under the weight of the water. Finally,
the tank was already in its small test version quite heavy and unhandy to move. These considerations
led to the discard of this method.
2.1.2 Drop forming plates
In the light of the gained experience a new method was analyzed. The system consisted in a matrix of
endline drip heads 2 litres per hour, which are used for irrigation in agriculture. The droplets generated
using this method have a size between 3 and 6 mm. In order to reach the desired threshold of 300
l/(s*ha) as well as a homogeneous distribution of the rainwater through the testing area, a system of 50
tubes and 1650 endline drip heads was built (s. Figure 3). Thanks to the integration of a water distribution system, the irrigated area can be divided into 3 sectors á 2 m². Each 2 m² area is irrigated from an
independent system which is equipped with 2 inlets to guarantee an equal distribution of pressure within
the tubes and 2 outlets to allow a quick drainage of the tubes.

Figure 3. Single drop creation method “endline drip heads”

2.1.3 Drop distribution mesh
Since the endline drip heads can only generate drops of the same size under constant pressure, below the
tube system a net is allocated. Besides the creation of a new spectrum of drop size, the impact against the
net provides a homogeneous distribution through the whole testing area (s. Figure 4).

Figure 4. example of drop splitting and distributing net, with 3mm grid

2.1.4 Control of experiment parameters
A water distribution mechanism was built to regulate the intensity and to select the irrigated area (2, 4 or
6 m²). The input flow is controlled by a pressure relief valve and is recorded by a flow-meter. Thanks to
a system of pipe junctions, the flow can be split into six outlets, i.e. two inflow for each irrigation plate.
The values of inflow and rainfall intensity are continuously recorded and compared.
2.2 Measuring equipment
2.2.1 Thies precipitation monitor
For the analysis of the simulated precipitation a Laser-Precipitation-Monitor (LNM), manufactured from
the company Thies, is used. According to Iserloh the LNM is currently the most precise and widely
spread method for measuring precipitation characteristics. The LNM is able to record and classify the
drops according to size, number and fall velocity.
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2.2.2 TUHH Pluviometer
Besides the LNM, rain gauges developed at the TUHH (according to DIN 58666) are used (s. Figure 5).
These stations record the weight of the rainwater falling within the measuring surface (200 cm²). By using several stations, the distribution of the rainfall over the testing area can be analyzed as well as the intensity over the time.

Figure 5. Rain gauges developed at the TUHH

2.2.3 Rainfall collectors
Another simple method was adopted to analyze the homogeneity of the simulated rainfall i.e. by using
rainwater collectors. This was done for the whole testing area (6 m²) as well as for the single plates
(2 m²).
2.2.4 Parameters of rainfall simulator
In summary the rainfall simulator consists of the dimensions given in Table 1. Figure 6 gives a prediction of how the simulator looks in experiments.

Figure 6. Rainfall demonstration without net, RS-TUHH
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Table 1. Dimensions of RS-TUHH
Parts and size of the RS-TUHH
Simulator dimensions
Size
Height [m]
2.8
Long [m]
3.16
Large [m]
2.5
Testing area [m²]
1x2 / 2x2 / 3x2
Form
rectangular
Max fall height [m]
2.75
Net height [m]
variable
Intensity [mm/h]
3-200
Duration
variable
Precipitation type
Heavy rain, drizzling rain, uniform drops
Distribution module
Size
Pressure regulator [bar]
0-6
Flow meter [l/min]
0,5-16
Flow meter [bar]
0-10
Junctions [-]
6

3 RESULTS
3.1.1 Spatial rainfall distribution
Figure 7 shows exemplary the results of the spatial distribution of the rainfall for one of the irrigation
plate (test area 2 m²). By dividing the area in 4 sectors the maximum deviation from the mean was
smaller than 3%.

Figure 7. Spatial rainfall distribution on plate 1, measured with rainfall collectors

3.1.2 Precipitation characteristics
In order to present the values of fall velocity and drop size recorded by the LNM device, a spread
sheet was developed, which tabulates the most important data of the test.
In Figure 8 a graphic representation of the results is shown for different intensities, with and without
splitting net and for natural rainfall.
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Figure 8. Example of output of rainfall character: drop size vs fall velocities

3.2 Intensity
Several tests have been conducted to proof the constancy of the intensity. Within a 30 minutes test by a
medium intensity of 20 mm/h the oscillation recorded was maximum 5 mm/h (s. Figure 9). These values
were recorded with the LNM device and evaluated with the software LNM-View and with an excel
sheet. Generally, for higher intensities a bigger range of variation should be expected. However, other
factors depending on the measuring instrument, the data conversion software and the water pressure (from
the tap) might influence these variations too. Therefore an intensity variation recorded by the LNM does
not necessarily means an overall difference through the whole test area. Intensities between 3 and 200
mm/h were measured, which could be kept constant for over 30 minutes. The upper limit can be more
than doubled by using a pump instead of direct connection to tap water.

Figure 9. 30-minutes intensity measurment

3.3 Drop size distribution
The drop size distribution was analyzed by changing the net configuration for a given intensity as well
as by modifying the intensity by a fixed net configuration. Figure 10 shows the results of several simulations carried out keeping the net configuration and increasing the intensity. It appears that the increasing
intensity does not affect the drop size distribution.
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Figure 10. Drop size distribution for different intensities with net configuration (K60/M80)

To be able to simulate the drop size distribution of a specific natural rainfall an adequate configuration of
the net is required. Figure 11 shows the comparison between a simulated and a natural rainfall of similar
intensity. In both it appears that most of the drops have a size within 0.25 and 0.75 mm and 4 mm it’s
the top limit.

Figure 11. Comparison of drop diameters for natural and simulated (K60/M80) rain at an intensity of 3 mm/h

3.4 Fall velocities
The fall velocities of the drops generated with the RS-TUHH are limited due to the maximum fall height
of 2.75 m. The drops generated through the impact with the net reach a velocity of approximately 2 m/s
while for natural rainfall, even for lower intensity, the average velocity varies between 2 and 4 m/s, Figure 12. By adjusting the configuration of the net, the fall velocity can be increased. However, even when
removing the net the simulated drop does not reach the fall velocity of the natural one (s. Figure 13).

Figure 12. Comparison of fall velocities for natural and simulated rain at small intensities
263

Figure 13. Comparison of fall velocities for different intensities

3.5 Summary of the results
This work presents the results of the first tests run with the rainfall simulator (RS-TUHH) for the definition of the main parameters (s. Table 2). Laboratory tests showed that the RS-TUHH can reproduce
rainfall intensities between 3 and 200 mm/h. The drop size distribution might be adapted to better resemble that of natural rainfall by using a net. Due to the limited fall height, the average fall velocities of
the simulated rainfalls result to be smaller than those of the natural ones.
Table 2. Parameter measured with the RS-TUHH
Parameter
Value
Drop size range [mm]

0.125 - 5

Average drop size [mm]

0.4 – 0.65

Fall velocity range [m/s]

0.2 - 6

Average fall velocity [m/s]
Intensity [mm/h]

1.8 – 2.6
3 - 200

Average spatial deviation

3%

4 CONCLUSIONS
The original intention of developing a rainwater simulator capable of irrigating a testing area of 6 m² with
different precipitation intensities was successfully achieved.
To form the drops ending drip heads were used, an established technique in the field of gardening and
agriculture. To reproduce a realistic spectrum of drop size a net was fixed below the irrigation system.
Several methods were used to measure the spatial distribution and the intensity of the simulated rainfall
over the testing area. Where possible, the characteristics of natural and simulated rainfall within the same
order of intensity were compared.
The functionality to split the testing area into 3 sectors increases the efficiency of the simulator as
well as the variety of possibilities. With its 6 m² testing area the RS-TUHH allows for tests at physical
models with a 1:1 scale and in particular, for analysis of characteristics and limitations of products and
materials which have to withstand heavy rainfall.
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ABSTRACT: We present a proof of concept application of the Smoothed Particle Hydrodynamics (SPH)
numerical method to the modelling of a ship lock. The reference geometry we use is that of the Holtenau
ship lock which has been recently modelled using the Volume-Of-Fluid (VOF) approach (Thorenz and
Anke, 2013). Compared to the VOF method, SPH shows greater flexibility in the handling of the interaction between the water and the ship body, thanks to its mesh-less, Lagrangian nature, but the overall behavior of the flow shows issues related to the modelling of inflow conditions. The results we present are
still preliminary, and improvements are expected with the use of semi-analytical boundary conditions
(Ferrand et al., 2012), which allows for more accurate treatment of boundary conditions, including the inflow during the filling phase of the ship lock.
Keywords: Ship lock, SPH, CFD, GPU Computing, GPUSPH
1 INTRODUCTION
The large ship locks of the Kiel-Canal will undergo a significant renovation and it is planned to adopt a
through-the-gate filling system. The Waterways Engineering and Research Institute (BAW) was commissioned to evaluate the filling and emptying times of the new system and its impact on the forces acting on
the ships, which might undermine the safety of the transit. Figure 1 is an aerial view of the lock complex.

Figure 1. The Kiel Holtenau Lock Complex.

In Thorenz and Anke (2013) a scaled physical model and a purely numerical approach are used to simulate the filling and emptying of the lock. The numerical model used a Volume-Of-Fluid (VOF) Eulerian
approach and was in acceptable agreement with the laboratory measurements. The relative movement of
the ship with respect to the lock chamber was simulated by grid-morphing or by defining an extra mesh
containing the vessel and moving the latter with respect to the background one. The study concluded underlining the relevance of the transversal forces acting on the ships for the planning of the schedule of the
valves, especially in extraordinary load conditions. However, it is stated that the most complete way to
simulate the behavior of a lock is still a scaled physical model, as the numerical modelling showed several difficulties in respect to the movement of the ship.
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In this paper we tackle the same problem with a different numerical method, namely Smoothed Particle Hydrodynamics (SPH). SPH is a Lagrangian meshless model: the fluid is discretized as a set of particles which are free to move with respect of each other. The motion of the particles is driven by the actual
equations of motion, in our case by the Navier-Stokes equation. SPH is a highly flexible method and it
has been used to model single-fluid problems, multi-fluid, thermal problems and fluid/structure interactions, the latter being particularly of interest in the application to the ship-lock.
For our simulation we rely on GPUSPH (Hérault et al. 2010, Rustico et al., 2014), an implementation
of SPH that exploits the high-performance parallel computing power of modern Graphic Processing
Units. GPUSPH supports a variety of SPH formulations and can distribute computations across multiple
GPUs, on the same as well as on multiple machines in a network, which allows the simulation of large
scale problems at high resolutions. Particularly of interest for our application is the support for floating
objects, which allows us to model the ship in the basin and its fully coupled interaction with the water
during operation.
2 THE SPH NUMERICAL METHOD
2.1 Mathematical model
Smoothed Particle Hydrodynamics (SPH) is a meshless Lagrangian numerical method for computational
fluid-dynamics (Monaghan, 2005) that has recently seen applications in a number of fields, including geophysics, medicine, hydraulics and a variety of industrial applications. SPH has been used to solved purely dynamic problems for Newtonian flows as well as thermal problems and to model non-Newtonian fluids. Among the benefits of the standard SPH formulations we have the direct computation of all
properties of the fluid, implicit surface tracking and the ability to easily manage free-surface problems.
In SPH, the fluid is discretized as a set of particles, each representing a virtual volume of fluid and thus
carrying all the relevant properties. The value of any field 𝐴 at a point 𝒓 of the domain is determined by
convolving the field value at the particle locations with a smoothing kernel 𝑊(⋅, ℎ) with smoothing
length ℎ:
𝐴(𝒓) ≈ � 𝑚𝑗
𝑗

𝐴𝑗
𝑊(𝒓 − 𝒓𝑗 , ℎ)
𝜌𝑗

where 𝑚𝑗 , 𝜌𝑗 , 𝐴𝑗 are respectively the mass, density and value of the field 𝐴 for particle 𝑗, 𝒓 denotes position and summation is extended to all particles.
Using the properties of convolutions, it can be shown that for gradient computations the expressions
can be arranged in such a way that the ∇ operator acts only on the kernel, so that, for example, the continuity equation:

𝐷𝜌
= −𝜌∇ ⋅ 𝒖
𝐷𝑡
(where 𝐷/𝐷𝑡 indicates the material derivative and 𝒖 is the velocity) takes the SPH form
𝑚𝑗
𝐷𝜌𝑖
= 𝜌𝑖 � (𝒖𝑖 − 𝒖𝑗 ) ⋅ ∇𝑖 𝑊(�𝒓𝑖 − 𝒓𝑗 �, ℎ)
𝜌𝑗
𝐷𝑡
𝑗

(this is actually only one of the possible forms that the continuity equation can take in SPH), showing
how the original partial differential equation has been turned into a simple ordinary differential equation
in time with a right-hand side that can be directly computed from the mass, density, position and velocity
of all the particles.
The smoothing kernel is usually chosen positive (to ensure non-negative density throughout the simulation), symmetric (to ensure first-order accuracy of the method) and with compact support. The latter
choice limits the summations to the particles in a small neighborhood of the location, and reduces the
computational complexity of the method from 𝑂(𝑁 2 ) to 𝑂(𝑁), where 𝑁 is the total number of particles in
the system. It is also convenient to choose a kernel such that the factor
𝐹(𝑟, ℎ) =

1 𝜕𝑊(𝑟, ℎ)
𝜕𝑟
𝑟
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can be computed analytically without an actual division by 𝑟. This allows us to write the Laplacian of a
vector field 𝒗 in the form
𝜌𝑖 + 𝜌𝑗
𝐹 𝒗
∇2 𝒗𝑖 = � 𝑚𝑗
𝜌𝑖 𝜌𝑗 𝑖𝑗 𝑖𝑗
𝑗

where 𝒗𝑖𝑗 = 𝒗𝑗 − 𝒗𝑖 , and 𝐹𝑖𝑗 = 𝐹(𝒓𝑖𝑗 , ℎ). The standard SPH formulation models fluid as weaklycompressible, with an equation of state linking pressure 𝑃 to density 𝜌. Usually the Tait equation is used
in the form
𝑐𝑠2
𝜌 𝛾
�� � – 1� ,
𝑃 = 𝜌0
𝜌0
𝛾

with 𝜌 the density, 𝜌0 the at-rest density of the fluid, 𝛾 the polytropic characteristic value and 𝑐𝑠 the speed
of sound of the fluid.
In most applications, explicit integration methods are used, so that the timestep is limited by the speed
of sound. Hence, rather than using the physical speed of sound, a fictitious speed of sound is used, which
is at least one order of magnitude higher than the maximum velocity of the fluid in the given problem:
this ensures that density fluctuations are kept small (less than 1%) while allowing for larger timesteps.
The Navier-Stokes equation of motion

is then discretized in SPH in the form

∇𝑃
𝐷𝒖
=−
+ 𝜈∇2 𝒖 + 𝒈
𝜌
𝐷𝑡

𝐷𝒖𝑖
𝑃𝑖 𝑃𝑗
4𝜈
= − � 𝑚𝑗 � 2 + 2 � ∇𝑖 𝑊𝑖𝑗 + � 𝑚𝑗
𝐹 𝒖 +𝒈
𝐷𝑡
𝜌𝑖 + 𝜌𝑗 𝑖𝑗 𝑖𝑗
𝜌𝑖 𝜌𝑗
𝑗

𝑗

where 𝜈 is the kinematic viscosity coefficient and 𝒈 represents external forces, in our case gravity.
2.2 SPH on GPU

The SPH method exhibits a high degree of parallelization since the state of each particle at any step depends on the state of the same particle and of a relatively small number of neighbors at the previous step.
This makes the model ideal for implementation on high-performance parallel computing hardware such as
Graphic Processing Units (GPUs).
In the application shown here, we rely on GPUSPH, an implementation of SPH that runs entirely on
GPU using the CUDA architecture (Hérault et al., 2010) initially developed at the Sezione di Catania of
the Istituto Nazionale di Geofisica e Vulcanologia (INGV-CT) in cooperation with the Department of
Civil Engineering of the Johns Hopkins University and recently released as an open-source project. The
multi-GPU version of GPUSPH was initially developed at INGV and later perfected in collaboration with
the Bundesanstalt für Wasserbau in Karlsruhe, by adding the possibility of exploiting GPU devices distributed across different nodes of a network (Rustico et al., 2014). The ability to run a simulation across
multiple GPUs is extremely important, as it allows to model large problems and/or use a very high resolution.
The ship lock model presents a very high ratio between the domain size and the smallest geometry details, ratio that imposes a lower limit for the resolution used to discretize the fluid and thus for the number
of particles being simulated. With a domain size of ~330m and minimum meaningful resolution of
~20cm, the number of particles to be simulated is about 30 millions. The simulation of the ship lock model presented in this paper was made possible by exploiting a cluster of 16 GPU devices in 8 nodes at
BAW.
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3 SPH MODEL OF THE SHIP LOCK
3.1 Size and resolution
The ship lock has been modeled in 1:1 proportion. Figure 2 shows the ground plan of the lock while Figure 3 is an overview of the SPH model. The main chamber is 330m long and 45m wide. The smallest geometrical size is the height of the small gate channels (1.3m), along which at least 5 particles must fit; we
used a linear particle size of 0.2m. The initial amount of water is 12.5m x 45m x 330m = 185,625m³,
which equals to about 23M particles. The total amount of fluid particles does not overcome 30M including the fluid being added in the filling process.

Figure 2. Ground plan of the lock complex.

3.2 Floating ship
Thanks to the mesh-less, Lagrangian nature of SPH, fluid/solid interaction and thus the modeling of floating objects is quite straightforward in SPH, compared to e.g. VOF or other mesh-based methods. In our
model we use the thin-shell approach to floating objects: the object is modeled as a thin layer of boundary
particles. The interaction of these particles with the fluid particles is used to compute the total force and
torque acting on the object, which is then used in the integration phase to determine the motion of the object (as a rigid body), and consequently correct the position and velocities of the particles that model its
boundary. In GPUSPH, the actual motion of the rigid body is delegated to the open-source Object Dynamics Engine library (Smith, 2002), which can also model impacts between solid objects or impose a variety of constraints on the object motion.
The simulator supports a variety of primitive objects and generic triangular meshes loaded from file.
The meshes should feature equilateral triangles only and have a resolution comparable with the one of the
fluid. We are in the process of remeshing the original ship model to fit the resolution requirements of the
simulator; the tests here reported have been performed by approximating the ship with a cylinder with the
diameter equal to the ship width.
The movement of the ship has been constrained to resemble the tests described in Thorenz and Anke
(2013): it is free to move only along the Z axis and to rotate only around X and Y axes. The force and
torque contributions applied by the fluid to the remaining axes are ignored.

Figure 3. Overview of the SPH model.
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3.3 Boundary conditions
Three different boundary models have been used for different parts of the ship lock:
• the lateral sides, the floor and the back wall have been modeled with infinite planes applying a
Lennard-Jones repulsive force (Hérault et al., 2010);
• the inlet channels and the front wall which contains them has been modeled with Lennard-Jones
particles; the behavior is not physical but their influence is small on the overall simulation and
they have reduced computational and memory requirements;
• since Lennard-Jones boundary particles do not allow us to compute physically correct forces in
the case of slow dynamics, for the cylinder we have used the computationally more expensive dynamic boundary approach of Crespo et al. (2007); the cylinder is filled with three layers of dynamic boundary particles, since we use a Wendland kernel of radius 2 and smoothing coefficient 1.3;
the standard SPH discretization of the Navier-Stokes equations is used to compute the forces acting on these particles, and thus ultimately the force and torque acting on the ship, whose motion
then prescribes the motion of the boundary particles, as mentioned.
3.4 Inlet with time-dependent velocity
Instead of modelling and allocating a tank of water behind the channels, three fluid inlets capable of particle generation have been placed inside the three channels. This allows for halving the number of particles to be simulated and thus decreases the memory requirements and the simulation times.
The current implementation of the inlets is experimental and can impose a time-dependent velocity instead of a pressure value. The inflow rate computed in Thorenz and Anke (2013) has been used to compute the velocity over time; it raises linearly up to a maximum of 74 m³/s, reached at 228s, and then decreases linearly again to 0 m³/s in about 392s. Before the inlets start to generate fluid particles, 60 seconds
of simulation are run as settling time; this has been estimated as a period sufficient to let the Z force of the
ship stabilize.
4 RESULTS
The overall simulation took 72.5 hours for 680s of simulated time (60s settling plus 620s of fluid injection). In this preliminary test we focused our attention on the shape of the injected stream and on the longitudinal forces acting on the ship.

Figure 4. Section of the inlet part showing the flow pattern at t=240s.

4.1 Flow pattern
In a first phase, the injected particles tend to move towards the fluid surface soon after being injected
(Figure 4). This causes a vertical recirculation in front of the cylinder and, after the peak velocity is
reached, the fluid starts to flow under it. We are still investigating the phenomenon to find out the cause
of this kind of motion. The same behavior is experienced when the boundaries are modelled with the
more physical dynamic particles, thus we can exclude a boundary effect as cause of the phenomenon. The
anomalous stream shape can be attributed to the experimental nature of the inlets, where we can impose
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SToRM: A Model for Unsteady Surface Hydraulics over Complex
Terrain
F.J.M. Simões
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ABSTRACT: A two-dimensional (depth-averaged) finite volume Godunov-type shallow water model developed for flow over complex topography is presented. The model is based on an unstructured cellcentered finite volume formulation and a nonlinear strong stability preserving Runge-Kutta time stepping
scheme. The numerical discretization is founded on the classical and well established shallow water equations in hyperbolic conservative form, but the convective fluxes are calculated using auto-switching Riemann and diffusive numerical fluxes. The model’s implementation within a graphical user interface is
discussed. Field application of the model is illustrated by utilizing it to estimate peak flow discharges in a
flooding event of historic significance in Colorado, U.S.A., in 2013.
Keywords: Flood hydraulics, Numerical model, Godunov scheme, Flood inundation, Flood modeling
1 INTRODUCTION
The hazards of flooding and their detrimental impacts are becoming more frequent and likely to increase,
as a consequence of higher sea level and intensifying cyclonic weather and precipitation suggested by
current climate change science and research predictions (http://www.ipcc.ch/report/ar5/wg2/). The need
to cope with flooding effects—such as flood-plain regulations, insurance, mitigation engineering works,
and emergency preparedness—requires tools that can be used to provide quality predictions of flood timing, duration, and extent. A numerical flow model that solves the shallow water equations (SWEs) and
simulates the hydrodynamics of a wide variety of surface flows will be a significant asset in the gamut of
tools available to engineers, managers, and all decision makers involved in floodplain management. Such
a model needs to be accurate, robust, efficient, and be available in a computer environment that facilitates
data processing and analysis to reduce project turnaround time.
In recent years, Godunov-type schemes using a cell-centered finite volume formulation have become
popular for solving the SWEs. This can be attributed to the ability of these schemes to deal with the most
complicated shallow water phenomena, such as hydraulic jumps, flow regime change, and the wet-dry interfaces encountered in fast moving catastrophic flooding flows. SToRM (System from Transport and
River Modeling) is a model that employs these techniques in two-dimensional (2D) unstructured grids,
and that is contained in a graphical user environment that provides a number of tools to expedite its use
by trained operators.
The purpose of this article is to provide a brief presentation of the model SToRM, and its implementation in a graphical user interface (GUI). Even though SToRM uses algorithms that are robust and general
enough for application in a wide range of environmental hydraulics problems, it is applied here to estimate flood flow rates in a section of the historic flooding that occurred in Colorado,USA, in September of
2013.
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2 MODEL DESCRIPTION
The model SToRM is based on the classical SWEs written in the conservative form:
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where t is time, h is the water depth, g is the acceleration due to gravity, u and v are the depth-averaged
flow velocities in the x and y Cartesian directions, S0 is the bed slope, and Sf is the bottom friction. Integrating eq. (1) over a standard control volume Ω and applying the divergence theorem results in
𝜕
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where E = (F,G)T and n is the outward-pointing unit vector normal to the control volume boundary 𝜕Ω.
SToRM is based on the numerical integration of eq. (2) over cell-centered, non-overlapping triangles:
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In eq. (3), Ui are the average values of the conserved variables over triangle i, Eik are the inviscid fluxes
through triangle edge k, Δlik is the length of edge k, Si contains the source terms, and Ωi is the triangle’s
area.
Following the principles of Godunov-type methods, the inviscid fluxes Eik are numerical fluxes arising
from a local Riemann problem at each triangle edge. Here, Eik are computed using Roe’s flux function at
those edges (Roe, 1981):
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where the ‘+’ quantities are reconstructed at the midpoint of the edge k using data from control volume i
and the ‘-‘ quantities are reconstructed using data from the adjacent control volume. In SToRM, the upwinding factor Γ can be computed in one of two manners: (1) as in the algorithm of Alcrudo and GarciaNavarro (1993)—augmented with the entropy fix of Harten and Hyman (1983)—or (2) by using
Rusanov’s (1961) numerical flux. The first approach is more computational demanding (i.e., it requires
more computer number crunching), but it has the shock capturing properties needed to compute the flow
at discontinuities such as hydraulic jumps and wet-dry fronts, whereas the latter is computationally much
simpler and less demanding, but may introduce spurious numerical diffusion into the solution. The decision of which to use is done at each triangle edge: if |h+ – h-|/Max{h+,h-} > δs then Alcrudo and GarciaNavarro’s method is used, otherwise Rusanov’s method is used. δs is a threshold value used to detect discontinuity across element edges and is usually set to 0.1%, a value found by numerical experimentation.
Second-order accuracy is achieved using a piecewise linear model for the cell variables with the usual
MUSCL reconstruction, with limiting to enforce monotonicity near sharp gradients and discontinuities of
the dependent variables. The continuously differentiable limiter by Venkatakrishnan (1995) is chosen because it avoids introducing discontinuities to the computation of the reconstructed function and, consequently, to the fluxes, therefore improving the convergence properties of the solver over other commonly
used discontinuous limiters. Computation of the gradients is done using a second-order-accurate leastsquares technique conditioned by the use of inverse distance weighting.
The friction terms are discretized in a semi-implicit manner:
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where qx = hu and qy = hv are the components of the unit discharge, the superscript n refers to the time
step, and the variables with a hat are frictionless-computed quantities. This discretization avoids numerical oscillations in regions of high friction and low water depth, such as in wet-dry fronts, and impacts
positively the conditional stability limits mentioned in the next paragraph.
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The solution is advanced explicitly in time using nonlinear Strong Stability Preserving Runge-Kutta
(SSPRK) schemes, also known as Total Variation Diminishing (TVD) Runge-Kutta schemes (Gottlieb et
al., 2001). This is done by first rewriting the governing equations, eqs. (3), as a coupled system of ordinary differential equations:
𝜕𝑞𝑖
𝑖 = 1,2,3
(4)
= 𝑅𝑖 (𝑢, 𝑣; 𝑡),
𝜕𝑡
where Ri is called the residual. Here, a simplified form of the SSPRK schemes is used, in which a m-stage
SSPRK method for eq. (4) is written in the form
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where Δt is the time step size, the superscripts n and n + 1 denote the time level, and the parenthetic superscripts denote the Runge-Kutta level. The coefficients α and β are chosen to meet desired criteria.
SToRM implements three optimal (in the sense of the Courant-Friedrichs-Lewy CFL stability coefficient
θ) SSPRK schemes: first order (m = 1), second-order (m = 2), and third-order (m = 3). These schemes are
all subjected to the same stability criterion and have an upper bound for θ. For time-dependent cases, the
time step Δt is either prescribed or computed from
𝑙

∆𝑡 = 𝜃Min � 𝑘∗ �
𝜆𝑘

𝑘=1,…,𝑁

where lk is the length of triangle edge k, λ*k is the highest eigenvalue at the edge’s midpoint, and N is the
number of fully wet edges over the entire computational domain. In the latter case, θ must be prescribed.
Boundary conditions are applied at the edges of the model grid using Riemann invariants, i.e., the
boundary fluxes are also computed by solving a Riemann problem between the interior states and the
“ghost” states outside the computational domain. These “ghost” states are introduced in order to compute
the boundary fluxes in a similar and consistent way to the interior fluxes. Here, an approach identical to
that of Anastasiou and Chan (1997) is used for solid walls, inflow, and outflow boundaries. However,
wetting and drying fronts require a separate treatment.
Wetting and drying occurs not only during the propagation of floods, but also at the edges of any body
of water. Thus, the dry-wet front constitutes not only a propagation problem, but also a static boundary
condition problem, because it defines the shoreline. It is not easy to include these effects in a straightforward manner in a numerical code and most researchers resort to different degrees of approximation. Advancing wet-dry fronts are treated with the method of Brufau et al. (2002), which uses a numerical flux
that can be applied to zero-depth cells and that maintains the C-property. The key concept is that the fluxes at the advancing front must be determined from the wet side of the front: the velocity at the cell boundaries separating wet and dry states is determined from the wet side, and the interface flux only uses the information coming from the wet side. This procedure allows including wetting and drying fronts in the
ordinary cell flux computations without requiring the artificial wetting of dry cells. Drying fronts pose the
additional problem that, during a drying time step, negative water depths may be reached. Mass conservation requires that the time step should be restricted to the value that corresponds to the time that takes the
cell to dry out, i.e., to reach hi = 0. SToRM performs additional checks and adjustments to ensure that
mass is conserved at every time step without imposing these constraints to the time step size. These
checks and adjustments are presented with greater detail in Simões (2011).
The shoreline treatment is different from the two preceding cases. A shoreline is defined when all the
surrounding dry triangles of a partially or fully wet control volume have a mean bed elevation higher than
the stage at the centroid of the triangle. Under this circumstance the shoreline is defined at the control
volume edges and is also subjected to a special treatment. Partially wet triangles have corrections applied
to their wetted area and water depth. The treatment is different whether drying or wetting is occurring.
The interested reader is referred to Simões (2011), where detailed descriptions and validations of the
methods are presented.
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3 INTEGRATION IN A GUI
Integration of a numerical model within a graphical framework allows bridging the gap between model
development and model use, and encourages model dissemination and application. One such framework
developed specifically for environmental flow modeling is the iRIC Project (http://i-ric.org/en/), which
provides a means to integrate diverse models within the same GUI, using the same data formats and protocols. The iRIC framework provides operational facilities that are model independent, such as data input
and output (multiple formats are supported), automatic grid generation (provided by the two-dimensional
grid generator and Delaunay triangulator of Shewchuk, 2002), interactive visualization and editing of
model input and output, ability to work with ancillary data sets for model calibration, and deviceindependent plotting. This functionality frees the numerical model from all of these concerns by separating the roles of model developer from those of GUI programmer, with consequential benefits to both.
A schematic view of how the SToRM model is integrated in the iRIC graphical framework is given in
Fig. 1. A graphical user interface is used to receive user input and to plot data. The GUI communicates
with SToRM through a device-independent file using a format that has become a standard in many applications of computational fluid dynamics (CGNS, see http://cgns.sourceforge.net/). SToRM runtime information can also be displayed in a console window. The model parameter definitions needed to customize the GUI to the specific requirements of SToRM are coded in a flat file in XML format
(http://www.w3.org/XML/). The GUI can read data in a multitude of formats commonly used in hydraulics and other digital elevation modeling applications. Entire SToRM set-ups, including input data, parameter definitions, and model simulation output, can be saved in single data files for later use, and for
transmission and archival.
The model SToRM is implemented within the iRIC GUI and can be freely downloaded from the official iRIC Project Web Site at http://i-ric.org/en/. The calculations presented in this work were obtained
using version 2.2 of the iRIC distribution package.

Figure 1. Schematic outline of the integration of model SToRM in the iRIC modeling framework. The CGNS data file contains computational grid, boundary condition data, model parameters, and complete numerical solutions obtained at
multiple simulation times.

4 APPLICATION: ESTIMATING PEAK FLOODING FLOWS
In the week of September 9–15 of 2013, a slow-moving cold front clashed with warm monsoonal air over
Colorado, causing unusually heavy rain that resulted in catastrophic flooding along a large extent of Colorado’s Front Range. The flood waters spread from Fort Collins in the north, to Colorado Springs in the
south over an area that extended for approximately 320 km (200 miles). Nearly 19,000 homes were damaged, with over 1,500 destroyed, and more than 11,000 people had to be evacuated, with eight dead and
two more missing and presumed dead. It is estimated that at least 30 state highway bridges were destroyed and an additional 20 seriously damaged, with many miles of roads and freight and passenger rail
lines significantly damaged or altogether washed out. Estimates of economic losses have surpassed $2 billion US Dollars (Novey, 2013).
Due to the high discharges and water depths that occurred in many of the affected streams, some of the
US Geological Survey gaging stations were submerged or completely destroyed, precluding direct measurement of river stage at those locations. Such was the case at the confluence of the St. Vrain Creek and
Boulder Creek near the city of Longmont, northwest of Denver, CO. As a result of high flows, the USGS
Gaging Station 06725450 (http://waterdata.usgs.gov/co/nwis/uv/?site_no= 06725450), located at St.
Vrain Creek at Highway 119 (HWY 119), was destroyed and failed to record the stage at the peak of the
flood. No high water marks were collected at this location during the later forensic work related to this
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flood, therefore preventing the realization of an indirect measurement of the peak flow. This section describes the application of model SToRM to estimate the peak discharge passing at the gaging station and
over HWY 119, which had a section over 1.7 km (1 mile) long under water.
The principal factor determining the choice of the methods used to accomplish the objective of this
study is the availability of data—or, to be more precise, the lack thereof. In particular, the absence of high
water marks makes it difficult, or impossible, to use conventional indirect estimation methods. The problem is compounded by the local topography, where two streams merge into a single branch, therefore further limiting the amount of hydraulic and hydrologic techniques that can be employed usefully in this region.
The data sets available for this work consist of topographic data and flood delineation data. The topography was taken from USDA Geospatial DATA Gateway (http://datagateway.nrcs.usda.gov/), which is
from pre-flood USGS national elevation data (NED) at 1/9 arc-second resolution, i.e., with a spatial resolution of 3 meters. There was no post-flood LiDAR data for the site at the time of this study. Flood delineation data were obtained from remote sensing and are available as breaklines containing the discretized
delineation of the flood extents in the area of interest (Chris Cole, USGS, Personal Comm., April 23,
2014). The model was set up to represent an area of 5 km (3.1 miles, east to west) by 4.5 km (2.8 miles,
north to south) centered at the USGS Gaging Station 06725450, placing the model’s inflow boundaries
about 2.5 km (1.6 miles) upstream from the gaging station, and the outflow boundary 2.5 km (1.6 miles)
downstream from it, as illustrated in Fig. 2. This design places these boundaries away from the area of interest, therefore insulating it from imprecisions due to approximate representation of the water surface elevation at the downstream end, and of synthesized velocity distributions at the upstream boundaries. The
outflow boundary was set at St. Vrain Creek at HWY 25 (Interstate 25), because it is known that HWY 25
did not get flooded, and knowing that the flow was contained within the bridge opening permitted setting
the boundary condition (i.e., water surface elevation under the bridge) close to that of the actual flood,
which is near the invert of the bridge.

Figure 2. Aerial photograph of the modeled region (image source: The National Map, http:// http://nationalmap.gov/). The
limits of the computational grid are given by the polygon shown. Note the inflowing tributaries at the south (Boulder
Creek) and southwest (St. Vrain Creek) and the outflow boundary at the northeast (St. Vrain Creek). The circle
marks the location of the USGS Gaging Station.

The model SToRM uses a spatial discretization based on triangles and the user interface iRIC provides an
automatic grid generator that takes into account user input. User input is used to define grid shape and cell
size, and is especially important in ensuring that topographic features of hydraulic relevance are discretized with the appropriate accuracy for model representation. Several discretization test runs were performed to determine the necessary degree of grid refinement. These tests compared the results obtained
with different grid resolutions to determine the best working grid, i.e., the grid that provided the best
computational performance without degrading the quality of the computed flood extents. A grid with
57,055 points (113,140 triangles) was constructed, representing a grid of triangles with a maximum area
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of 173.2 m2 (1864 ft2) each. The grid was selectively refined in certain regions, such as near the gaging
station, and break lines were used to capture a number of significant terrain features.
To determine the value of the flow discharge at St. Vrain and Boulder Creeks, which is the objective of
this study, the following trial-and-error procedure was followed:
1. Guess the discharge values for St. Vrain Creek and Boulder Creek.
2. Use the guessed discharges to configure a model run.
3. Run the model SToRM until steady state conditions are reached.
4. Compare the predicted inundation levels to the known flood delineation contours.
5. If the agreement between data and prediction is poor, guess new discharge values and return to
step 2
6. Once the agreement between data and prediction is optimized, adopt the final discharge values as
the final estimated discharge for each creek.
Surface roughness was guessed by judging the type of land use based on the analysis of aerial photography. There are many land uses in the modeled region, including residential, commercial, agricultural,
gravel mining, and open space, and different roughness values were used to represent each, assigned from
previous experience using the model SToRM in similar land surface textures. Each run was started from
an initial state in which there was little or no flooding taking place, with the water mostly confined within
channel banks. The model run progressed in an unsteady manner, where the inflows at St. Vrain and
Boulder Creek were ramped to the desired guessed values and the computational domain was allowed to
flood as if a flooding event was taking place. Once the hydrograph attained the desired high inflowing
discharges, the run was sustained until steady state conditions were reached. This process does not represent the rate of flooding accurately, because the inflow hydrographs used do not represent the actual
flooding event well, but it allows for the model to compute the actual flood extents without the need for
any preconceived ideas about what the flood stages should look like.
In practice, a series of discharge guesses that under- and over-shoot the answer are used to perform
model runs. The results of the model runs are compared to the known flood delineation contours and
filed. A series of successive trials gradually hones the answer to the pair of values that provides the best
possible agreement between the model predictions and the observations. In this study, the combination of
values that provided the best agreement consisted of a discharge of 600 m3/s (~21,000 ft3/s) for St. Vrain
Creek and a discharge of 250 m3/s (~9,000 ft3/s) for Boulder Creek, resulting in an estimated 850 m3/s
(~30,000 ft3/s) passing through USGS Gaging Station 06725450 at HWY 119. The final results comparing model simulation and known flood delineation contours are shown in Fig. 3.

Figure 3. Comparison between observed flood delineation (white line) and predicted flooded area (gray area) on the same
background image of Fig. 2. Note that the observed flood delineation contour does not extend all the way to the
eastern part of the computational domain due to the absence of data.
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5 DISCUSSION
The standard method of indirect measurement of discharge is based on matching the values predicted by a
calculation method—such as a backwater procedure or Manning’s equation—to high water marks collected in situ after the flood took place. An attempt was made to synthesize high water marks by intersecting the flood delineation contours with the DEM of the site to obtain the value of the water surface elevation at the edges of the flooded areas. High water marks can be constructed by using directly the water
surface elevation values obtained from the intersection, or by interpolating them into the fully wetted areas by tracing cross sections and using the values at the edges. In practice, however, the wide extent of the
flood and the complex topography of the flood plains made it difficult to trace hydraulically reasonable
cross sections (lines normal to the flow direction that extend from left to right bank). For example, in
many areas there were differences of more than one meter in water surface elevation between the left and
the right margins, and the process of interpolating between such dissimilar values becomes highly speculative. To avoid introducing errors due to conjecture, it is a better approach to use data with the least
amount of processing possible. Therefore, using a model to match directly the flood delineation lines offers a more effectual and well-grounded assault to the problem than the traditional methods of indirect
measurement that use high water marks.
A depth-averaged two-dimensional flow model is used in this study, therefore fully three dimensional
flow effects are not captured in the simulation. Some of the primary hypothesis used in the development
of the model are that the vertical pressure distribution is hydrostatic, that momentum dissipation by the
bottom stresses follows a quadratic drag law (in this study the Manning’s friction coefficient was used),
that there is no infiltration of water into the soil, and that there are no changes in bed topography during
the flood, such as those that might result from flow induced bed erosion or sediment deposition. Although
these are limiting assumptions, their use is appropriate and well justified in floods with the relative width
and breadth encountered in this study, and there is an ample body of literature supporting it—see, for example, CFD (2005) and the references therein.
The source of data used introduces errors and uncertainties which are intrinsic to the type of data used
to set-up the model and to evaluate the modeling results: topographic data and flood delineation contours,
respectively. The process of delineating water boundaries from remote sensed images is challenging and
its accuracy is influenced by river characteristics, neighboring land cover, and anthropogenic effects.
There are many methods in use to accomplish the discretization of the delineation contours (Güneralp et
al., 2014), but the accuracy of the resulting process is generally evaluated based on subjective visual assessment (Quackenbush, 2004), with larger uncertainties in areas of visual complexity. Another significant aspect concerns the time at which the remote imagery was acquired: for the purpose used in this
study, it is important to use images taken at, or near, the peak of the flood. Unfortunately, with the USGS
gage destroyed, the relation of the flood peak to the time at which the remote imagery was taken is unknown.
Topographic data are given by pre-flood USGS NED at 1/9 arc-second (3 meter) resolution. The accuracy of the NED varies spatially due to the variable quality of the different sources of DEM data. The
overall absolute vertical accuracy of the USGS NED data has a root mean square error (RMSE) of 2.44 m
(8 ft), (Gesch, 2007). However, information obtained from metadata in USGS NED data files for the
Denver area from The National Map Viewer Web site (http://viewer.nationalmap.gov/viewer, accessed
May 19, 2014) indicates that greater Denver DEM data were obtained from a Light Detection And Ranging (LiDAR) system and that the data acquisition occurred between March 15 and April 19, 2008. This
increases the degree of vertical accuracy to a range of the RSME of 0.05–0.2 m (0.154–0.656 ft)(e.g.,
Baltsavias, 1999), but it also indicates that the data were approximately 5 ½ years old at the date of the
flood; consequently any changes to the topography incurred in that period of time are not captured in the
present study. Because part of the land has agricultural uses, it is expected that at least some change has
taken place during this time, especially in the areas flooded by Boulder Creek.
Finally, there is the potential for operator error. In this study, operator error is introduced at the time
when results are interpreted, which occurs when the final simulated flood contour lines are compared to
the field data for the evaluation of the goodness of fit. Goodness of fit is evaluated by visual inspection of
an image such as the one presented in Fig. 3. Although this is a generally acceptable method and is practiced by many, it lacks the objectivity of a mathematical criterion based on some type of computable
measure. Such a criterion might be constructed from distance or area measures, such as the RMSE of the
distance between the observed and the computed flood delineation contours, or from the area between the
same two lines. At this point there is no published work about this subject and, therefore, there is no guidance about what types of criteria might be employed nor about the advantages of selecting one criterion
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over another. The development of a good goodness-of-fit criterion may be important if future work in this
area is to be pursued, not only because it will allow removing the ambiguity introduced by a human operator, but also because it provides a necessary tool to streamline and automate the computational trial-anderror process developed and presented in the previous section.
6 CONCLUSION
A depth-averaged, two-dimensional model (SToRM) that solves the SWEs in unstructured triangular
grids within the framework of the Godunov-type, cell-centered finite volume method, was briefly presented. The model was developed with the purpose of calculating unsteady flow over complex topography with wetting and drying moving fronts, such as those occurring in catastrophic flooding, and was applied to the estimation of the peak flow discharge passing at the USGS Gaging Station 06725450, near the
city of Longmont, northwest of Denver, CO, during the historic flood event of September 2013.
Estimation of the peak discharge was accomplished by comparing the computed flood delineation contours with those obtained from remote sensed images. It was found that a close match was obtained when
using a discharge of 600 m3/s (~21,000 ft3/s) for St. Vrain Creek and of 250 m3/s (~9,000 ft3/s) for Boulder Creek. It was noted, however, that these predictions are dependent on the accuracy of the data used:
(1) the DEM data used by the model were sourced from USGS NED with a RMSE of 0.05–0.2 m (0.154–
0.656 ft), and was 5 ½ years old at the time the flooding occurred; and (2) the flood delineation contours
are subjected to uncertainties in areas of visual complexity and the source images must be obtained at
peak flow, which may be an unknown by itself. Finally, the comparison between model predictions and
field measurements was done by visual inspection, which introduces undesired operator ambiguity and
underlines the need for the development of mathematical criteria that produce objective goodness-of-fit
measures and that can be implemented in an automated computational procedure.
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ABSTRACT: Han river, a major river in south Korea, flows through Seoul metropolitan city and merges
with the Imjin river before it flows into the Yellow Sea of Korean Peninsula. The reach of Munbal IC,
which locates 30km far from the river mouth, has suffering from the serious scouring at right side of levees. The roads and fences on levees were fallen down due to the scouring. It was concluded that the river
training structures at Munbal IC should be designed to satisfy two flows, flood flow and tidal boar flow.
This study suggests serial spur dikes and vanes finally. The serial vanes were provided at two points, one
is at the beginning point of the island and another is at the end point of the island. The vanes could change
the flow path far from right levees and major flow could be developed along left channel of the island.
The serial spur dikes were also provided at Munbal IC with right angle. The vanes and spur dikes will be
constructed in two years and monitoring program will be performed.
Keywords: Spur dike, Tidal river, Stabilization, Levee erosion

1 INTRODUCTION
The reach of Munbal IC, which locates 30km far from the river mouth, has suffering from the serious
scouring at right side of levees. The roads and fences on levees were fallen down due to the scouring. Island in the river is developed near the Munbal IC for the last couple of decades so the river divided by
two paths. Bank line intruded more than 60m so levee protection with large boulder was provided around
Munbal IC in early of 2000 but to fail again. In this study the reasons of scouring were studied and the
river training structures with spur dikes and vanes were designed with numerical simulation and physical
hydraulic model.
2 CAUSES OF LEVEE EROSION
2.1 Geomorphological Conditions
Han river, a major river in south Korea, flows through Seoul metropolitan city and merges with the Imjin
river before it flows into the Yellow Sea of Korean Peninsula. The total length of the river is about 514km
and the design flood flow rate is about 37,000m3/s. The width of the lower river ranges from 1km to 2km
and the average depth is about 7m to 10m. [1, 2] Pedestrian walkways and levee protection with hard
structures are well developed along the river. Tidal effects are very strong at the mouth of the river due to
the high difference between the rise and fall of the tide. The adverse flow velocity is about 3m/s when the
river subject to tide effects.
2.2 Suspected Causes
The bed materials of the lower river consist with silt-sand. The mean diameter of the bed material is less
than 0.02mm. It was found that the scouring was caused by both flood flow and tidal flow. The river
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bends to right with 110 degree angle at Junryu station which is 5km upstream from Munbal IC. The flood
flow from upstream hits left levees at Junryu station and deflected to the right side. The flood flow goes
through right channel of the middle island and hits right levees at Munbal IC. The upstream ward tidal
boar turns to the right with almost 90 degree at the intersection with Imjin river and hits right side of levees at Munbal IC.
3 HYDRAULIC MODELLING
The width of Han river around Munbal IC is about 1500m with deepest depth of 14m. Sand bar in the
middle of the river exists with 2m depth at design flood 37000 cms(200year frequency). To keep the minimum depth with 2cm in model [3], 1:100 vertical scale was adopted. Allowable distorted ratio (G) between horizontal and vertical scale is depend on many conditions. [4]
3.1 Distortion Ratio considering Top Width(T) and Depth(y)
In according to Kobus() G should be less or equal to 10% of (T/y). Therefore, G≤10 at deepest point and
G≤5 at the average depth point.
3.2 Distortion Ratio considering Relative Roughness(k/y)
In according to [3] The relation between relative roughness and distortion ratio is (k/y)=1/G3. And in according to [4] roughness height can be estimated with k=26/(d901/6). Since the d90 of bed material is
0.06mm, G≤6.7 and G≤6.2 at deepest point and average depth point, relatively.
3.3 Scale Limitation in Hydraulic Rough Range
In according to [3] the relationship between horizontal scale(Lr) and distorted ratio(G) is
G=(0.2/(k/y))1/3. Therefore, G≤4 at deepest point and G≤3.6 at the average depth point.
Finally, the value of 4 was adopted as distortion ratio. The adopted horizontal and vertical scale was
1:400 and 1:100, respectively. Fig. 1 shows river model overview from left upstream. Fig. 2 shows
placement of adjusted roughness blocks. Spur dikes arrangement and dimensions are shown in Fig. 3.

Figure 1. River Model Birdview from Upstream.

Figure 2. Roughness Adjustment with Block Placement.
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Figure 3. Spur-Dike Arrangement and Dimensions.

4 RESULTS AND CONCLUSIONS
It was found that the scouring was caused by both flood flow and tidal flow. The river bends to right with
110 degree angle at Junryu station which is 5km upstream from Munbal IC. The flood flow from upstream hits left levees at Junryu station and deflected to the right side. The flood flow goes through right
channel of the middle island and hits right levees at Munbal IC. The upstream ward tidal boar turns to the
right with almost 90 degree at the intersection with Injin river and hits right side of levees at Munbal IC.
It was concluded that the river training structures at Munbal IC should be designed to satisfy two
flows, flood flow and tidal boar flow. This study suggests serial spur dikes and vanes finally. The serial
vanes were provided at two points, one is at the beginning point of the island and another is at the end
point of the island. The vanes could change the flow path far from right levees and major flow could be
developed along left channel of the island. The serial spur dikes were also provided at Munbal IC with
right angle. The vanes and spur dikes will be constructed in two years and monitoring program will be
performed.
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ABSTRACT: The simulation of water transfer between the soil matrix and macropores is crucial for
modeling flow in macropores soils. We present a numerical model (CASCADE) that allows to simulate
the flow in a single macroporous and the water transfer between the macropore and its surrounding soil
matrix. CASCADE is coupled with existing modeling software for porous media which models the flow
in the soil matrix (MUFTE-UG, DuMuX). We show experimental and numerical results of two laboratory
experiments. The exchange parameter is determined together with other sensitive parameters (van
Genuchten parameters, permeability, residual saturation) through parameter optimization. Overall a good
agreement between computations and measurements is obtained.
Keywords: Macropore flow, Infiltration, Discrete model concept, Two-phase flow in porous media,
Numerical model
1 INTRODUCTION
Macropore flow is a typical phenomenon in field soils where soil fauna, flora and genesis can form a network of large soil pores. Water and solutes can shortly reach deeper soil regions via macropores while
bypassing lower permeable soil layers (Beven and German, 1982). For this reason, it is challenging to
predict, flow and transport processes in macroporous soils with numerical models. Today a wide range of
scale and problem dependent models and concepts for simulating flow in macroporous soils exist
(Simunek et al. 2003, Gerke 2006, Köhne et al. 2009). Macropore flow can be taken into account with a
discrete model concept (Stadler et al. 2009) or an equivalent model concept such as a dual-permeability
model (Stadler et al. 2012), both based on the Richards or two-phase flow equations. Several approaches
have been developed to formulate the mass transfer between macropores and matrix domain (Simunek et
al. 2003, Gerke 2006, Stadler et al. 2012). It is obvious that the mass transfer is the most crucial part for
the mentioned model concepts.
While controlled laboratory experiments with single artificial macropores allow the study of
macropore flow and water exchange for specific soils (Edwards et al. 1979, Buttle and Leigh 1997,
Ghodrati et al. 1999, Allaire et al. 2002, Castiglione et al. 2003, Köhne and Mohanty 2005, Akay et al.
2008), studies with undistributed soil samples (Bouma et al. 1978) are considerably more complex so that
the validation of transfer formulations or the determination of soil specific transfer parameters becomes
very complex. Another aspect of verification is that macropore flow and water infiltration on the field
scale depend on soil formation, initial conditions and precipitation rates, soil-layers and the coating and
lining on the macropore walls (Jarvis 2007).
In this paper we present the model CASCADE which simulates the flow processes in a single vertical
macropore and the water exchange between macropore and matrix. The intention was to first investigate
and understand macropore infiltration in well-controlled laboratory experiments before later going to
large scales. CASCADE was implemented in two existing models for flow in porous media, MUFTE-UG
(Helmig et al. 1998) and DuMuX (Flemisch et al. 2011). As the gas phase should be taken into account
for complex multi-layered systems (Stadler et al., 2009, 2012) we coupled CASCADE with the two-phase
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2.2 Numerical model
The basic equations for modeling immiscible two-phase flow in porous media are the mass balance equations for both regarded phases α (w = water, n = air) which can be written in a general form as:

∂ (φα ρ α S α )
+ div (ρ α v α ) − ρ α qα = 0
∂t

(1)

where φα (LL-3) is the porosity, Sα [-] the saturation of the phase α, ρα (ML-3) the density, vα (LT-1) the
Darcy velocity and qα (L3T-1) a sink/source term. The extended Darcy law is applied to compute the Darcy velocity and it is inserted into the mass balance equations:

v α = −K

k rα

µα

( grad p − ρ α g )

(2)

where K (L2) is the intrinsic permeability tensor, krα (-) the relative permeability, μα (ML-1T-1) the determined dynamic viscosity and g (MT-2) the vector of gravity. The ratio of relative permeability and dynamic viscosity is called mobility (λα= krα / μα). The relative permeability functions after van Genuchten
in combination with the Mualem (1976) model are applied.
These mass balance equations build a set of partial differential equations (PDEs). Two primary variables are necessary to solve the non-linear system of equations. Therefore, two supplementary constraints,
one for the saturations for the wetting and non-wetting phase (Sn+Sw=1) and one for the capillary pressures pc (ML-1T-2) and the phase pressures (pc=pn+pw) are required to close the system. The capillary
pressure pc can be described by van Genuchten (1980) as a function of the saturation and soil properties.
The mass transfer between the matrix and macropore domain can be described with different formulations (see also Simunek et al., 2003, Gerke 2006). The formulation chosen here is similar to Darcy’s law:

uα = −

k rα

µα

β ( p matrix − p macropore )

(3)

where β (L) is a resistance factor or exchange parameter and controls the flow over the macropore surface. The relative permeability in Eq. (3) is computed with a fully up-winding scheme to prevent unphysical fluxes, assuming a mobility equal to 1 if water infiltrates from the macropore. pmatrix (ML-1T-2) is the
water pressure in the matrix and pmacropore (ML-1T-2) is the water pressure in the macropore which is set to
atmospheric pressure. The mass fluxes ṁα (MT-1) between macropore and matrix domain are given as:
•

m α = Auα ρ α = qα ρ α

(4)

where A (L2) is the surface between matrix and macropore and ραqα the sink/source term (see Eq. 1).
CASCADE is implemented as a simple computational scheme to simulate vertical non-capillary
macropore flow. Similar model concepts are widely used in hydrology. CASCADE generates for all matrix cells which border to the macropore corresponding CASCADE cells to calculate the cell fluxes with
Eq. (4) (Fig. 1, middle). The water exchange between matrix and macropore and vice versa is computed
over the whole macropore length and is a source/sink term in the two-phase model of matrix (Eq. 1).
Therefore the inflow into the macropore and its value on the top must be known.
Before each time step is carried out with DuMuX or MUFTE-UG, the scheme shifts the infiltrated water cell-wise downwards the macropore; starting at the top and ending at the bottom. Water transfer and
downward migration are computed as follows:
(i)
The inflow rate into the macropore at the top is set as boundary condition for the first cell.
The water flux based on the pressure difference in both domains (macropore/matrix) is
calculated (Eq. 4) for each cell i of CASCADE.
(ii)
Starting from the first cell, lateral water transfer qw between macropore and matrix is added
to (inflow to the macropore) or subtracted from the macropore cell (outflow to the matrix).
The vertical outflow qout of a cell serves as input for the next cell (Fig. 1, middle).

q out ,i = qin ,i − q w,i

(5)

Transfer to the matrix is only calculated as long as enough water is available in the
macropore, while water transfer to the macropore can always occur.
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(iii)
(iv)

Remaining water in the macropore at the last cell of CASCADE represents outflow
through the macropore bottom.
All calculated transfer fluxes are transferred as source/sink terms to the two-phase model
of the matrix (Eq. 1).

CASCADE approximates the macropore flow without resolving the flow characteristics inside which are
very complex (film flow, plug flow) and cannot be determined in detail. The concept behind CASCADE
was chosen to keep the model and the numerical solutions as simple as possible and as accurate as necessary.
The model CASCADE was designed as a flexible extension for existing simulators for flow in porous
media. It was written in Python and can be easily coupled with existing models via XML-RPC, embedded
Python or exchange files. We tested CASCADE with the numerical toolbox MUFTE-UG (coupling via
XML-RPC and embedded Python) and DuMuX (file based coupling).
Both toolboxes apply a local mass conservative box-method for the spatial discretization. The mobility
at the integration points is therefore computed with a fully upwinding scheme. A fully implicit adaptive
time stepping is used for the discretization in time. The resulting non-linear systems are linearized with
the Newton-Raphson method and solved with a BICGstab solver (Helmig et al. 1998, Hinkelmann 2005).
Both toolboxes computed the same result, however DuMuX was considerably faster.
3 RESULTS AND DISCUSSION
3.1 Model set-up
We applied a three-dimensional model domain, using the setup symmetry to reduce the domain size and
calculation time (see Fig. 1). A mesh with overall 2484 nodes and 1170 elements with a resolution of 46
nodes in the vertical direction is used for simulation. For the given setup it is convenient to use a pn/Sw
formulation. For both phases, we defined Neumann no-flow boundary conditions (BC) on the cylinder
surface. At the top we set atmospheric pressure for the gas phase (Dirichlet BC) and a Neumann no-flow
BC for the water phase. However, it is also necessary to define a Dirichlet BC for the second primary variable, the water saturation. To minimize the influence of this BC the water saturation was close to the initial condition at the outer edge at the top. The surface between matrix and CASCADE is a crucial part.
Here, we chose a Neumann BC for the water phase since the CASCADE model serves as a sink/source
term and a Neumann no-flow BC for the gas phase.
3.2 Parameter estimation
A main problem during the study was the determination of the soil hydraulic parameters. The only known
parameter for the set-up was the soil porosity (φ=0.32); all other soil hydraulic parameters were fitted
during the calibration. In a first step, the capillary pressure was adjusted so that the measured pressure
drops (tensiometer) after infiltration was reproduced as good as possible. Then soil parameters (VGn, VGα
van Genuchten n, α; K: permeability; β: resistance factor; Swr, Swn: residual water/air saturation) were optimized with the downhill-simplex method (Nocedal and Wright 1999) of Scipy (www.scipy.org). The resulting parameters are given in Tab. 1.
Table 1. Resulting soil parameters

experiment VGn [-]

VGα [Pa-1] K [m2]

β [m]

swr [-]

snr [-]

Q166

3.75

0.000195

8.19E-12

4.5E-10

0.060

0.020

Q375

5.50

0.000200

7.58E-12

4.5E-10

0.120

0.010

The results of the two different experiments were relatively close together except VGn. The obtained residual saturations are very small. This is based on the fact that the porosity was very small and the water
must be hold by the matrix to reproduce the speed of the infiltration front. The quality of the calibration
was determined by comparing the measured tensiometer heads with simulated pressures applying the least
square method (Fig. 4).

290

REFERENCES
Akay O., Fox , G.A., and Simunek, J. (2008). Numerical simulation of flow dynamics during macropore-subsurface drain interactions using HYDRUS. Vadose Zone J. 7:909-918.
Allaire, S.E., Gupta S.C., Nieber, J., and Moncrief, J.F. (2002). Role of macropore continuity and tortuosity on solute transport
in soils: 1. Effects of initial and boundary conditions. J. Contam. Hydrol. 58:299-321.
Beven, K.J., and Germann, P. (1982). Macropores and water flow in soils. Water Resour. Res. 18:1311-1325.
Bouma, J., Dekker, L.W. and Wosten, J.H.M. (1978). Case-study on infiltration into dry clay soil. 2. Physical measurements.
Geoderma. 20:41-51.
Buttle, J.M., and Leigh, D.G. (1997). The influence of artificial macropores on water and solute transport in laboratory soil
columns. J. Hydrol. 191:290-313.
Castiglione, P., Mohanty, B.P., Shouse, P.J., Simunek, J., van Genuchten, M.Th. and Santini, A. (2003). Lateral Water Diffusion in an Artificial Macroporous System: Modeling and Experimental Evidence. Vadose Zone J. 2:212-221.
Edwards, W.M., van der Ploeg, R.R. and Ehlers, W. (1979). A numerical study of the effects of non-capillary-sized pores upon
infiltration. Soil Sci. So. Am. J. 43:851-856.
Flemisch, B., Darcis, M., Erbertseder, K., Faigle, B., Lauser, A., Mosthaf, K., Müthing, S., Nuske, P., Tatomir, A., Wolff, M.
and Helmig, R. (2011). DuMux: DUNE for Multi-{Phase, Component, Scale, Physics, ...} Flow and Transport in Porous
Media. Advances in Water Resources 34(9):1102-1112.
Germer, K., Stadler, L., Hinkelmann, R., Färber, A. and Braun, J. (2008). Studies on Infiltration Processes in a Soil Column
with a Single Macropore. Poster at EGU General Assembly, Vienna, Austria.
Gerke, H.H. (2006). Preferential flow descriptions for structured soils, J. Plant Nutr. Soil Sci.-Z. Pflanzenernähr. Bodenkd.
169(3), 382-400.
Ghodrati, M., Chendorain, M. and Chang, Y.J. (1999). Characterization of macropore flow mechanisms in soil by means of a
split macropore column. Soil Sci. So. Am. J. 63:1093-1101.
Helmig, R., Class, H., Huber, R., Sheta, H., Erwig, J., Hinkelmann, R., Jakobs, H. and Bastian, P. (1998). Architecture of the
Modular Program System MUFTE-UG for Simulating Multiphase Flow and Transport Processes in Heterogeneous Porous
Media, Mathematische Geologie 2:123-131.
Hinkelmann, R. (2005). Efficient Numerical Methods and Information-Processing Techniques for Modeling Hydro- and Environmental Systems. Lecture Notes in Applied and Computational Mechanics, Springer.
Jarvis, N.J. 2007. A review of non-equilibrium water flow and solute transport in soil macropores: principles, controlling factors and consequences for water quality. European Journal of Soil Sci. 58:523-546.
Köhne, J. M., Köhne, S. & Simunek, J. (2009). A review of model applications for structured soils: a) Water flow and tracer
transport. Journal of contaminant hydrology 104:1-4, 4-35.
Köhne, J.M., and B. P. Mohanty. (2005). Water flow processes in a soil column with a cylindrical macropore: Experiment and
hierarchical modeling. Water Resour. Res. 41:W03010. doi:10.1029/2004WR003303.
Mualem Y. 1976. A new model for predicting the hydraulic conductivity of unsaturated porous media. Water Resour. Res.
12:513-522.
Nocedal, J. and Wright, S. (1999). Numerical Optimization, Springer series in operations research and financial engineering,
Springer.
Simunek, J., Jarvis, N.J., van Genuchten, M.T., and Gardenas, A. (2003). Review and comparison of models for describing
non-equilibrium and preferential flow and transport in the vadose zone. J. Hydrol. 272:14-35.
Stadler,L., Hinkelmann,R. & Helmig,R.(2012). Modeling Macroporous Soils with a Two-Phase Dual-Permeability Model.
Transport in Porous Media 95(3):585-601.
Stadler L., Hinkelmann, R., and Zehe, E. (2009). Two-phase flow simulation of water infiltration into layered natural slopes
inducing soil deformation. Editors: Malet, J.-P., A. Remaitre, and T. Bogaard. Proc. Landslide Processes: From Geomorphologic Mapping to Dynamic Modelling. CERG Strassbourg France, pp. 197-201.
Van Genuchten, M.Th. 1980. A closed-form equation for predicting the hydraulic conductivity of unsaturated soils. Soil Sci.
Soc. Am. J., 44:892-898.

293

294

Figure 6. Submerged and free-flow parameters
(Tullis et al., 2007).

Figure 7. Limits of H*/Ho submerge equations by
Tullis et al. (Tullis et al., 2007).

2 EXPERIMENTAL SETUP
Four wave gauges were placed in pairs before and after the weirs, to measure water height. Point gauges
were also used along the flume to confirm the measurements.
Five models were fabricated. The first one was a sharp crested rectangular weir, the second was a
sharp crested 45° oblique rectangular weir and the third was a sharp crested 60° oblique rectangular weir.
These three models were made from concrete in 18mm phenolic-faced plywood formwork. The fourth
model assembled was a “Half” Pulteney (Figure 9) in a 1:50 scale, and the fifth was “Pulteney Weir”
(Figure 10) in a 1:100 scale. The last two, and harder, models were made in Bath University’s timber laboratory using plywood and contact glue. They were then both filled and painted to give them the appropriate shape and waterproof effect.

Figure 8. University of Bath’s Hydraulic Flume.

Figure 9. “Half”
Pulteney
Model.

Figure 10. Full Pulteney
Model.

3 EXPERIMENTAL RESULTS AND DISCUSSION
3.1 Sharp-Crested Rectangular Weir
The Rehbock equation (5) was used on a sharp crested rectangular weir in order to confirm the accuracy
of the experiment.
H
=
Cd 0.611 + 0.075  
P

(5)

There was a very good agreement between theoretical and experimental results. Additionally, looking at
the Cd versus H⁄P curve we found a linear relationship from which, a general equation (6), was established with very close agreement to the theoretical equation, therefore validating our experiment.
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surface tension was too great to be ignored, and large flow rates could not be very realistic as in such flow
rates, the sluice gate parallel to Pulteney Weir would have a very big impact.
Further research is needed to examine the head discharge relationships for all labyrinth weirs of this
type, using different alternatives of the weirs’ curves and dimensions to establish eventually a general
equation for this type of weirs. From the derived equation, the impact of a serious flood situation in Bath
can be predicted and shows that Pulteney Weir will probably be able to prevent flooding even for a lot
higher flow rates than the one recorded in October 2000. Furthermore, OpenFOAM is a CFD simulation
tool that using the equation derived in this research, can model Pulteney Weir including its surroundings;
the sluice gate, Pulteney Bridge and the rest of the engineering obstructions built in the river Avon’s flow.
Further research is therefore suggested for an OpenFOAM model to be constructed to examine the possibility of Bath’s flooding in more detail.
Flooding is a very important consequence of climate change. It is therefore essential to understand how
to prevent future flooding by using structures, like weirs. Pulteney Weir is not only a weir, but is a beautifully made structure fulfilling its goal whilst pleasing with its appearance. It has become one of Bath’s
wonders without anyone even knowing it has such an important purpose.
NOTATION
Cd
wc⁄p
H*
Hd
Ho
Ht
Le
Ts
A
b
CL
F
g
H
K
n
P
P
Q
u
W
z
ρ

Discharge coefficient
Vertical aspect ratio
Total upstream head on a submerged weir relative to the crest elevation
Total downstream head of submerged weir relative to the crest elevation
Total head upstream of a weir operating in a free-flow condition and measured relative to the crest elevation
Total head
Effective length of labyrinth weir
Surface Tension
Area
Breadth
Crest coefficient per unit length of the labyrinth weir
Force
Gravitational acceleration constant
Total Head
Constant
Number of cycles
Weir’s Height
Pressure
Discharge over weir
Velocity
Width of the weir
Head
Density
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Evaluation Method of Positive and Negative Retarding Storage
Volumes for Unsteady Two Dimensional Flows and Propagation
Mechanisms of Peak Discharge and Peak Water Level
Y. Takemura & S. Fukuoka

Research and development initiative, Chuo University, Japan

ABSTRACT: Understanding of the storage effects of river channels, such as attenuation of peak discharge, delay in propagation and difference between arrival times of peak discharge and peak water level
at river cross sections during flood events, has been important for river management and improvement.
This paper defines the parts of flood water stored in river channels during the rising period and flood water released from river channels during the descending period that cause deformation of discharge hydrographs as positive retarding storage and negative retarding storage of flood water, respectively. The evaluation method of the positive and negative retarding storage volumes in river channels is proposed by
deriving the advective equation for flood discharge from the unsteady two dimensional flow equations. In
addition, the mechanism causing the difference between arrival times of peak discharge and peak water
level at river cross sections is discussed with relation to the positive retarding storage around the flood
peak time. Finally, the evaluation method is applied to a large flood in the valley of the upper Kitakami
River to clarify the storage effects of the valley.
Keywords: Flood propagation, Storage, Retarding storage, River geometries, Discharge hydrograph,
Water level hydrograph, Valley
1 INTRODUCTION
When floods occur in river reaches, channel areas are temporally filled with flood water and they are
gradually released to downstream. Discharge hydrographs of flood flows passing through river channels
change in shapes through this process and it causes attenuation of peak discharge, delay in propagation
and difference between arrival times of the peak discharge and the peak water level at river cross sections
(Takahashi (1971) and Menedez et.al. (1982)). They are known as the storage effects of river channels
and largely affected by unsteadiness of flood flows and channel geometries such as cross sectional shapes
or its longitudinal changes (Henderson (1966) & Fukuoka (2003)).
Understanding of the storage effects of river channels is a great interest of river engineers or researchers and many fundamental studies are proposed (e.g. Lighthill and Whitham (1955), Ponce and Simons
(1977)). However, applications of these studies are limited to the specific problems in rivers because the
most of studies are proposed under the ideal conditions (e.g. uniform and quasi-steady flow condition or
linear stability analysis). Now, flood propagations in river channels can be analyzed with high accuracy
for the development of the observation technique and numerical analysis method (e.g. Fukuoka and
Watanabe (2004)). How to evaluate the storage effects of river channels during flood events by using the
numerical analysis results becomes an important problem. Mishra et.al. (1997) adopts the area of the loop
of the rating curve (discharge - water level curve) in non-dimensional form as the parameter to explain the
propagation characteristics of flood flows passing through river reaches in their study. However, the rating curve cannot represent the amount of the deformation of discharge hydrographs in the river channels
which is the dominant factor to evaluate the storage effects of the river channels quantitatively because it
represents only the discharge - water level relationship at each river cross section during flood events.
Figure 1 shows the discharge hydrographs at upstream and downstream ends of a river reach. The discharge hydrograph deforms from the black broken line to the gray solid line in the reach. Areas surround303
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Q = discharge, A = cross sectional area, U= mean velocity, yl and yr = positions of water edges at rive
cross sections. As the result, second term of the right side of Equation (2) is canceled out and third - fifth
terms are appeared on the right side of Equation (3). These three terms represent the effects of velocity
distributions in river cross sections on the rate of change in Q. Equation (3) can be written in the more
simplified form
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The rate of change in Q can be represented by only the product of partial derivative ∂U/∂t and flow cross
sectional area A when we follow the mean motion of a fluid. This indicates that deformation of discharge
hydrographs in river channels is controlled by temporal changes in mean velocity at river cross sections.
2.2 Evaluation method of the positive and negative retarding storage volumes
Rate of storage in a river reach is represented by the difference between inflow and outflow discharge of
the reach or
dS
∂A
=∫
dx
L
dt
∂t

(6)

where S = storage volume in the river reach, L = longitudinal distance of the river reach. Differentiating
discharge Q (=UA) respect to time, ∂A/∂t on the right side of Equation (6) can be written
∂A 1 ∂Q A ∂U
=
−
∂t U ∂t U ∂t

(7)

It can be easily understood with relation to Equation (5) that the second term of the right side of Equation
(7) (A/U)∂U/∂t represents the rate of storage per unit distance due to the deformation of discharge hydrographs. To assign a meaning of the first term (1/U)∂Q/∂t, we think the case that mean velocity does not
temporally change throughout river reaches; i.e., discharge hydrographs are unchanged in shape as it
moves downstream since the right side of Equation (5) A∂U/∂t is 0. In this case, the difference of arrival
time of the discharge hydrograph between two river cross sections is only the factor causing storage in
river channels. Then rate of storage per unit distance ∂A/∂t is equal to (1/U)∂Q/∂t since the second term of
Equation (7) (A/U)∂U/∂t is 0. It allows us that the first term of the right side of Equation (7) (1/U)∂Q/∂t
can be taken as the rate of storage per unit distance due to the difference of the arrival time of the discharge hydrograph.
From the above discussions, it can be understood that the positive and negative storage volumes defined as the parts of the storage and release volumes in the river reaches that cause the deformation of the
discharge hydrographs (hatched areas in Figure 1) are produced by the second term of the right side of
Equation (7). The rate of the positive and negative retarding storage volumes per unit distance are written
as
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Qx-dx/2:Discharge hydrograph at x-dx/2 section, Qx+dx/2:Discharge hydrograph at x+dx/2 section, Q’x+dx/2:Discharge hydrograph at x+dx/2 section (unchanged in the shape), TpQ: Arrival time of the peak discharge, Tph: Arrival time of the peak water level
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Figure 2. Discharge hydrographs around the flood peak time at river cross sections infinitesimal space dx away from x section
in upstream and downstream directions.
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where rsr = positive retarding storage volume per unit distance, rsd = negative retarding storage per unit
distance, δ1 and δ2 = response functions.
Figure 2 shows the discharge hydrographs around the flood peak time at river cross sections infinitesimal space dx away from x section in upstream and downstream directions. The times TpQ and Tph are the
arrival times of peak discharge and peak water level at x section, respectively. The rate of storage and the
rate of positive retarding storage in the space dx are represented by ∂A/∂tdx, ∂rsr/∂tdx, respectively. Considering the right side of Equation (7), the first term is less than 0 (i.e., (1/U)∂Q/∂t < 0) and second term is
equal to the rate of positive retarding storage (i.e., -(A/U)∂U/∂t = ∂rsr/∂t) from the time TpQ to the time Tph.
Therefore, the rate of positive retarding storage is larger than the rate of storage (i.e., ∂rsr/∂tdx > ∂A/∂tdx)
in this time as shown in Figure 2. This indicates that the volume of the positive retarding storage obtained
by integrating Equation (8) respect to time during the rising period overestimates the volume surrounded
by the points a, b and c in Figure 2. The overestimated volume can be eliminated by using Equation (10)
instead of Equation (8).
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Generally, it can be neglected because the overestimated volume would be considered sufficiently smaller
than the total volume of the positive retarding storage in river reaches. However, Equation (10) should be
used to discuss the positive retarding storage around the flood peak time.
Integrating Equation (8) (or Equation (10)) and Equation (9) respect to the length of river reaches L,
we obtain the rate of the positive retarding storage and negative retarding storage in the river reaches
∂r
dRsr
= ∫ sr dx
L
∂t
dt

(11)

∂r
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= ∫ sd dx
L
∂t
dt

(12)

where Rsr = positive retarding storage volume in river reaches, Rsd = negative retarding storage volume in
river reaches.
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Sloshing Displacements of an Above Ground Cylindrical Liquid Storage
Tank Subjected to a Near-Fault Earthquake Ground Motion
G. Yazici, M. Aksel & A. Koroglu

Istanbul Technical University, Civil Engineering Department, Istanbul, Turkey

ABSTRACT: Aboveground liquid storage tanks are critical components of infrastructure systems which
are widely used to store chemicals, fuel and water. Field reports from past earthquakes indicate that these
structures are quite susceptible to earthquake related damages due to sloshing effects of the contained liquid and that their failure can result in catastrophic damages to the environment in addition to significant
financial losses. Earthquakes can damage liquid storage tanks in several ways. Hydrodynamic forces and
the overturning moments acting on the tank wall due to the impulsive component of the liquid motion can
result in the failure of the tank wall and the tank foundation. Excessive sloshing displacements which are
primarily due to the long period convective component of the liquid motion can result in the spilling of
the contained liquid or induce damages to the tank roof. This paper focuses on the sloshing response of a
liquid storage tank subjected to near-fault earthquake strong ground motions with large displacement and
velocity pulses which can be particularly destructive for structures with long vibration periods. In this
study, the maximum sloshing displacements of a liquid storage tank subjected to a horizontal base excitation of a near-fault earthquake ground motion were analyzed with the ANSYS/Fluent and the CFD analysis results were post-processed with the help of Matlab image processing tools. Temporal variation of the
sloshing displacements obtained from the CFD analysis was compared with the sloshing displacement
time-histories obtained from the mass-spring equivalent models which are widely used in the design of
liquid storage tanks.
Keywords: Sloshing, Near-Fault Earthquake Ground Motion
1 INTRODUCTION
Aboveground liquid storage tanks are critical components of infrastructure systems which are widely used
to store chemicals, fuel and water. Field reports from past earthquakes indicate that these structures are
quite susceptible to earthquake related damages due to sloshing effects of the contained liquid and that
their failure can result in catastrophic damages to the environment in addition to significant financial losses [1-8].
Earthquakes can damage liquid storage tanks in several ways. Hydrodynamic forces and the overturning moments generated by the movement of the contained liquid can cause the failure of the tank wall or
the tank foundation. Excessive sloshing displacements can result in the spilling of the contained liquid or
induce damages to the tank roof [9].
This paper focuses on the sloshing response of a liquid storage tank subjected to near-fault earthquake
strong ground motions with large displacement and velocity pulses which can be particularly destructive
for structures with long vibration periods. In this study, the maximum sloshing displacements of a liquid
storage tank subjected to a horizontal base excitation of a near-fault earthquake ground motion were analyzed with the ANSYS/Fluent and the CFD analysis results were post-processed with the help of
MATLAB image processing tools. Temporal variation of the sloshing displacements obtained from the
CFD analysis was compared with the sloshing displacement time-histories obtained from the mass-spring
equivalent models which are widely used in the design of liquid storage tanks.
313

2 MODELING OF LIQUID STORAGE TANKS
Poor performance of liquid storage tanks on the 1960 Chile and 1964 Alaska earthquakes has motivated
research on developing realistic modeling methods for their analysis and design. In early 1960s, Housner
developed a mechanical analogue model for the liquid storage tanks with rigid walls and fixed base subjected to a horizontal base motion [10]. In Housner’s model, continuous liquid medium is represented
with a rigid mass at the bottom of the tank which moves in unison with the tank wall and convective
masses which are connected to the tank with springs. The rigid mass primarily contribute the hydrodynamic pressures acting on the tank wall whereas the convective masses account for the sloshing displacements. Usually, a single convective mass which corresponds to the first convective mode is considered sufficient in setting up the mechanical model of the liquid (Figure 1). The magnitudes and the
heights of the rigid and convective masses, as well as the stiffness of the springs required in setting up the
analogue model can be obtained from charts and equations described in Housner’s paper [10].

Figure 1. Housner’s Mechanical Analogue Model for Liquid Storage Tanks with Rigid Walls Subjected to Horizontal Base
Motion

Since 1960s, other mechanical analogue models have been developed in order to take into account various factors that affect the design and analysis of tanks such as the flexibility of the tank wall [11-14]. Mechanical analogue models considerably facilitate the analysis of the liquid storage tanks and accordingly,
current design codes use one or more of these models for the prediction of the hydrodynamic forces acting on the tank wall and foundation as well as the maximum sloshing displacement which is required to
determine the freeboard height [15-25].
Although, mechanical analogue models provide reasonable estimates for the hydrodynamic actions in
liquid storage tanks, there are certain limitations to their use such as the restrictions on tank geometry due
to the assumptions used in derivation of these models. Therefore, other modeling and analysis approaches
such as FEM, FDM and SPH may have to be utilized in order to analyze the seismic response of arbitrarily shaped containers or to examine the free surface displacements when large sloshing displacements are
expected. Literature reviews of the analytical and numerical methods used in the analysis of liquid storage
tanks subjected to acceleration can be obtained from [26-28].
3 NUMERICAL STUDY
In the numerical study, maximum sloshing displacements of a tall Naphtha storage tank with a liquid
height of 15 m and a radius of 5m subjected to horizontal strong ground motion with near fault characteristics was analyzed with the finite element analysis software ANSYS FLUENT [29] as well as a
MATLAB script which uses the mechanical analogue models of Veletsos [13] and Chalhoub and Kelly
[30]. The mathematical treatments of the sloshing displacements for these models are extensively described in their respective references and have not been repeated herein for the sake of brevity. A verification study of the MATLAB Script used in the study is presented in [31].
Ground acceleration history record (YPT060) of the 1999 Kocaeli (Turkey) earthquake obtained from
the Yarimca Station (located approximately 2.6 km away from the fault rupture) was used in the numerical study. The acceleration time history of the ground motion was obtained from the PEER Strong Motion
Database (http://peer.berkeley.edu/smcat) and the peak values of acceleration, velocity and displacement
are presented in Table 1.
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A comparison of the temporal variation of the sloshing displacement histories at the side wall is presented
in the Figure 6.

Figure 6. Temporal Variation of Free Surface Level

General variation of the sloshing displacements obtained from finite element analysis was quite similar to
the one obtained from the mechanical analogue model. Although, calculated dips of the free surface displacement were almost identical for both cases, there were significant differences between the peak values of the free surface displacements. It was observed that sloshing displacements were quite high for
each case. Calculated peak values of the sloshing displacements were 3.51 m and 2.60 m for the finite element and mechanical analogue models, respectively.
4 CONCLUSIONS
Mechanical analogue models are quite useful for making estimates of free surface displacements and hydrodynamic pressures acting on the tank wall. However, it should be considered that most mechanical analogue models are built on the assumptions of irrotational flow and small amplitude sloshing displacements. The difference of 0.91m between the predicted maximum values of free surface displacements for
the finite element model and the mechanical analogue could be attributed to the large amplitude sloshing
motion caused by the near fault ground motion.
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ABSTRACT: In order to ascertain pre-monsoon and post-monsoon compositional variations in the
groundwater under different aquifer conditions, water samples were collected from Narmada-Mahi interstream area, covering coastal plains, alluvial plains, piedmont zone and highlands. Samples were collected
from shallow aquifer (hand pumps/dug well) and deeper aquifers (tube/bore wells) and analysed for major
and minor ionic concentration. Study indicates that the groundwater quality in the study area is highly diverse
and complex due to influence of sea water intrusion (coastal salinity), inherent sediment salinity, quality
deterioration due to overexploitation and pollution.
Geochemical analysis has established that the ground water in the study area has high concentration of major
and minor ions. These ionic concentrations tend to decrease from western coastal plain to the eastern
highlands parts. Some of the inland aquifers do show high concentration of ions but they are localized. The
analysed samples were compared with the WHO (1993), ISI (1983) and ICMR (1975) drinking water
standards and observed that samples have either one or two constituents in higher concentration making it
unfit for drinking. Further, various indices viz. Kelley’s Ratio, Residual Sodium Carbonate, Schoellar Index,
Sodium Hazards (SAR) and Wilcox Irrigation Water Classification were also used to characterized water
based on its ionic chemistry for its irrigation suitability. Few samples were also analysed for δ18 O isotopic
variation and distribution in groundwater samples of study area.
Keywords: Geology, Groundwater, Geochemical, Total Dissolved Solids, Suitability

1 THE STUDY AREA
The study area constitutes a part of Mahi - Narmada inter-stream region of Gujarat state, India. It has
distinct hydro-physiographic boundaries; which is bordered by the Gulf of Cambay in the West, the rocky
uplands in the East, Mahi River in the North and Narmada River in the South and sprawl in about 11,000
sq. km. The area lies between 72º 30’ E and 73º 43’ E longitudes and 21º 40’ N and 22º 53’ N latitudes
(Figure 1). The western and central part of the region comprises huge thickness of marine, fluvial and
aeolian sediments of Quaternary period. These sediments consist of intercalations of sand, silt, clay and
gravel bands strongly calcretised. These Quaternary deposits are good repository for groundwater in
unconfined, semi-confined and confined conditions. The Eastern part of the study area is covered by hard
rocks consisting of Cretaceo-Eocene; Deccan trap- basalts, intrusive granite, basement gneisses followed
by meta-sediments; quartzite, phyllites, slate, schists and marble, etc.
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Figure 1. Location Map of the Study Area.

2 MATERIALS AND METHOD
Groundwater samples were collected from study area in a well-spaced grid pattern for geochemical
analysis (Figure 2). Samples were collected from borewell (BW), handpump (HP) and few open wells
(OW) representing deeper, intermediate and shallow subsurface samples. The American Public Health
Association (APHA) has prescribed standard analytical techniques for determining the dissolved chemical
content in groundwater. The water analysis was carried out using standard methods given in “Standard
methods for the examination of water and waste water”.
δ 18O measurements were carried out on 55 samples well spread over the study area, and
measurements were done at PRL, Ahmedabad using a Stable Isotope Ratio Mass Spectrometer (GEO
2020, PDZ Europa U.K.) with automatic water equilibration system. The δ 18O‰ values are with respect
to the V-SMOW and NRM (Narmada water, δ18O = -4.5 ‰) was used as a laboratory water standard. The
trace element analysis was done at IIT Powai, using ICP-AES instrument.
3 RESULT AND DISCUSSIONS
Hydrogeochemical investigation has been carried out with a view to characterize groundwater for its
domestic and irrigation suitability. Various institute/organization has recommended the quality standard
for drinking water among them some of the important ones are World Health Organisation (WHO), the
Indian Council of Medical Research (ICMR) and the Bharat (Indian) Standard Institution (ISI). These
standards include maximum desirable value and maximum permissible limit. The suggested drinking
water standards by various institutions are given in Table-1 along with obtained range of parameters for
the groundwater samples from the study area for four different seasons, to observe changes in
groundwater condition with time and the effect of rainfall i.e. pre and post monsoon scenario. The study
indicates that the drinking water quality deterioration is from east to west and also with depth. In few
samples high fluoride concentration has also been observed which is mainly attributed to the geogenic
processes and also due to rapid depletion of ground water (Dabral & Sharma, 2013).
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Table 1. Comparison of Groundwater Samples from Study Area with Drinking Water Quality Standards.
Sr.
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Parameters

ICMR (1975)

ISI
(1983)

WHO
(1993)

Study Area Samples
Pre Mon.
2002

Post Mon.
2002

Pre Mon.
2003

Post Mon.
2003

PHYSICAL PROPERTIES
Colour (Hazen)
5 (25)
10
5 (50)
Colourless
UnobjecNot
Odour
Not Desirable
Odourless
tionable
Desirable
Taste (JTU)
“
Agreeable
“
NA
NA
NA
NA
Turbidity
5 (25)
10
5 (25)
NA
NA
NA
NA
CHEMICAL PROPERTIES
7.0-8.5
7-8
pH
6.5-8.5
7.61-8.87
7.06-8.6
7.06-8.71
6.65-8.48
(6.5-9.2)
(6.5-9.2)
TDS (mg/l)
500 (1500)
2000
500 (1500) 420-9542 200-15094 205-9450 168-81000
TH (mg/l)
300 (600)
300
300 (600)
92.4-2667
58-3500
58-3850
70-16100
Calcium (mg/l)
75 (200)
75
75 (200)
18.5-370.6
5-589.5
12.8-384.2 10.1-6115
Magnesium (mg/l)
50 (150)
30
50 (150)
0.55-459.6 0.0-492.8
0-863.4
0-260.9
Chloride (mg/l)
200 (1000)
250
200 (600) 49.9-3798.8 20-6240
27-4099
60-50000
Sulfate (mg/l)
200 (400)
150
200 (400)
50-7800
30-10770
40-7300
19-59189
Fluoride (mg/l)
1.0 (1.5)
0.6 (1.2)
--(1.5)
NA
NA
0.11-6.65
0.1-13
Nitrate (mg/l)
20 (50)
45
--(50)
NA
NA
0.2-265
0.2-325
Copper (mg/l)
0.05 (1.5)
0.05
1.0 (1.5)
NA
NA
0.001-0.018
NA
Iron (mg/l)
0.3 (1.0)
0.3
0.3 (1.0)
NA
NA
0.3-1.7
NA
Manganese (mg/l)
0.1 (0.5)
0.1
0.1 (0.5)
NA
NA
0.004-0.04
0-2.9
Zinc (mg/l)
5.0
5.0
5.0
NA
NA
0.002-0.06
NA
No. of Sample Analysed
52
145
101
101
NA - Not Analysed

Evaluation of groundwater Permeability Index has established that bad category water is almost absent
except one location at Rarod village (Karjan Taluka). About 57% (Pre-monsoon, 2002), 45% (Postmonsoon, 2002), 54% (Pre-monsoon, 2003) and 53% (Post-monsoon, 2003) of groundwater fall in
excellent category. The abundance of carbonate and bicarbonate ions is denoted by residual Sodium
Carbonate. Most of the samples are within the safe permissible limit with more numbers of samples
having negative value, indicating that the concentration of Ca2+ and Mg2+ ions exceeds far more than
Carbonate and Bicarbonate values. The Schoellar Index (SI) point to the possibilities of ion exchange
reaction in groundwater. The SI index for about 70% (Pre-monsoon, 2002), 79% (Post- monsoon, 2002),
77% (Pre- monsoon, 2003) and 71% (Post-monsoon, 2003) samples are in chloro-alkaline disequilibrium
whereas few samples are indicative of base exchange reactions. The adsorption of sodium by soil is
measured as SAR (Sodium Adsorption Ratio). The SAR values indicate that only one sample in premonsoon 2002 and six samples in post 2002 fall in good water category while in pre and post monsoon
year of 2003 none of the samples fall in good water category. Majority of the samples fall in bad water
category i.e. C4-S4 to C3-S3. Owing to high ion concentration ground water is not fit for irrigation,
especially in coastal and alluvial plain regions (Table 2).
δ18 O isotopic concentration of groundwater sample shows considerable variation in stable isotopic
values ranging between -3.16 to 1.06‰ (Dabral et. al., 2013). The depleted values are indicating that the
area is being recharged from surface water, while enriched values are from coastal plain area, which
indicate salinity ingress. Pieper’s Trilinear plot has been used to determine the genetic classification of
water. The mean dominant cation in pre and post-monsoon 2002 and pre-monsoon 2003 in groundwater
samples are in the order of Na+ >Mg++ > Ca++ >K+, while anion shows SO42- > Cl- > HCO3- dominance.
Similarly in post-monsoon 2003 samples are in the order of Na+ > Ca++ > Mg++ >K+, while anions shows
SO42- > Cl- > HCO3- dominance respectively.
Overall ground water facies in the study area is Na-Mg-Ca-K: SO4-Cl-4CO3 type. On the whole,
groundwater quality tends to deteriorate from eastern hilly zone to western coastal plains which also
follow the ground water gradient direction. The groundwater movement direction as evident from reduced
water level map indicates that highlands act as a recharge zone to the shallow and deeper aquifers
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(Dabral, 2009). Some of these aquifers through lower aquitard layer are in hydraulic connectivity with the
lower aquifers thereby gets recharged.
Table 2. Categorization of Groundwater for Irrigation Purpose Based on Various Indices.
Indices

Parameter
<1
>1
>5
>2.5
1.25-2.5
<1.25
+ve
-ve
Based on plot
of Salinity vs
sodium

Kelley’s Ratio
Residual
Sodium
Carbonate (RSC)
Schoellar
Index
Sodium
Hazards (SAR)
Wilcox
Irrigation Water
Classification

Based on plot
of total
concentration vs
percent sodium

Category
No Alkali Hazard
Alkali Hazard
Harmful
Hazardous
Marginal
Safe
Base exchange reaction
Cation-anion exchange
Good
Moderate
Bad
Class-I
Class-II
Class-III
Class-IV
Class-V

Premonsoon
2002
23
77
2
4
4
90
29
71
12
7
33
Nil
Nil
4
15
81

PostPremonsoon monsoon
2002
2003
% of Sample
43
30
57
70
12
15
12
16
8
6
67
63
18
24
82
76
73
36
40
41
32
24
Nil
Nil
26
1
6
8
26
21
42
71

Postmonsoon
2003
32
68
16
17
8
59
32
68
33
39
29
Nil
3
7
28
63

4 CONCLUSION
The average range of constituent ions in groundwater samples of pre and post monsoon periods indicate
minute but noticeable change in their ionic content. The average difference indicate an overall decrease in
pH, TDS, Ca, Mg and Sulphate whereas increase in total hardness, chloride and nitrate concentration
from pre to post monsoon season.
In general the water quality in the study area deteriorates from eastern highland to western coastal
plain which follows the ground water gradient direction and also with depth. The eastern portion being
highland and act as zone of recharge, water quality is good for both drinking and irrigation purpose. The
western part being close to Gulf of Cambay has inherent salinity which unfits water for both drinking and
irrigation purpose. In central part groundwater by and large is of moderate quality but with depth quality
deteriorates. Moreover, at places there are pockets of inherent salinity.
Categorising water in accordance with the drinking water standards has established that majority of
samples have either one or two constituents in higher concentration making it unfit for drinking. Similarly
owing to high ion concentration groundwater is not fit for irrigation, especially in coastal and alluvial
plain regions.
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ABSTRACT: Extensive examinations of hydraulic conductivities from calculated, simulated, and actual
field slug and pumping tests reveal that the well-known Hvorslev- and Bouwer and Rice- slug test methods can underestimate the hydraulic conductivity K in such a test due to the lack of consideration for the
drag from unsaturated flow and use of “late straight-line segment” in a H(t)/Ho- semi-log plot of a slug
test. This is in contrast to the claim of overestimation of K that the classical theory underlying these slugtest methods - which omits the effects of the aquifer's storativity, and which may, so, be a particularly
problem in an unconfined aquifer, predicts. Numerical solutions of the exact equations describing a slug
test have been carried out which corroborate this overestimation of K in an unconfined aquifer, but only
for low conductivity values (K<1 m/day), and when the "first straight line segment" of the semi-log
(H(t)/Ho) vs. time- plot is used in the Hvorslev- or the Bouwer and Rice analyses. Although, theoretically, overestimation also exists for slug tests conducted in a high-conductivity aquifer, this is partly masked
by the absence of early recordings of hydraulic head changes in the observation well, as well as a mixture
of saturated and unsaturated flow in a slug well after slug injection. The "inadvertent" utilization of an
“inherent” "late straight line-segment" in the semi-log H(t)/Ho plot often results, in fact, in an underestimation of conductivities in a high-conductivity aquifer. Hydraulic conductivity estimation from both our
computer simulations and field studies, where the results of slug- and pumping tests are compared, supports the conclusion of the underestimation of the hydraulic conductivity in a slug test for a moderate- to
high-conductivity aquifer. Therefore, it is suggested here that for estimating the hydraulic conductivity
from a slug test, “a late straight line-segment” - correction in the log (H(t)/Ho)- plot may only be needed
in a low-conductivity aquifer, whereas in a moderate- to high-conductivity unconfined aquifer, the early
or “first possible straight line-segment" in the log H(t)/Ho- plot of a slug test is recommended, instead of
the traditionally used “late straight line segment”.
Keywords: Slug test, Hvorslev, Bouwer and Rice, Hydraulic conductivity
1 INTRODUCTION
Hydraulic conductivity is one of the most important hydrological parameters that are required in a
groundwater study. Slug tests have been considered as one popular and economical means for obtaining
this parameter. Depending on the nature of the aquifer, i.e. whether it is confined or unconfined, different
methods with different properties have been developed for the estimation of the hydraulic conductivity
from a slug test. The most eminent ones in use nowadays are the Cooper-Bredehoeft-Papadopulos (CBP)
method (Cooper et al., 1967), the Hvorslev- method (Hvorslev, 1951) and the Bouwer and Rice (BR)method (Bouwer and Rice, 1972), though the KGS model (Butler, 1998) is also gaining popularity.
For a confined aquifer, the Cooper-Bredehoeft-Papadopulos (CBP) method (Cooper et al.,1967) is
considered a better measure of the field conductivity than the Hvorslev- and BR- methods (Hvorslev,
1951), due to the inclusion of the aquifer storativity in the former (Hyder and Butler, 1995). The CBPslug test method uses a semi-log plot of the ratio H(t)/Ho vs. time - where H(t)/Ho is the ratio of current
to initial hydraulic head after the beginning of the slug injection - to match the theoretical curves developed by Cooper et al. (1967).
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On the other hand, for an unconfined aquifer, the Hvorslev method is still one of the most widely used
estimation method today, due to its simplicity (Butler, 1998; Campbell et al., 1990; Fetter, 2001). A modification of the Hvorslev method which considers the effect of partial penetrating conditions and a comprehensive handling of the effective well radius is the Bouwer and Rice (BR) method (Bouwer and Rice,
1972). This technique is considered an improved alternative of the Hvorslev method for an unconfined
aquifer (Todd and Mays, 2005).
The mathematical validity of the CBP-, the Hvorslev- and the BR- method have been established previously by various researchers (Chirlin,1989; Chapuis, 1998). In recent years, many studies were also
conducted to evaluate the sensitivities of the conductivity estimates to the variation of several other important hydraulic parameters, including the storativity and the vertical anisotropy (Bohling and Butler,
2001; Hyder and Butler, 1995; McElwee et al., 1995a; b). Based on these and other field studies, many
valuable suggestions have been recommended for improving the procedures of data collection, as well as
the analyses of slug tests. Additional valuable methods were derived for slug tests as well (Butler, 1998;
Dagan, 1978; Zurbuchen, et al., 2002).
Despite the mentioned improvements of the Hvorslev- and of the BR- slug test method, many issues
regarding the accuracy of the conductivity estimates obtained by these techniques still persist in practical
applications. Thus, on one hand, both the Hvorselv- and the BR-methods are thought to overestimate the
conductivity of a slug test, if only the early straight-line segment of the H(t) /Ho- plot is used (Hyder and
Butler, 1995). Therefore, Bouwer (1989) suggested to use “a late straight-line segment” of the H(t)/Hoplot, in order to alleviate the impact of a high conductivity gravel/sand pack on the overall conductivity
estimation, as double straight-line segments may exist for such a case. Butler (1996), subsequently, defined this late straight line segment to be in the “H(t)/Ho = 0.15 to 0.3 range” and showed that doing so,
can reduce the overestimation of the hydraulic conductivity, particularly, in a low-conductivity aquifer.
On the other hand, it is also reported that conductivity estimates from slug tests are generally smaller
than those from pumping tests. Some of these underestimations of K from a slug test might be explained
as due to the blockage of the “well-skin” effect for water flow, as suggested by previous researchers (Butler, 1996). However, the underestimation of conductivity by an ill-defined “well skin” effect cannot explain the generally large differences between conductivities from slug tests and the well pumping tests.
This paper attempts to use the flow analog between the unconfined pumping test and a slug test, where
early drawdown, late drawdown and delayed yield is used separately to estimate the conductivity and
yield of an aquifer and a scale factor between the conductivity from a laboratory measurement and field
tests to examine the causes for the over- and, in particular, the underestimation of the conductivity from a
a slug test. This will be done through numerical simulations of groundwater flow under slug test conditions, as well as analyses of field slug tests under various scenarios. The advantage of utilizing simulated
slug tests, in addition to field data, is that the actual hydraulic conductivity and storativity are given, so
that the relationships among estimated and true values of the conductivity, and of the storativity, can be
visualized and quantified. The final goal is to provide a better understanding on the causes of the large
difference between hydraulic conductivity obtained from slug tests and pumping tests, particularly, in a
moderately high- to high-conductivity aquifer.
2 THEORY OF SLUG TESTS
Assuming a homogeneous, isotropic horizontal aquifer and ignoring the vertical flow, the CBP-, Hvoslevand BR-slug test solutions can be obtained by solving the following 2D- transient groundwater flow equation in radial (polar) coordinates with axial symmetry under appropriate initial and boundary conditions
(Neuman and Witherspoon, 1969):
𝜕2 ℎ
𝜕𝑟 2

1 𝜕ℎ

+ 𝑟 𝜕𝑟 =

𝑆𝑠 𝜕ℎ

(1)

𝐾𝜕𝑡

where h is the hydraulic head, r is the radial distance from the center of the well (Figure 1), t is the time,
Ss is the specific storage (equal to zero for the Hvorslev and BR method), and K is the hydraulic conductivity. From the principle of conservation of mass, the slug-induced water flowing out of the fully
screened borehole equals the water flowing into the aquifer, i.e.
2𝜋𝑟𝑤 𝐾

𝜕ℎ(𝑟𝑤 ,𝑡)
𝜕𝑟

=

𝜋𝑟𝑐2 𝜕𝐻(𝑡)
𝑏

(2)

𝜕𝑡
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screen length Le is not directly used as the effective radius Re. In fact, the ln(Re/rw) in Eq. (8) has to be obtained from calculated curves provided by Bouwer and Rice (1976) and which are also adopted in most
hydrogeology textbooks (Fetter, 2001; Todd and Mays, 2005).
It should be noted again that, because both the Hvorslev - and the BR-method neglect the specific storage (Ss=0) - the presence of the latter would induce a flow delay in the initial stage of the slug test - , the
solution of the equation group (1-5) with Ss=0. exaggerates the flow rate of the system. Therefore, equations (7) and (8) inherently overestimate the hydraulic conductivity of the aquifer, when storage plays a
significant role, which is usually the case for an unconfined aquifer, for which the specific yield is high,
i.e. usually ranging from 0.1 to 0.4.
3 SIMULATIONS OF SLUG TESTS WITH MODFLOW
The USGS MODFLOW groundwater flow model solves the 3D groundwater flow equation by means of a
finite difference method under appropriate boundary and initial conditions (McDonald and Harbaugh,
1983). This most widely used groundwater flow model has been verified and applied to umpteen of confined and unconfined aquifers across the world (Todd and Mays, 2005).
For this study, MODFLOW is adapted to solve the 2D- radial symmetric form (Eq. 1) of the groundwater flow equation in a rectangular domain around the slug-test well. The size of the model region has
been set as 100x100 meters, which should be large enough, so that boundary conditions will not affect the
area of influence of the slug test in the interior of the model domain. For the former, Neumann no-flow
boundary conditions have been specified at the four model sides. Each cell has a size of 1x1 meter. This
initial 1x1 meter center cell of the domain has then been divided into a cluster of 10000 1 cm x 1 cm (centimeter) cells. Out of this cluster, 78 clustered 1x1 cm cells have been selected as the well cells proper, to
form a roughly round area of 78 cm2 which is also approximately the area of a common slug well with a
radius of 5 cm (~2 inches). The well is assumed to fully penetrate the saturated portion of the aquifer. Following Chirlin (1989) and Bohling and Butler’s practices (2001), the storativity or the specific yield in the
well cells have been set as 1 to illustrate the concept that the water drained as a consequence of a unit
head drop in a slug well equals the volume of that height of water in the well itself, which mimics the situation that no solid grains are present in the well, i.e. the porosity is one. For simplification, gravel packing around the well screen has not been considered in the slug test simulations and the well screen extends over the full thickness of aquifer, i.e. fully penetrating well-conditions are assumed in the slug tests.
The thickness of the aquifer is 100 meters and the screen length used is 80 meters in most situations discussed in the following sections, unless specified otherwise.
4 EFFECTS OF SLUG SIZE AND DURATION OF SLUG INJECTION ON ESTIMATED
CONDUCTIVITIES
One interesting discovery from the simulation results is that the slug sizes do not have a measurable effect
on the values of the estimated hydraulic conductivity, if the early straight line segment of the
log(H(t)/Ho)- plot is used and either the Hvorslev-, or the BR- method is used (Figure 3). Because there
are no gravel or sand packs around the well screens and, so, no skin effects in the simulated slug wells,
the first straight-line segment of log(H(t)/Ho) reflects the instantaneous discharge of the water from the
slug well into the aquifer storages. The first straight-line segments of all different sizes of slug injections
have an identical slope, so that the critical time t0.37 is identical for all slug sizes. However, the first
straight lines break off into a curve at a different time for different slug sizes, such that the “early drawdown” ends earlier for smaller than for larger slugs. This is consistent with the common observations of
“early and late drawdown and delayed yield” for the unsteady radial flow in an unconfined aquifer in a
pumping well (Todd and Mays 2005). This “early drawdown”, which produces the first straight- line
segment, may reflect the actual aquifer conductivity. As will be discussed later, for the 30 slug wells in
the Texas study site, for which the slug sizes are available (Houston and Braun, 2004), statistically significant correlations (95% confidence) between the slug sizes and estimated conductivities were neither observed, corroborating our simulation findings here.
On the other hand, the time duration of the slug injections affects the conductivity estimation by the
Hvorslev- and BR- methods, particularly, for the unconfined aquifers, even if the first straight-line segments are used (Figure 3). Thus, whereas for a confined aquifer, the differences in t0.37 for varied dura330

or no correction, depending on the sampling speed of the hydraulic head recordings after slug injection
and the duration of the latter.
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Groundwater Vulnerability Assessment Using a Common Index
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ABSTRACT: An index model based on DRASTIC and the related SINTACS is applied for groundwater
vulnerability assessment in the highly urbanized area of Chennai City, India. In index models, empirical
indices are allocated to certain intrinsic, physical parameters defining the underground and the land surface with regard to their capability to protect the aquifer against surficial contamination. Different from
numerous former DRASTIC vulnerability studies, the specific site conditions as well as the monsoondriven rainfall pattern are considered by adapting certain input parameters and their scores and weights to
obtain a more realistic spatial distribution of the groundwater vulnerability. The adapted parameter maps
are ‘Depth to water table’, ‘Groundwater recharge’, ‘Aquifer media + Vadose zone’, ‘Soil media + Land
cover’, ‘Topography’, and ‘Hydraulic conductivity’, which are weighted and overlain to one composite
map displaying mostly medium groundwater vulnerability. Fuzzy logic is then applied as an additional
approach, wherefore four suitable parameters with continuous data sets are fuzzified first and, after defuzzification, combined with the two remaining parameters. The resulting map shows a slight increase of
groundwater vulnerability compared to the classic approach. The two vulnerability maps can be a used as
a preliminary estimation tool to prevent further groundwater quality deterioration in the study region.
Keywords: Vulnerability, DRASTIC, Groundwater, India, Urban, Index Model, Fuzzy Logic

1 INTRODUCTION
Metropolitan areas of emerging and developing countries, with their high and dense population, often suffer from a large variety of intensive anthropogenic impacts. Many of the associated processes and structures, like sewer disposal, urban runoff, landfills, storage tanks, etc. pose contamination hazards to
groundwater, as the effluent pollutants can be transported to the aquifer by surface infiltration. Therefore,
groundwater protection strategies are urgently needed. However, remediation of aquifers, once they are
contaminated, is time-consuming and costly, also the success is often uncertain. Therefore, the use of sustainable prevention measures of groundwater contamination is indispensable. A first step to do so may be
the application of a groundwater vulnerability model that can provide valuable information on the planning of appropriate measures to prevent further groundwater quality deterioration. Among the three basic
model types (physical, statistical and index) used for vulnerability assessment, index models are the most
widely used as they allow the inclusion of complex hydrogeological properties in a rather comprehensible manner and their results are easily interpreted and implemented in the decision-making process of
land-use planners and water resources managers (Focazio et al., 2002).
One of the most renowned index models are DRASTIC and SINTACS which, despite their widespread
use, are still being criticized for having too many input parameters (Merchant, 1994) - which often are
correlated to each other (Foster et al., 2002) -, for lacking validation (Nobre et al., 2007), or for not
enough validation studies (Garrett et al., 1989). No wonder that many hydrogeologists argue about the often unconsidered applications of these models, due to oversimplification of complex geological conditions, hydrological processes or the neglect of human-caused changes of the land surface (Foster et al.,
2013). On the other hand, by crucial adaptions within these index models, such as the addition and re337

moval of single input parameters, and assigning them different weights (Bai et al., 2012), or applying
fuzzy logic (Dixon, 2005), a more realistic model to assess groundwater vulnerability can be created.
In this study, an adapted model based on DRASTIC and the related SINTACS is applied for groundwater vulnerability assessment in Chennai City, India, considering specific conditions of the highly urbanized area. Additionally, a similar vulnerability assessment based on fuzzy logic is applied by fuzzifying four parameter maps and combining them subsequently with the two remaining maps.
2 STUDY AREA
Chennai City (formerly Madras) is the capital of the state of Tamil Nadu in southeast India. The coastal
megacity is the fourth largest in India, inhabiting 4.7 million people on an area of 176 km² which makes it
one of the most densely populated areas in the world. This study focuses only on the urban area of Chennai City rather than the metropolitan area’.
Monthly averages of potential evapotranspiration collected from a weather station from 1901-2011
range from 144.1 (December) to 218.7 mm/month (May), whereas precipitation at this station averages
1183 mm/yr (Table 1). The southwest monsoon from June to September, which is the major monsoon for
most parts of India, contributes in Chennai only about 35% to the annual rainfall, whereas its major proportion is measured during the northeast monsoon from October to December (60%). Since 2005, another
weather station (KEA) additionally delivers data for the number of rain events, revealing an average of 58
days per year with rain. This results in high rain intensities of 17 mm and 30 mm for an average rainfall
event during the southwest and northeast monsoon periods, respectively (KEA, 2012), which often leads
to water stagnation in the streets of the city during these seasons.
Table 1. Mean of monthly measured precipitation of Chennai City (1901-2010); Chennai KEA weather station data for mean
precipitation (2000-2011), rainy days (2005-2011) and calculated rain intensity.
Season

Dry Season

Summer

Southwest-monsoon

Northeast-monsoon

Year

Month

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

1901-2011 [mm]

17,6

11,9

5,8

15,4

42,1

50,9

96,1

139,1

138,3

248,9

283,9

132,9

1182,9

KEA 2000-2011 [mm]

20,3

16,4

36,7

10,3

44,9

76,2

106,8

133,5

131,6

307

382,5

167,7

1433,9

2

<1

<1

<1

<1

4

7

8

7

11

11

5

58

19,1

15,3

16,7

18,8

27,9

34,8

33,5

KEA 2005-11 [d]
Rain intensity [mm/d]

3 MATERIALS AND METHODS
3.1 Data collection and processing
Climatic, hydrological, geological and land use data, as explicitly described below, was acquired on site
from responsible state authorities and institutions. Additionally, online maps and information from scientific journals were used. The collected data was digitized and pre-processed in ArcGIS version 10.1 which
was also used for the interpolation of point data, reclassification, weighting and overlaying of the parameter maps. For the fuzzy approach, the fuzzy toolbox of Matlab R2012a was employed.
3.2 Groundwater vulnerability models
In a hydrogeological context, vulnerability which can be intrinsic or specific describes the sensitivity of
groundwater to contamination. Intrinsic vulnerability only considers the inherent geological, hydrological
and hydrogeological characteristics and is valid for every type of contaminant, whereas specific vulnerability takes into account varying transport processes of different contaminants (Sinreich, 2009). Specific
vulnerability was not investigated here, due to a lack of information on the groundwater chemicals.
Well suitable for intrinsic vulnerability assessment are index models, also referred to as parametric or
overlay models. They are easy to use and operate with mostly readily available data (Liggett & Talwar,
2009). Basically, scores are subjectively assigned to different hydrogeological parameters, whose magnitudes depend on the parameters’ effects to facilitate groundwater contamination.
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Since the late 1980’s numerous index models have been developed for vulnerability assessment, namely, GLA, AVI, DRASTIC, SINTACS, GOD, ISIS, EPIK, PI and more (Neukum et al., 2008), wherefore.
DRASTIC (Aller et al., 1987) is the most frequently one used. Parameters, ratings and weights determined for this model arise from several field studies across the US. Physical properties of each parameter
are assigned rating scores, ranging from 1 (low) - 10 (high vulnerability), each multiplied by a specific
weighting factor (1 - 5). The overlay of the weighted maps results in a vulnerability map with five classes
(Figure 1). The SINTACS model, developed by Civita & De Maio (1997), uses the same parameters as
DRASTIC, only with slight adaptions of groundwater recharge for Mediterranean conditions and the implementation of various weighting systems, representing different hydrogeological scenarios.

Figure 1. Creation of a groundwater vulnerability map using overlaying method DRASTIC (Liggett et al., 2009)

3.3 Adapted approach
For Chennai City a modified version of DRASTIC and SINTACS is applied. Originally, DRASTIC and
SINTACS were designed for rural areas and, thus, do not incorporate urban conditions with its anthropogenic influence on the land surface and the subsurface due to groundwater abstraction. However, some of
the many DRASTICS studies have been some carried out in urban environments which take into account
these special conditions (Kim & Hamm, 1999; Nobre et al., 2007; Rahman, 2008) by appropriately modifying relevant factors, such as the Ground Water Recharge and the Soil Media factor. The advantages of
SINTACS are its specific weighting system for different scenarios to detect the relevance of single parameters more precisely and the incorporation of the dilution effect in the classification of groundwater
recharge. In fact, studies in Chennai show a decrease of solute concentration after heavy monsoon rains,
as the aquifer is diluted with fresh precipitation water (Shanmugam et al., 2007; Sathish & Elango, 2011),
i.e. the illuviation of contaminants is outweighed by this process over a short time period.
4 GROUNDWATER VULNERABILITY MODEL
4.1 Depth to groundwater table
One of the most significant factors in DRASTIC is the depth to groundwater table, as the latter directly
affects the vertical travel time of contaminant from surface impoundments (Stigter et al., 2006). The
DRASTIC model has been developed basically for temperate climate zones with little seasonal variations
of the precipitation which results in small annual water table fluctuations, i.e. the depths to water tables
are more or less constant. In Chennai, however, the precipitation amount strongly depends on the dry- and
monsoon seasons which, together with the extensive groundwater abstractions, lead to extreme annual
groundwater fluctuations. In this study, water levels from the beginning of October are selected, as this is
the time right before the major northeast-monsoon, when heavy rainfall will carry most of the pollutants
underground. The depth-to-water-table map is interpolated by universal Kriging from a total of 88
groundwater levels measured for year 200 by several Chennai local authorities.
The shallow groundwater level implies high groundwater vulnerability over the area. Following the
original rating scheme of Aller et al. (1987), the scores of this parameter range from 7 to 10 (Table 2).
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Table 2. Vulnerability scoring for parameter ‘Depth to Water Table’
Depth to water table [m]
Score

< 1.5

1.5 – 4.5

4.5 – 6.75

> 6.75

10

9

8

7

4.2 Groundwater Recharge
As outlined above, DRASTIC was developed for temperate climate with uniform temporal rainfall distribution and natural land surfaces, both of which do not apply to the Chennai City study area. Therefore, an
adapted approach is used for groundwater recharge estimation, wherefore monsoon- and non-monsoon
seasons are segregated and the specific land cover is considered.
For estimating the recharge Rm [mm] in the monsoon-season, the ‘Water-Table Fluctuation Method’
(WTF) (Healy & Cook, 2002) is used:
Rm = ∆h ×Sy + DG [mm /5 months]

(1)

where Sy is the specific yield of the rocks, ∆h [mm] is the net water level rise, and DG [mm] is the
groundwater draft during the monsoon-season.
Water level rises between 0.6 to 4.2 mm are calculated from the 88 measurement wells for a period of
five months (October 2009 to February 2010), taking into account an extra month for base flow after the
end of the monsoon rains in January. Specific yields, determined mainly from rock samples in the study
area (Sivakumar et al., 2006) and supplemented by empirical coherences of unconsolidated material and
specific yield (GWREC, 2009), range between 0.04 and 0.23. A value of 135.8 mm is calculated for the
groundwater draft in this period, based on assumptions of the groundwater extraction from 2002-2006
(Srinivasan et al., 2010b), and then adapted to Chennai City area and its population in 2009, and the more
up-to-date study of Dayamalar (2011).
For the remaining seven months, the water level is decreasing, thus a water balance approach for calculating the groundwater recharge is used,
Rnm = P – ET - Q + RPipe [mm / 7 months]

(2)

wherefore the precipitation P and the evapotranspiration ET are taken from local weather station measurements (Table 1). The runoff Q is calculated with the SCS Runoff Curve Number method, where curve
numbers represent certain soil and cover conditions which affect its infiltration potential (USDA, 1986).
According to this approach, Chennai City is segregated in four land cover types (vegetation, roads, urban,
water), resulting in four unique runoff values, ranging between 300 and 540 mm. In addition to natural
recharge by precipitation, urban recharge is estimated by recharge from leaking pipeline recharge RPipe
from leakage of Chennai City’s water supply and sewer systems. Srinivasan et al. (2010) estimate leakage
rates of 100,000 m³/d, whereas GWEMC (2009) proposes to multiply area of underground canals in
Chennai City (2,930,000 m² (CMWSSB, 2010b)) with the empirical seepage factor of 0.05 m/d, which results in a pipeline recharge of 146,500 m³/d. Thus, an average rate of 123,250 m³/d has been assumed,
which is an aerial recharge152 mm during the non-monsoon season. Adding up the two recharges Rm and
Rnm, results in a total recharge between 344 and 751 mm/y.
In many index vulnerability models, like the original DRASTIC, vulnerability is enhanced by increased groundwater recharge. Since water is the main transport media for contaminants, this assumption
is generally right. However, for very high volumes of introduced fresh water, like during a monsoon
event, the concentration of most of the pollutants is diminished, due to the dilution effect of the water.
Unlike the other methods, SINTACS takes this dilution effect into account, so that for low recharge rates
(<250 and 300 mm/a), the transport of contaminants is the dominant process, whereas for higher recharge,
the dilution effect gains relevance, i.e. vulnerability rates decrease. The relevance of this dilution effect
for Chennai City has been justified by two local groundwater studies (Shanmugam et al., 2007; Sathish &
Elango, 2011) Based on this discussion, the vulnerability scores of, as indicated in Table 3, have been attributed to the groundwater recharge.
Table 3. Vulnerability scoring for parameter ‘Groundwater Recharge’
Groundwater Recharge [mm]
Score

< 400

400 – 500

500 – 600

600 – 700

> 700

8

7

6

5

4
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4.3 Aquifer Media + Impact of Vadose Zone
The shallow aquifer of the study area and its covering layers consist almost exclusively of unconsolidated
material from the recent alluvium. Its importance to groundwater vulnerability is rooted in its grain size.
Soils with smaller grain sizes, like clay and silt, result in less space for the contaminants to move vertically through the vadose zone or along the hydraulic gradient in the aquifer, i.e. the vulnerability decreases
(Hearne et al., 1995). Contrary to other DRASTIC studies, where the vadose zone and aquifer are usually
considered as two independent zones, here the local conditions allow the combination to one layer. This is
due, firstly, to the shallow groundwater surface, i.e. a thin vadose zone; secondly, to strong seasonal water
table fluctuations and groundwater abstraction which induce a permanent boundary shift of saturated and
unsaturated zone; and, lastly, to the fact that the two zones consist of the same alluvial material.
Three geological maps are overlaid in ArcGIS to create an intersecting map. Additionally, stratigraphic
profiles of 67 boreholes, as well as three cross-sections are used to validate those maps. Out of these input
data four different rock types are derived for the study area. These rocks are each allocated to different
vulnerability scores (Table 4), based on the proposed ratings from DRASTIC and SINTACS.
Table 4. Vulnerability scoring for parameter ‘Aquifer Media + Impact of Vadose Zone’
Rock type

Medium Sand

Clayey Sand / Sand

Sandy Clay / Silt

Weath. hard rock

7

6

4

3

Score

4.4 Soil Media + Land Cover
The uppermost soil layer acts as a filter, buffer and decomposer of contaminants and is thereby integrated
in the vulnerability method. Similarly to the aquifer rocks, scores are low for clayey and high for coarser
material (Aller et al., 1987). The soil media data is based on a soil map of the Chennai Metropolitan Area
(Dayamalar, 2011) and fitted by borehole data and a geological map (CMWSSB, 2012b). Five soil types
(Sand, coarse loam, clayey sand, sandy clay, clay) are assigned to four hydrologic groups (A-D), according to their infiltration rate (USDA, 1986).
In extensive parts of urban environments the soil layer is altered and sealed due to human development. Therefore, the original soil layer is combined with a land cover layer generated with the aid of aerial images. Polygons of surface water are created and divided into canals, lakes, tanks, rivers and marshes.
Greater pervious areas like lawns, parks or cemeteries are spotted and marked as ‘Non-urban’, whereas
the rest of Chennai City is considered to be urban development, i.e. roads, residential and other built-up
areas. For combination of the soil and land cover map, a vulnerability rating system with 8 scores is developed (Table 5), which is based on another urban DRASTIC study (Nobre et al., 2007).
Table 5. Vulnerability scoring for parameter ‘Soil Media + Land Cover’
Land Cover
+ Soil Group
Score

Lakes

Marsh

Non-urban
+A

Non-urban
+B

Non-urban
+ C/D

Urban
+A

Urban
+B

8

7

6

5

4

3

2

Urban
+ C/D

Rivers
/Canals
1

4.5 Topography
The surface slope determines potential surface runoff of water and contaminants. A flat topography retards the drainage of an area, thus increases the chance of contaminants to infiltrate into the ground,
which, eventually, enhances groundwater vulnerability (Aller et al., 1987). Chennai City has maximum
slopes of only 1.4 to 1.7% along the major rivers. This results in maximum vulnerability scores of 10 for
almost the entire area and only two small areas along the Adyar River receiving a value of 9 (Table 6).
Table 6. Vulnerability scoring for parameter ‘Topography’
Slope [%]
Score

< 1.5

> 1.5

10

9
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4.6 Hydraulic Conductivity
Higher hydraulic conductivities accelerate contaminant transport, i.e. the vulnerability is increased
(Hearne et al., 1995). Hydraulic conductivity is obtained from pumping tests carried out in the study area
(CGWB, 2004; Elango et al., 2006). For areas not covered by these tests, conductivity is derived from a
specific yield map, outlined above. An empirical logarithmical formula relating the effective porosity and
hydraulic conductivity of sands is also used. The hydraulic conductivity of the shallow aquifer ranges
from 0.8 to 78 m/d and the vulnerability scores as shown in Table 7 are attributed, following the method
of Aller et al. (1987), modified by adding intermediate classes.
Table 7. Vulnerability scoring for parameter ‘Hydraulic Conductivity’
Hydraulic conductivity [m/d]
Score

> 61.3

40.8 – 61.3 34.6 – 40.8 28.6 – 34.6 20.4 – 28.6 12.2 – 20.4

8

7

6

5

4

4.1 – 12.2

< 4.1

2

1

3

4.7 Weighting and Overlaying
Finally, the six vulnerability maps are overlaid after weighting each parameter by a factor ranging from 1
to 6 which determines its importance to the overall vulnerability (Figure 2). DRASTIC by Aller et al.
(1987) proposes a fixed weighting system, whereas recent DRASTIC studies claim modifications to better fit the local conditions (Zhong, 2005; Nobre et al., 2007; Rahman, 2008). The SINTACS approach
furthermore proposes five weighting systems for different hydrogeological scenarios (Civita & De Maio,
1997). Problems in assigning appropriate weights are overestimating the importance of recharge, weakening the importance of soil media and the aquifer ability to dilute the pollutants (Bai et al., 2012). For this
reason some adaptions to the original DRASTIC, as will be discussed later, have been made.

5

3

6

3

2

1

Figure 2. Six vulnerability parameter maps with respective weighting factor

Merging the two factors of Aquifer Media (AM) and Impact of Vadose Zone (IVZ) means to add their
weights, which in the original DRASTIC are set to 3 and 5, respectively, resulting in a total weight of 8.
In DRASTIC the layer thickness is neglected, in favour of IVZ, in contrast to other index models, such as
GLA (Hölting et al., 1995) where it plays a major role. In Chennai City shallow groundwater levels result
in a very thin vadose zone, which limits the effect of attenuation within this layer. For this reason the IVZ
weight is decreased from 5, so that a total weight of 6 is now assigned to AM+ IVZ. Many DRASTIC
studies assign low weights of 2 to the rather thin soil layer. By introducing the Land Cover as an additional factor in this study, however, Soil Media (SM) + Land Cover (LV) gain importance, considering
the level of imperviousness for different types of land surfaces. Therefore an increased weight of 3 is assigned to SM+LC. The Topography is a minor factor in DRASTIC, representing the amount of precipitation being discharged or infiltrated. Extremely low slopes and the deficient drainage system lead to water
stagnation in many parts of the area, which leads to a higher probability of infiltration. Accordingly, an
increased weight of 2 is assigned. Since hydraulic conductivity (K) does not include the hydraulic gradient, the former does not reflect the actual flow velocity, which is the determining factor for contaminant
spreading (Stigter et al., 2006). Therefore, the minimum weight of 1 is used for the K-factor.
4.8 Fuzzy logic approach
DRASTIC method is based on the Boolean algorithm classifying with discrete thresholds. This classification causes uncertainties because of uncertainties in the choice of the threshold values. Using a method to
specify more precisely the classification and to fine-tune the vulnerability map may be useful. Thus,
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Fuzzy logic, at first proposed by Zadeh (1965), is applied in this study. Dixon (2005) used fuzzy logic,
combining selected parameters from the DRASTIC index, to modify vulnerability maps in the Mississippi
Delta region. Also land-use data was added for further adjustment. Niknam et al. (2007) combined fuzzy
logic with the DRASTIC method to evaluate the Teheran-Karaj aquifer vulnerability.
Four vulnerability layers (parameters), namely, Depth to Water Table, Groundwater Recharge, Topography and Hydraulic Conductivity, have been used to modify the vulnerability map by fuzzy logic. The
remaining two layers (Aquifer Media + Vadose Zone and Soil Media + Land Cover) are not suitable for
fuzzy logic analysis, as they are defined by crisp borders, rather than by continuous values. MATLAB
fuzzy toolbox has been used for this operation. Membership functions used are ‘Π shape’ for hydraulic
conductivity, groundwater recharge and depth to water and Gaussian for topography (Figure 3).
‘Π shape’ is a product of a S-shape and a Z-shape membership function and is defined by Eq. 3. It is
examined at the points determined by the value of the variable x. Factor a and d locate the bottom, b and c
the top of the curves. The Gaussian function includes parameters σ and c, as given by Eq. 4, where c is
the mean and σ is the standard deviation (width) (Mathworks, 2014).

Figure 3. Membership functions for parameters modifying vulnerability scoring
𝑓(𝑥; 𝑎, 𝑏, 𝑐, 𝑑) = �0 → 𝑥 ≤ 𝑎 ; 2 �
𝑐≤𝑥≤

𝑐+𝑑
2

; 2�

𝑓(𝑥; 𝜎, 𝑐) = 𝑒 −

𝑥−𝑑 2
𝑑−𝑐

(𝑥−𝑐)²
2𝜎²

� →

𝑐+𝑑
2

𝑥−𝑎 2
𝑏−𝑎

� →𝑎≤𝑥≤

𝑎+𝑏

≤ 𝑥 ≤ 𝑑 ; 0 → 𝑥 ≥ 𝑑�

2

; 1− 2�

𝑥−𝑏 2

𝑏−𝑎

� →

𝑎+𝑏
2

≤ 𝑥 ≤ 𝑏 ; 1 → 𝑏 ≤ 𝑥 ≤ 𝑐 ; 1− 2�

𝑥−𝑐 2

𝑑−𝑐

� →

(3)
(4)

The priory-developed rating and weighting system was applied for the fuzzification. Thus, overall 400
rules have been defined for the four parameters. Defuzzification has been conducted, using the centroid
method and, finally, the four maps have been overlaid in ArcGIS, together with the two remaining
weighted maps to obtain the final groundwater vulnerability map.
5 RESULTS AND DISCUSSION
The final groundwater vulnerability maps obtained with the classic and fuzzy logic are shown in the left
and right panels of Figure 4, respectively. The classical vulnerability map, obtained from the overlaying
of the weighted single maps of Figure 2, displays predominantly medium (4 to 6) and scatteredly high
values (7) throughout Chennai City. Comparing this map with the single parameter maps (Figure 2), it is
obvious that the slightly increased vulnerability towards the coast in the east is mainly a consequence of
the rock material in the vadose zone and the aquifer. This is a consequence of the high weight of 6, as
well as of the clear formation of four discrete vulnerability areas. Also, the high vulnerability along the
two rivers Adyar and Cooum is only representative for the river bank area, as the rivers themselves serve
as outlet channels to the sea in the east.
The fuzzified groundwater vulnerability map (Figure 4, right panel) shows only little changes compared to the classic one. More specifically, the overall groundwater vulnerability index is slightly increased, particularly in the central, west and southwest, where the index goes up from 4 to 5 and 5 to 6,
respectively. This is due to the uneven distribution of the four antecedent variables used in the analysis.
For instance, for the parameters depth to water table and groundwater recharge, the majority of values are
rather close to the threshold of the next higher vulnerability level. Consequently, while in the classic approach these values are considered solely to be at the lower vulnerability level, in fuzzy logic they are at
the same time at a lower vulnerability level and partly at a higher vulnerability level.
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Figure 4. Final groundwater vulnerability maps for classic (left) and fuzzy logic approach (right)

In face of the study area’s complexity and subjectivity of the rating systems, a set of uncertainties, concerning model assumptions, input parameter and numerical approximations remains, which should be
kept in mind, when using these maps as management tools. To that regard, one important remark refers to
the maps’ intrinsic nature, where the attenuation processes that operate differently depending on the specific substance, as well as the layer properties, have been neglected. For remedy, the determination of the
specific vulnerability should be a future task.
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However even after farmers install auto irrigator to their paddies, they will go to see and check paddies
almost in every day. Because they afraid of their paddies without to check by their eyes. In such case, auto irrigator is not useful and not effective for them. Therefore, auto irrigator should be combined with
web-camera system. Important point is that if farmer don’t need to go to paddy and they can monitor their
paddy in their house, for example by internet or using smart phone, auto irrigator is very useful and effective. In current situation, the distance between famer and their paddy is still close. The meaning of “distance” here is not only physical distance but also mental distance. In the near future, paddy farming structure will be changed and 1 farmer have to cultivate more than 10 ha. In such case, more new service are
needed in the agricultural field also. Recently, ICT technology in agricultural filed is developed and
spread rapidly so that farmer will be able to manage their paddy at their house in near future. In addition,
to motivate the farmer to save water, this kind of data should be informed to them and their merit of saving water fee and effect of water saving on environmental conservation also should be explained.
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ABSTRACT: The Miandarband plain is one of the most fertile plains of the Kermanshah province, Iran,
as it is endowed by ample surface and groundwater resources. With the construction of irrigation/drainage
networks and the reduced use of groundwater resources, the groundwater table has risen and caused water
logging, followed by salinization of the arable soils in the plain. Environmental deterioration and economical losses have been the consequence. From this the importance of a study of the fluctuations of the
water table levels in response to the construction of irrigation and drainage network in the Miandarband
plain becomes clear. In this study the fluctuations of the groundwater table have been simulated in both
steady-state and transient regimes using the 3D groundwater flow model MODFLOW within the GMS
6.5 environment. For the set-up of the conceptual model, the meteorological, geological, hydrological and
hydrogeological parameters, pertinent to the Miandarband area, were studied and implemented into the
model. Based on the geological composition of drilling log cores, the aquifer is divided vertically into 11
horizontal layers. The groundwater surface measured in April 2007 is used to carry out the steady-state
calibration and employed, at the same time, as initial condition for transient simulation with head measurements taken between May, 2007 and March, 2009. For model verification the heads measured in the
subsequent month, April, 2009 is used. A very good agreement between simulated and observed groundwater heads with a coefficient of determination R2 of 0.99 is obtained. In the next step the transient effects of the operation of the irrigation and drainage network on the ground water table is analyzed,
whereby the simulations are started with initial conditions as they have existed prior to the operation of
the irrigation/drainage network. In addition, to satisfy the needs of the proposed cropping pattern with the
recommended surface irrigation, an annual water volume of 176.2 MCM is transferred from the Gavshan
dam to the Miandarband irrigation and drainage network. It is assumed that 25% of this irrigation water
infiltrates into the aquifer as recharge. With these parameters ground water levels for times of 1, 5 and 10
years after the start of the network operation are calculated. The results show that after 1 year the
groundwater table in the center of the plain has risen about 1.8 m, but going up to 3.2 and 5.2 m for 5 and
10 years, respectively. Moreover, after 1 year, 6.59% of the plain’s areas are waterlogged, a value which
goes up to 37.91% and 56.28% after 5 and 10 years, respectively. In conclusion, by using a transient
groundwater flow model it is possible to control the ground water levels and, so, to prevent the occurrence of detrimental water logging events in irrigated agricultural areas
Keywords: Miandarband plain, Groundwater, Irrigation/drainage network, MODFLOW, Water logging

1 INTRODUCTION
Changing hydrological conditions occurring, for example, in the wake of future climate change (IPCC,
2007) by alterations of temperatures and precipitation will have detrimental effects on the surface and
groundwater resources in many areas of the world (e.g. Koch, 2008; Fink and Koch, 2010). This holds
particularly for regions and countries which are already nowadays affected by water scarcity, such as the
Middle Eastern region, including Iran. There, responding also to the needs of a strongly increasing population, rising water withdrawals have already caused drastic changes in the surface flow regimes as well
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as severe drops in groundwater levels in many basins of that country. Responding to all these water demands and converting weak points and threats to new capabilities and opportunities necessitates the use
of appropriate water resources management strategies more than ever before. Therefore, finding suitable
methods and models for conjunctive use of surface water and groundwater resources, that have maximum
efficiency, is one main priority in water resources management. (Bejranonda et al., 2009)
One particularly water-affected region in the west of Iran is the Miandarband plain, where groundwater
serves as the main source of agricultural irrigation. The construction of the Gavoshan Dam’s irrigation
and drainage network is a national project in Miandarband plain that is supposed to be realized in the near
future. Although the main goal of this project is the agricultural development in the basin, some of its effects could also be undesirable, due to a lack of effective water resources management. In fact, after the
construction of such a modern irrigation/drainage network, the groundwater withdrawal could be reduced
significantly, so that the groundwater table level could rise, and water logging may occur subsequently.
The phenomenon of water logging is prevalent in many artificially irrigated, agricultural areas in arid regions across the globe, where it then causes numerous economic and environmental losses, for instance,
among other factors, increasing soil salinity (Rhoades and Loveday, 1990). Therefore, one key to understand water logging and to develop measures, to prevent it, such as proper drainage (Ritzema, 1994), is an
analysis of the groundwater table fluctuations in the region affected. This can be done efficiently by the
use of numerical groundwater flow models (Mahmudian Shoushtari, 2010).
In recent years, groundwater simulation models such as the well-known MODFLOW groundwater
model (McDonald and Harbaugh, 1988) have been widely employed in general groundwater flow studies
and, namely, in applications of conjunctive water use, which is often the cause for the named waterlogging problems in irrigation command areas (Bejranonda et al., 2009; Dafny et al., 2010; Xu et al.,
2011; Koch et al., 2012). For example, Kim and Soltan (2006) simulated the impacts of an irrigation and
drainage network on the Nubian aquifer’s, Egypt, groundwater resources using MODFLOW. The authors
showed that, in order to prevent waterlogging problems in the floodplain, an effective water resources
management strategy must be applied. Kumar et al. (2009) simulated groundwater flow in a section of the
Western Yamuna Canal (WYC) in Haryana state (India) during May 1985– May 2004 by VisualMODFLOW. Their results indicated a long-term water table drop in the central, north and along the River
Yamuna, whereas in the south of the model region, water levels rose by 5–10 m, i.e. waterlogging conditions had been created there. These authors showed further that with such a rate of groundwater pumping
a further future deterioration of the groundwater situation would occur, with the groundwater table declining further in the already afflicted area, with no changes to be anticipated in the waterlogged areas. Several groundwater modeling studies deal with groundwater flow in regions of Northern China, where many
areas are facing water resources shortages and/or the named pollution problems which, eventually, have
already adversely affected the agricultural productivity there (e.g. Wang et al, 2008; Xu et al., 2011 Xu et
al., 2012). Groundwater resources problems in Thailand, where regularly interchanging periods of
droughts and flooding are often leading to large fluctuations of the groundwater table, have been numerically analyzed by Bejranonda et al. (2009) and Koch et al. (2012), both of which indicated the need for
more elaborated approaches for optimal conjunctive water uses in such extreme situations.
In the present paper, the effects of the construction of the Gavoshan Dam’s irrigation and drainage network on the groundwater resources in the region will be simulated, using the MODFLOW groundwater
flow model in the GMS 6.5 environment (USACE, 2008).
2 STUDY AREA
The Irrigation and drainage network of Gavoshan Dam will be constructed in Miandarband plain that located in western Iran, near the city of Kermanshah. This region is geographically limited in the North by
the Gharal and Baluch mountains and in the South by the Gharsu River and has a surface area of about
280km2 (see Figure 1). Surface water in the study area occurs in the form of springs and stream flow, with
the major river being the Razavar River (Anonymous, 2010).
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Figure 1. Left Panel: Miandarband plain groundwater study area in western Iran; Right Panel: Gavoshan Dam’s planned and
partly constructed irrigation and drainage network

3 MATERIALS AND METHODS
3.1 Hydro-meteorological and hydrogeological data
Meteorological as well as hydrological data are required for the development and calibration of a mathematical and/or numerical groundwater model. In the present study data recorded over a period of 35 years
(the long-term monthly means of the meteorological variables precipitation, potential evapotranspiration
and temperature) are employed, whereas Table 1 shows the long-term averages of the monthly inflow and
outflow discharge data at the three gauging stations used in the analysis. More specifically, the Pirmazd
and Hojatabad hydrometer stations discharge data are used to specify inflow and outflow boundary conditions, respectively, for water the budget estimations in the plain. This data is augmented by discharge
measurements at the Doab-mereg station at the Gharasu River.
With regard to hydrogeological data, there are 1,160 wells and 7 springs in the study area. According to
the water statistics for year 2003, agriculture used 151.928 MCM/year of groundwater reservoir which
corresponds to an average pumping rate of 4.15L/s for each well (Gamasiab, 2007)
Table 1. Miandarband plain’s average of annual monthly long-term inflow (station Pirmazd), outflow (station Hojatabad) as
well as the discharge at the station Doab-mereg at the Gharasu river (see Figure 1) (in m3/s)
Station

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Jan

Feb

Mar

Annual

Pirmazd

22.41

10.24

1.71

0.42

0.16

0.1

0.17

1.26

4.92

4.94

9.6

60.72

5.93

Hojatabad

22.49

13.93

4.66

2.29

1.59

1.36

1.46

2.71

5.36

7.08

12.19

19.15

7.86

Doab-mereg

15.23

8.6

3.05

1.84

1.16

0.95

1.19

2.27

3.95

4.22

6.33

13.06

5.15

3.2 Stratigraphy
Based on the geological information inferred from the drilling log cores at the 8 well locations (Table 2),
the groundwater aquifer is divided vertically into 11 horizontal layers, as shown in Figure 2. These layers
are made of the following soils/soil-mixtures: 1. clay, 2. clay-sand, 3. clay-gravel, and 4. gravel-stone.
Each of these soil materials has certain permeability or, more important for groundwater modeling studies, a hydraulic conductivity K, which will be used and refined in the later model calibration task. Suffice
to say here that the clay as well as the lower gravel-stone (consisting mostly of compacted marl) layers
are acting essentially as aquitards.
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3.4 Development and setup of a groundwater flow model for the Miandarband aquifer system
The conceptual model
The first step in setting up a numerical groundwater flow model is the build-up of an appropriate conceptual model, in order to assess the groundwater system in its simplest form. Since the complete setup of the
field system is difficult and almost impossible, simplifications of difficult issues need to be made during
the model development task (Anderson and Woessner, 1991). The development of the conceptual model
requires a thorough understanding of the general hydrology, hydrogeology, as well as the dynamics of the
ground water flow in and around the study area. The result of this primordial task is then usually a computerized database as well as simplified digital maps and cross sections that will be used later in the final
set-up of the numerical model. In order to develop this conceptual model, some field visits into the study
area were undertaken and different hydrogeology-, hydrology- and drilling log core (see Table 2) reports
related to the Miandarband plain were used. Eventually, a schematic plan of the system was developed
using data from observation wells, flow discharge, and infiltration resulting from precipitation and as well
as calculations of water balances.
Finite difference grid discretization of the model domain
Based on the results of the geological (see Table 2) and various other geophysical investigations (Anonymous, 2010), and following the ensuing stratigraphy plot (Figure 2), the Miandarband model aquifer has
been set up as unconfined/confined mixed aquifer with 11 layers, whereby the upper aquifer layer is considered as unconfined and all layers below are allowed to convert from confined to unconfined and vice
versa, depending on the computed head elevations in a layer under question. With this information a 3D
finite difference grid of the model domain has been created in the GMS- environment, consisting of
100x100 cells in the horizontal-, and 11 layers in the vertical direction. The overall dimensions of the
model in x, y and z directions are 22000, 30000 and 203 meters, respectively. Figure 4 shows the 3Dmodel grid created in this way, with the various colored lines marking sections, where different packages
for inflow/outflow and/or stresses on the groundwater system in MODFLOW are activated.
Boundary conditions
The specification of the appropriate boundary conditions is another challenge in groundwater modeling
studies. Boundary conditions are necessary to represent the groundwater system’s interaction with the
surrounding area (e.g. Ahmed and Umar, 2009). Two kinds of boundary conditions (BC) were formulated
at the boundaries of the model domain (see Figure 4, middle panel): (1) Neumann- (no flow) BC’s along
those segments of the domain which, because of the surface topography of the Miandarband plain, form
some kind of a water divide and, (2) general head boundaries (GHB) where the inflow/outflow across the
boundary is computed by QB = Cond*(hout - haquif) (McDonald and Harbaugh, 1988), where hout is a specified head outside the domain, haquif is the unknown (simulated) head next to the boundary inside the aquifer and Cond (m2/s) is the conductance of the soil in the boundary segment. There are 11 GBHsegments along the whole model boundary which are indicated in Figure 4. As vindicated by the later
model computations for haquif and the ensuing signs in the equation for QB above, all, but #11 of the numbered GHB segments are inflow boundaries, with only the latter being an outflow boundary. As for the
boundary conductance C, it will be estimated and fine-tuned during the calibration process.
Sources and sinks in the aquifer system
In addition to the mentioned in- and outflows across the boundaries of the model, the Miandarband aquifer system gains inflow from infiltration through precipitation (recharge), and some streambed infiltration
from the Gharasoo River. Apart from the afore-mentioned groundwater outflow across the downstream
boundaries of the model domain, most of the aquifer’s water loss is due to the pumping from the 1,160
wells and the discharge through the 7 springs (see Figure 4, right). It should be noted here that since the
installation specifications of the wells, namely, their depths were not always known (many of them were
drilled most likely without proper legal authorization), their penetration lengths have been limited in the
model to the depth of the bottom of first layer.
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Figure 6. Top row: Simulated piezometric isolines after 1, 4 and 10 year of the operation of the irrigation network, Bottom
row: Corresponding changes, relative to the observed heads for April 2006 (see Figure 3).

5 CONCLUSIONS
Water logging by rising groundwater levels, inducing the salinization of arable soils, has become an imminent problem in many irrigated agricultural areas in the world. Such has been the case for the Miandarband plain in the Kermanshah province, Iran. The adverse situation there is further accentuated by the ongoing construction of an irrigation/drainage network and the reduced use of ground water resources. To
simulate the effects of the latter with regard to a possible groundwater table rise and the occurrence of
subsequent detrimental water logging, the 3D groundwater flow model MODFLOW within the GMS 6.5
environment has been employed. After calibration and verification of the model, the possible effects of
the future construction of the Gavoshan Dam’s irrigation and drainage network on the groundwater table
have been simulated. The results show that already after 10 years of irrigation operation, more than 50%
of the plain’s surface will be waterlogged. Therefore, an effective water resources management strategy is
required to prevent this imminent waterlogging problem. One well-suited policy approach to that regard
would be the application of optimally managed conjunctive surface-groundwater operations, the setup of
which will, however, require further quantitative groundwater management simulations.
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Characterization and Strategies for Implementing Sustainable Urban
Drainage Systems in Consolidated Cities with High Flood Risk.
Case Study: Barranquilla - Colombia
H. Avila, A. Sisa, T. De Alba, & L. Avila
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ABSTRACT: The city of Barranquilla, in Colombia, nowadays lacks from a storm sewer system and a
stormwater management master plan. The stormwater runoff flows on the streets causing risk on the population and paralysis of urban activities during rain events every year. The construction of a conventional
storm sewer system for the entire city would be economically unfeasible; therefore it is necessary to propose strategies for implementing alternatives of sustainable urban drainage systems including the conveyance system for managing urban watersheds, for reducing peak flow, for controlling pollution and for mitigating flood risk. A diagnose was conducted to understand the current conditions of the stormwater
management in the city and to propose strategies for implementing Sustainable Urban Drainage SystemsSUDS as an alternative for urban stormwater management, including the implementation of a real-time
stormwater monitoring system.
Keywords: Storm drainage: Barranquilla Streams; Sustainable Management; Peak flow
1 INTRODUCTION
The city of Barranquilla is located in the north of Colombia and has a population of about 1.8 million inhabitants. The city has an area of 120 km2 divided into two basins, the Eastern and the Western basins
(Figure 1). The Eastern basin covers most of the urban area of the city where stormwater runoff flows on
the streets (urban-streams or named locally “Arroyos”) which discharge directly into the Magdalena River. The Western basin includes the streams that discharge into the Leon Stream and the Grande Stream
which finally discharge into the Mallorquín estuary (Caribbean Sea). This paper is mainly focused on the
Easter basin.

Figure 1. Urban Subwatersheds in the city of Barranquilla (left). Elevations STRM-90(USGS) and Esatern and Western Watersheds of Barranquilla (right).
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3 PRECIPITATION AND ESTIMATION OF FLOW RATE AND VELOCITIES
The raining season is between April and June, and then between August and November. The annual average precipitation is 850 mm, from which about 420 mm rains between Augusto and October based on
rainfall data from 1970 to 2009 (IDEAM). Rain intensity could be higher than 120 mm/hr during an hour.
Figure 3 shows the non-exceedence probability of daily precipitation.

Figure 3. Non-exceedence probability of 24-h rainfall in Barranquilla (IDEAM data)

Based on field data, secondary information, and some assumed parameters supported by the condition of
the watersheds, flow rates and velocities of some principal basins were estimated in the Eastern watershed
by using the NRCS method and the Manning’s equation (Table 1 and 2). The results show that flow rate
for a 5-year return period are between 16 to 112 m3/s and for a 100-year return period between 29 to 208
m3/s. Speed varies between 4 to 8 m/s for a 5-year return period and from 5 to 10 m/s for a 100-year return period.
Table 1. Estimated peak flows at points of concentration for different return periods.
Estimated peak flows at points of concentration (m3/s)
Watershed
Watershed Area (Ha)
2 years
5 years
10 years
25 years
50 years
Calle 91
284
35
47
56
67
76
Siape
274
34
46
54
64
74
Country
534
58
78
92
110
127
Coltabaco
121
17
23
27
33
37
Carrera 65
369
45
61
72
86
99
Felicidad
422
46
62
73
87
100
La Paz
78
12
16
19
22
26
Hospital
223
27
37
44
52
60
Rebolo
543
59
80
94
113
129
Don Juan
857
83
112
132
159
183

369

100 years
87
84
144
42
113
114
29
68
147
208

Table 2. Estimated speed to peak flows in point of concentration.
Estimated speeds to peak flows at point of concentration (m/s)
Watershed
Watershed Area (Ha)
2 years
5 years
10 years
25 years
50 years
Calle 91
284
5.5
6.2
6.6
7.0
7.4
Siape
274
5.5
6.1
6.5
6.9
7.3
Country
534
6.7
7.4
7.9
8.4
8.8
Coltabaco
121
4.2
4.7
5.0
5.4
5.7
Carrera 65
369
6.1
6.8
7.2
7.7
8.1
Felicidad
422
6.1
6.8
7.2
7.7
8.1
La Paz
78
3.7
4.1
4.4
4.7
4.9
Hospital
223
5.1
5.7
6.0
6.4
6.8
Rebolo
543
6.7
7.5
7.9
8.4
8.9
Don Juan
857
7.6
8.4
8.9
9.5
9.9

100 years
7.7
7.6
9.2
6.0
8.5
8.5
5.2
7.1
9.3
10.4

4 CHANNELING AND HYDRAULIC WORKS
One of the factors that directly affect the feasibility of channeling in the Eastern watershed is the length
that needs to be channeled. Considering that most of the city lacks from storm sewers, channeling all the
streets would be a very expensive alternative. However, channeling may start from downstream the main
urban streams of each watershed and extend the length based on risk management and economic criteria.
In this case, if the main urban streams of the city are channeled from catchments areas of 50 Ha, the
channeling length would be about 62 Km all together, while if it is channeled from catchment areas of 10
Ha, the total length increases to 150 Km. The decision depends on economic and risk analysis. In any
case, is not feasible to build channels or stormwater pipes in the whole city, but only in main channels
closed to the downstream discharges. Therefore, it is necessary to implement measures from upstream to
midstream to reduce peak flow and runoff pollution. Also, channeling by itself reduces the time of concentration and therefore increases the flood risk downstream, so it is necessary to complement channeling
with other hydrological measurements.
5 RESTORATION OF THE HYDROLOGICAL CONDITIONS IN CONSOLIDATED URBAN
WATERSHEDS
The restoration of the hydrological conditions in consolidated urban watersheds is essential for reducing
the volume and peak runoff, as well as for stormwater pollution control. This purpose is achieved by using sustainable drainage technologies. However, the criteria for suitability, sizing and use of these technologies should be evaluated for each catchment individually to ensure their effectiveness and to increase
the benefit/cost ratio. Also, advantages and limitations, land use, urban structure, among others factors
should be taken into account.
5.1 Maintenance and improvement of hydrological conditions in new constructions
Natural hydrological conditions must be maintained or improved in new urban developments, parking or
other new construction. It is not enough to regulate the percentage of pervious area of a building, because
it does not ensure that the peak flow and runoff volume are minimized, and that water quality stays as the
original condition. The runoff volume and peak flow projected for new construction must be equal or
lower than the originally flow rate of the natural soil. Similarly, the surface runoff water quality at the
building outlet should meet appropriate quality characteristics. The licenses for new construction should
include, as part of the requirements, a hydrological study site that includes the original conditions and increased runoff volume and peak flow generated by construction, the expected water quality conditions,
the site erosion control plan, and a drainage system design oriented to SUDS that maintain or improve
original hydrological conditions.
5.2 Reduction of runoff volume and peak flow
The peak flow reduction, which has a direct impact on reducing flash flood risk, should be focused on
temporary storage and increasing the time of concentration. This purpose may be achieved by using large
concentrated tanks or small scatter tanks distributed in the city, by increasing surface roughness, and by
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increasing the flow path length in households before discharging to the street. Infiltration by rain gardens
and permeable areas does not have a significant effect on reducing peak flow in consolidated urban areas,
especially when available permeable areas are little. Rainfall intensity in Barranquilla is typically greater
than 50 mm/hr and may be greater than 120 mm/hr, so effective runoff is large enough to cause dangerous
urban streams in Barranquilla. However, rain gardens and permeable small areas are effective to infiltrate
stored runoff from tanks and to control pollution during small rain events or during the first minutes of
rainfall events in general.
5.3 Reduction of direct connections and increase the time of concentration
Currently stormwater runoff from buildings, parking lots and other structures drains directly to the streets
without any damping. This condition causes a significant reduction on the time of concentration and
therefore and increment in the peak flow downstream. Although, it is inevitable that stormwater runoff
eventually reach the streets, it is possible to increase the travel path of the water before it is discharged to
the streets. The route would increase the possibility of infiltration, temporary storage and ultimately increasing the time of concentration.
5.4 Temporary and permanent storage
Scatter residential storage tanks: Storage tanks are very effective in reducing runoff volume and peak
flow. Barranquilla currently has a historical advantage related to the system of drinking water. The houses
and buildings lower than 6 stories have water storage tanks that were built three decades ago when drinking water service was not continuous. Currently, most of these tanks are empty and unused, and can be
used to store the runoff from each building. Water stored in tanks can be infiltrated slowly over a period
no longer than 24 hours to restore the storage volume. Research conducted at the Universidad del Norte
oriented to the implementation of sustainable technologies in Barranquilla (Avila et al, 2012), suggested
that it is possible to reduce the volume of stormwater runoff by 30% by using scatter storage tanks.
Large storage tanks: These tanks consist of large storage structures to be built in hydraulically and hydrological strategic sectors in the city to reduce peak flows and retain debris, floating and entrained sediment
by streams.
Storages roofs: Concrete roofs may be effective for storing effective rainfall. However, roof in Barranquilla were not design for supporting the load required for this purpose. Also, it would be necessary to
waterproof the roof properly to avoid filtration problems.
Rain gardens: Concave shape of gardens and subsurface storage in permeable areas can contributes with
damping the runoff volume. These measures are most effective upstream and midstream of the watersheds, especially if the slopes are not very high.
5.5 Recovery and increase permeabe areas
The reduction in infiltration capacity in Barranquilla is a natural response to the development of urban areas. However, the paving practice has spread to areas where there should be permeable areas such as gardens, frontyards and backyards. Results from a research conducted at the Universidad del Norte (Avila et
al, 2012) have shown that in some basins of the city, recovery permeable areas in Barranquilla is important only for reducing the runoff volume for small rainfall events, but has no significant effect reduction of peak flow given the characteristics of precipitation and the percentage of available retrofitting garden area. However, modifying the soil to improve storage capacity and infiltration of gardens can
contribute in managing stormwater runoff.
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The implementation of a pilot projects for the use of SUDS in existing properties is an important practice
in the process of incorporating these technologies to people in consolidated cities, as well as offering
technical and scientific assistance in order to demonstrate to citizens these initiatives, which are highly
dependent on the acceptance and implementation by the public.
Finally, the implementation of a stormwater monitoring network is the starting point to have a clear
understanding of the behavior of the rainfall-runoff relationship in the city that allows dynamic and hydrological, and more intelligent management of urban stormwater runoff solutions.
REFERENCES
Avila, H. y Díaz, k. Disminución del volumen de escorrentía en cuencas urbanas mediante tecnologías de drenaje sostenibles.
XX Seminario Nacional de Hidráulica e Hidrología: Colombia, 2012.
Jacobs, E. (2004). Climate change, a new chance for urban stormwater management. Journal of Urban Drainage ASCE 2004.
NAVFAC, Naval Facilities Engineering Command, Atlantic. LOW IMPACT DEVELOPMENT (LID). Implementation and
Site Development of Navfac Projects. ASCE, American Society of Civil Engineers: Estados Unidos, 2010.
Rushton, B. (2001). Low-impact parking lot design reduces runoff and pollutant loads. J. Water Resour. Plann. Manage.
127(3), 172–179.
Shapiro, N. (2011). Sustainable land design in urban runoff management. World Environmental and Water Resources Con
gress 2011: Bearing knowledge for sustainability ASCE.
US EPA (2000). Low Impact Development (LID) Literature Review and Fact Sheets
(http://water.epa.gov/polwaste/green/lidlit.cfm)
US EPA (2011). Summary of State Stormwater Standards.
(http://www.aiswcd.org/PDSWRS_WorkGroup/USEPA_Summary_StormwaterVolumesStateStandards.pdf)

373

374

ICHE 2014, Hamburg - Lehfeldt & Kopmann (eds) - © 2014 Bundesanstalt für Wasserbau ISBN 978-3-939230-32-8

Modelling Decentralised Systems for Urban Drainage and Flood
Mitigation
S. Hellmers, N. Manojlovic, G. Palmaricciotti & P. Fröhle

Institute of River and Coastal Engineering, Hamburg University of Technology, Hamburg, Germany

ABSTRACT: Assessing the performance of future urban drainage management practices requires novel
hydrological modelling approaches that can handle a large number of spatially distributed measures, such
as Sustaina-ble Drainage Systems (SUDS). This paper presents the implementation of a SUDS modelling
approach in a semi-distributed hydrological model that enables the simulation of flow between multiple
linked SUDS and meso-scale retention spaces and the application of this model to an urban catchment.
Combination of local drainage systems and water retention in public spaces may provide an appropriate
strategy to cope with present and future pressures on the urban drainage infrastructure. The objectives of
the implemented model are the representation of SUDS as model elements with water re-distribution
functionality as well as its integration into a flood management tool. The model was applied to quantify
the impacts of socio-economic and climate change in an urban catchment in Hamburg, Germany, under
different future scenar-ios and combinations of SUDS. The results demonstrate the potential of SUDS and
multipurpose reten-tion spaces for flood peak mitigation.
Keywords: SUDS, Urban Drainage, Decentralised Systems, Flood Mitigation, Climate Change Impact
1 INTRODUCTION
Drainage infrastructures in urban areas prevent frequent flooding and protect water courses from combined sewage and stormwater runoff. Adaptive strategies are required to manage uncertainties of the future development mainly caused by climate change (IPCC 2012) or rapid urbanisation (UN 2011). Here,
decentralised strategies (referred to as SUDS) gain a growing importance in recent years, due to its positive effects on water quality and quantity and additionally their adaptive or multifunctional nature (e.g.
Wong et al. 2013, Zhou 2014). These measures treat or drain water in a more sustainable way by activating its natural behaviours and processes in the urban environment using infiltration, retention and storage
(Zhou 2014). These measures consist of (mostly vegetated) source-control structures such as swales or
green roofs, with a limited capacity and a specific design threshold. In case of storm events that surpass
the capacity of SUDS, the control of exceedance flow is of particular concern. If the design value of an
element (e.g. green roof) is exceeded, the “overflow” can be conveyed by roads or streets to a multipurpose area (e.g. a park or open green space). By linking those measures into a cascade of measures, an integrated system can be created.
The recent progress in sustainable drainage development is dealt with in literature across different disciplinary fields (e.g. Stovin et al. 2013, Wong et al. 2013, Zhou 2014). However, a research need is seen
in quantifying the hydrologic performance of those cascades of individual SUDS measures and their performance on site scale as well as on catchment scale (Stovin et. al. 2013). A range of available modelling
tools allow the simulation of SUDS (e.g. MIKE-SWMM, QQS, STORM, SWMM, MUSIC) for different
purposes and applications. Elliott and Trowsdale (2007) compared 10 models with regard to their capability and relevance to sustainable drainage systems. The selection of the most suitable model is mainly
driven by the purpose (planning or design), the spatial scale of the modelling analysis (site scale or
catchment scale) or by the type of SUDS elements to be modelled (Velasco et al. 2013). Another aspect is
the availability and usability of the model. Commercial models support (more or less) the usability, but
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their costs are often high and the availability is limited. In contrast open-source models require only nominal costs, but the user may need more technical knowledge to apply the model.
The objective of this paper is to describe a new approach enabling the detailed hydrological modelling
of these drainage management strategies and its implementation into the open-source semi-distributed
hydrologic model KalypsoHydrology. The tool has been applied to assess the performance of small-scale
SUDS measures and multipurpose spaces at the example of the Wandse catchment in the city of Hamburg, Germany. In the case study, the impacts of future land use and climate change scenarios on the peak
discharge and inundated areas are quantified. The results will be presented and the conclusions drawn.
2 METHODOLOGY
The design and implementation of SUDS and multipurpose spaces in urban areas depends on local features of the landuse. The distribution of green roofs depends on the availability of building shapes,
whereas the distribution of retention spaces and infiltration measures depends on the availability of free
spaces. This demands for a modelling approach which can handle a large number of spatially distributed
measures and a sufficiently detailed land use map is now required matching the spatial detail of the SUDS
distribution in the model area. Semi distributed hydrologic models (SDHM) allow the simulation of the
entire land-based part of the water balance on the basis of given precipitation time series. The catchment
is divided into hydrotops (a.k.a. hydrologic response units), i.e. units with distinguished land use, drainage and soil characteristics, for which the water balance is performed. However, in SDHM the defined
landuse units are composed of heterogeneous elements. For example the landuse class “detached buildings” contains both, a building and a green space. In the case that different SUDS elements are to be applied, this differentiation has to be made as green roofs and swales can be applied only on buildings or
green spaces respectively.
2.1 Theoretical Approach - Integration of SUDS into hydrologic modelling by overlays
In order to take into account the effects of SUDS, the existing data model of hydrotops in a SDHM should
be redefined by integrating a differentiated description of the SUDS elements. Firstly, those SUDS elements should be spatially distributed to be in accordance with the given landuse data as shown in Figure
1. The green roofs are for instance allocated on the existing or planned buildings, whereby the distribution
of retention spaces is depending on the availability of free space. The additional information of SUDS and
retention areas is represented in the form of “overlays”. Overlays are data sets and contain the parameters
about the drainage functionality and the materials in SUDS. The new, redefined, hydrotops are finally
created by geometrically intersecting the land use, soil type, watershed and overlays. The main parameters are outlined in Figure 1.

Figure 1. Spatial intersection and aggregation define equal hydrological response units (hydrotops). The new hydrotops contain the SUDS information in the overlay data sets
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Figure 5. Kalypso modules for urban drainage and flood modelling

3 APPLICATION
The enhanced hydrological model has been applied to quantify the impacts of land use and climate
change projections for 2050 in the Wandse catchment in Hamburg assuming adaptation strategies with
small-scale SUDS measures and larger-scale retention areas. The river Wandse stretches over 21.5 km
and drains a total catchment area of 88 km². It is a typical small urban catchment with its spring located in
rather undeveloped or rural areas. The main part of the area is covered by urbanised areas with high sealing rates and vast modified water bodies. Results of the flood impacts in the study area of the Wandse
catchment are illustrated for an “urban”, “urban-suburban” and a “suburban” neighbourhood.
3.1 Climate Change Impacts
Based on two regional climate model (REMO) runs for the scenario A1B (Jacob et al. 2006 and Jacob et
al. 2009), long-term water balance and flood peak events are calculated for a climate period from 2036 to
2065. The used climate data series comprise daily average temperature, sun duration, air humidity and
wind speed data in a spatial resolution of 10 km². One of the main concern is the spatial and temporal distribution of precipitation for urban flood modelling. The regional climate model computes vertically falling daily and hourly precipitation time series for both A1B model runs. Additionally, this data has been
post-processed with the information of wind drifted precipitation and the data has been bias-corrected.
These three precipitation data sets span a range of six possible future projections. The deviation between
the results is illustrated in Figure 6. For events with return periods of 2 or 5 years, an increase of the peak
river discharge of up to 27% and 20%, respectively, has been calculated. For events with return periods of
10 or 30 years, there is no clear evidence of an increase or decrease in flood peak discharge. The largest
variance has been found for events with return periods of up to 100 years. Flood peak discharges are
computed with up to 20% increase, but as well with over 30% decrease. In order to assess the performance of SUDS under negative climate change effects, a high increase of flood peak discharge (+20%)
has been selected as the basis for subsequent impact studies.
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Based on peak discharges resulting from KalypsoHydrology, the river hydraulics were computed with the
one-dimensional water surface profile model KalypsoWSPM. The inundated areas and flow depth were
calculated on the basis of digital terrain data with the module KalypsoFlood. The computed inundated areas and water flow depths are illustrated in Figure 8 for an urban area, an urban-suburban area and a suburban area.

Figure 8. Change in flow depth and inundated areas of a 100 year flood event on the basis of the three land use scenarios S1
(top), S2 (middle) and S3 (bottom) and a climate change impact of 20% increase in flood peak discharge. The results are illustrated for a highly urbanised (left), an urban-suburban (middle) and a suburban area (right)

For this catchment, a maximum increase of 20% in flood peak discharge due to climate change is projected for 2050 (Hellmers & Hüffmeyer 2014). For the selected urban and urban-suburban areas, minor impacts on the inundated areas of a 100 year flood were calculated for the climate change and urban growth
scenarios. This can be explained by the high river banks which prevent flooding of adjacent properties.
On the contrary, in the upstream river section, i.e. the suburban area, the river topography is shallow.
Here, the increased peak discharges due to climate change and urban growth enlarges the inundated areas.
In particular, the northern side of the river is affected. The result in scenario S1 shows the increase of the
inundation area by the impacts of climate change and urban growth without measures. By implementing
measures in scenario S2 and scenario S3 the impacts of climate change and urban growth on the inundation areas can be mitigated.
4 CONCLUSION
The novel hydrological modelling approach enables the detailed computation of a large number of spatially distributed SUDS in urban catchments and the redistribution of exceedance flow to larger-scale water retention areas. The enhanced module is part of the open-source software product Kalypso for flood
risk management planning. The model application in the urban area of Hamburg provide a better understanding of the mitigation efficiency that can be reached using strategically placed, appropriate SUDS
within an urban catchment. However, the uncertainties in nature and magnitude of climate change projections, urban growth scenarios as well as of impact modelling have to be investigated in a more detailed
way to assess future flood risk in urban areas.
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ABSTRACT: The aim of this study is to estimate the wave runup on selected beaches around the northern
Indian Ocean. The runup has been estimated using ERA-Interim, which is the latest global atmospheric
re-analysis produced by the European Centre for Medium-Range Weather Forecasts (ECMWF). ECMWF
uses the global Wave Model (WAM) model to calculate two dimensional wave spectra. The distances between the model grid points and the beaches have been calculated by a great circle calculator. The beach
slopes have been calculated by Google Earth for all locations, except Maldives beach, which was assumed as an imaginary beach because the method of calculating the slope could not be used there. The
significant wave height as well as the peak wave period at the grid points is assumed to be the same at the
beach. The most frequent estimated runup is between 0.5 m and 1.0 m, which is produced by swell coming from the southern Indian Ocean for all locations except Sri Lanka, India and Maldives shores, where
the most frequent runup value is less than 0.5 m. Generally, the largest wave heights are wind sea and the
longest wavelengths are swell. The mean elevation of the runup for all locations is 56 cm. It is comparable to the measured values obtained by (Stockdon et al., 2006) at several beaches in USA and the Netherlands who found the mean value of dissipative sites to be 84 cm for all experiments.
Keywords: wave runup, Swell, Wind speed, Northern Indian Ocean
1 INTRODUCTION
The vertical displacement in wave runup consists of two components: Elevation of the mean water level
above the still water level, which is called the wave setup, and the fluctuations of that mean, which is
called the swash (Ruggiero et al., 2004), the swash is given at times of extrema and the difference between the runup and the setup values. Based on statistics, extreme wave runup R2 is the value of R that
will be exceeded 2% of the time. The lowest vertical displacement below the still water level is called
wave rundown (Gourlay, 1992).
1.1 The area of study
The North Indian Ocean covers two interacting regions affected by wave climate:
1. The Equatorial region that extents to about 5 to 8ºN, which is dominated by local wind forcing.
2. The Arabian Sea, which is dominated by strong southwesterly winds blowing during the summer monsoon (Kantha et al., 2008). The locations at which the runup wave study will be focused. At each location,
a statistical analysis of extreme wave runup is made, which is based on 21 years of six-hourly wave
height and period data. The locations were selected because of their small beach slopes in order to investigate the condition of the ratio (ξ), of beach slope to square root of wave steepness which must be smaller
than 0.3 to be considered as a dissipative wave runup. Google Earth was used to get the beach slope (β).
Then tan β (see Table 1) was calculated. The beach slope for Maldives is considered as an imaginary
beach since where we were not able to use this method to estimate its beach slope. According to Riyaz
(2009), the Maldives islands are small and rarely reach more than 2.5 m above sea level, therefore, they
are at risk of flooding, tsunamis, and sea level changes.
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2 DATA AND METHODS
The data of wave height, the period and the surface wind have been collected from seven grid point locations near shores in the northern Indian Ocean. The wave height and period values are combined for swell
and wind sea. The total wave height is the square root of the sum of the squares of the separate trains:
Htotal = √𝐻 2 𝑠𝑤𝑒𝑙𝑙 + 𝐻 2 𝑤𝑖𝑛𝑑

The corresponding shore points (beaches) are selected because they represent different locations and different gentle beach slopes, except the beach on the Maldives, which is assumed as an imaginary beach.
The dataset in this study by ERA-Interim, which is the latest global atmospheric re-analysis produced by
the European Centre for Medium-Range Weather Forecasts (ECMWF) in collaboration with many institutions.
The ERA-Interim software covers the period from 1 January 1989 until 31 December 2009 every six
hour. The analysis provides the global surface wind, and the two wave parameters significant height and
peak period (Kulseng, 2010). The horizontal resolution of the wave model in ERA-Interim is 110 km
(Dee et al., 2011).
Table 1. Name of beaches locations, its latitude and longitude, the slope of the beaches, the directions of the beaches, model
grid point position (latitude and longitude), the corresponding wave forecasting distance from grid points to the
beaches, and direction from beaches to the grid points, this table contain for all location except Maldives beach is
just an imaginary beach.
Lat/Long grid
Distance
Direction to
Location
Lat/Long beach
Beach slope
Exposure
points
km
grid points
18o41'57"
18.5N
Oman
0.23
E
34
SE
56o45'08"
57.0E
o
5 23'12"
0.5N
Somalia
0.46
E
65
SE
48o33'35"
49.0E
o
7 47'16"
8.0N
Sri Lank
0.23
NE
28
NW
81o38'37"
81.5E
o
15 14'34"
14.5N
Goa
2.30
W
82
S
73o55'21"
74.0E
o
19 53'11"
20.0N
India
2.30
W
22
NW
72o40'54"
27.5E
25o28'03"
25.0N
Pakistan
0.29
S
60
SSW
66o18'02"
66.0E

2.1 Wave runup equation
The vertical displacement in wave runup R2 consists of two components Wave setup <η˃ and Swash S:
R2 = <η˃ + S/2

(1)

Where swash S = (Sinc 2 + SIG 2)0.5
A better linear relation that combines <η˃ + S/2 and R2 has been derived from Stockdon’s et al (2006)
experiment. Then the Equation (1) becomes
R2 = 1.1 (<η˃ + S/2)

(2)

When the Irribaren number, ξₒ ˃ 0.3, then the general formula of non-dissipation wave runup has been
written as
R2 = 1.1(0.35 βf(HₒLₒ)1/2 + [HₒLₒ(0.56 βf2 +0.004)]1/2/2)

(3)

When ξₒ < 0.3 the dissipative runup may be calculated as
R2 = 0.043(HₒLₒ)1/2

(4)
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3 RESULTS
3.1 Frequency distribution of runup
The frequency distribution of the estimated runup at the shore in Oman (Figure 1a) reveals that in 49% of
the cases the runup is between 0.5m and 1.0m, while the highest number of cases of wave runup at the
shore in Somalia, 66%, occurs between 0.5m and 1.0m (see Figure 1b). At Sri Lanka shore, Figure 3c
shows that in most cases, 52%, wave runup is less than 0.5m. The estimation of wave runup at the shore
in Goa reveals that 71% occur between 0.5 and 1.0m. At the shore in India, Figure 1d, most number of
cases, 59%, runup is less than 0.5m. While at the shore in Pakistan, Figure 1e shows that 53% of the cases
runup is between 0.5 and 1.0m. Figures 1g1 and 1g2 demonstrate that at an imaginary dissipative beach
when the Iribarren number ξ < 0.3 in Maldives 58% of the cases runup is less than 0.5m, while on a nondissipative beach with the Iribaren number equal to 0.3. 58% of the cases runup is between 0.5 and 1.0m.
Summary: Generally the highest number of cases of estimated wave runup lies between 0.5m and 1.0m
for all locations except Sri Lanka, India and Maldives (dissipative runup) shores where it is less than 0.5m
(see Figures 1e and 1g).
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Figure 2. Wave runup as a function of wave height and wave length at: (a) Oman, (b) Somalia, (c) Sri Lank, (d) Goa, (e) India,
(f) Pakistan and (g) Maldives. The contour lines are given by the runup formula for dissipative beaches.

4 DISCUSSION
The frequency distributions of estimated wave runup at the shores reveal that more than half of the time runup
is less than 0.5–0.75m. Wave height values become higher at high latitudes (Oman, Pakistan, and Goa) and
decrease towards the Equator (Sri Lanka, Maldives and Somalia). The highest runup is generated at medium
wind speed. This suggests that swell strongly contributes to generate extreme runup. The methods, which we
have used, contain some uncertainty because we do not involve the wind direction; we just assume that the
wave height and the period at the grid point are the same at the beach. We also neglected the tidal effect. We
assumed that the slope is not changing from sea to the beach. We took the imaginary beach slope in Maldives
at two cases investigating two conditions: Dissipative, when the Iribarren number is less than 0.3, and a nondissipative beach with Iribarren number equal to 0.3.

5 CONCLUSION
We estimated runup on gentle beaches for seven locations in the northern Indian Ocean covering the period from 1 January 1989 to 31 December 2009 every six hour. The most frequent estimated wave runup
ranges between 0.5 and 1.0 m. In general, long swell is the dominant factor of runup. The wave height
depends on locations, it increases with latitude.
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ABSTRACT: In the present study, spilling breaking waves are simulated using a numerical model with
interface capturing technique. The numerical model solves the Reynolds-Averaged Navier-Stokes
(RANS) equations on a uniform Cartesian grid and complex geometry is modeled with a ghost cell immersed boundary method. The flow problem is solved as a two-phase flow of air and water with the freesurface is represented by the interface between the two phases. Thus, the level set method (LSM) is used
to capture the complex free-surface changes. The temporal and spatial turbulent kinetic energy in the
breaking waves is described by k-ω model. The conservative 5th order weighted essentially nonoscillatory (WENO) scheme is employed for the convective discretization. A much stronger coupling between velocity and pressure is obtained by using a staggered grid which is essential for a two phase model. The present model is fully parallelized using the message processing interface (MPI) library routines.
The main focus of the present study is to investigate the wave breaking wave process over a sloping bed.
The paper discusses the changes in the free surface profile, water surface envelope, and horizontal velocity in different regimes during the breaking process. Numerical experiments are carried out with the 5th
order cnoidal waves on a plane slope 1/35. The present numerical model is validated and compared with
the experimental data. The results from the numerical model are in good agreement with the experimental
data concerning water surface envelope and horizontal velocity.
Keywords: Breaking waves, Wave breaking, CFD modelling, Free surface
1 INTRODUCTION
Breaking is initiated when the wave topography becomes steep then the wave becomes unstable and dissipates the energy in the form of turbulence, while a significant amount of air is trapped. Breaker types
can be classified into four different types, namely spilling, plunging, surging and collapsing (Galvin,
1968). The breaking process is strongly influenced by the local water depth, wave steepness and sea bed
slope. An exact numerical modeling of wave breaking process is intricate due to the strong non-linear airsea interaction at the free surface, air entrainment and turbulent production, transport and dissipation process. Since there are many challenges to model the breaking process numerically, most of the studies on
breaking waves are limited to field and experimental research. Ting and Kirby (1996) investigated the
turbulent structures spilling breakers in the surf zone. Further, they studied the different wave breaking
process between different types of breaking waves.
Longuet-Higgins and Cokelet (1976) first proposed a mixed Eulerian-Lagrangian formulation (MEL)
based on potential theory to simulate breaking waves in deep water. Later, the method was modified the
application to finite water depth by Vinje and Brevig (1981). However, most of the numerical models
based on potential theory can describe the breaking process until breaking, but these model cannot model
the impingement of the water jet during breaking (Chen et al., 1999). Wave breaking process can be described numerically with a model based on computational fluid dynamics (CFD) method without specifying breaking criteria. In addition to that most of the physical flow properties such as interface deformation, velocities and turbulence can be evaluated in detail. Numerous studies have attempted to simulate
the breaking waves with a single phase viscous model which does not account the role of the air and the
391

density variation at the interface such as Bradford (2000); Lin and Liu (1998); Zhao et al. (2004). Further,
it has been demonstrated that the importance of a two phase viscous flow models in the simulation of the
breaking waves (Chen et al., 1999; Christensen, 2006; Hieu et al., 2004; Jacobsen et al., 2012). Moreover,
these studies investigated turbulent characteristics and the undertow profiles. The present numerical model was utilized to study the wave transformation over a submerged reef with a slope of 1/10 with the 5th
order Stokes waves and the main focus was to investigate the wave breaking process. The results from the
numerical model showed a reasonable agreement with experimental data (Alagan Chella et al., 2013). The
main focus of the present study is to investigate the breaking process with the changes in the free surface
profile, wave surface elevation and the horizontal velocity. Moreover, the intention of the paper is to investigate the wave breaking process of spilling breakers over a sloping seabed using a two-phase flow
three dimensional (3D) CFD model. The present 3D numerical model is utilized in a two dimensional
(2D) setup to simulate the breaking waves over a sloping bed. To validate the present numerical model,
the numerical results are compared with the experimental data by Ting and Kirby (1996). The changes in
the free surface profile and velocity in different regimes are studied in the surf zone. The results from the
numerical model are in good agreement with the experimental data concerning instantaneous free surface
elevation, instantaneous horizontal velocity and wave group envelope.
2 NUMERICAL MODEL
2.1 Governing Equations
In the present study, the incompressible Reynolds-Averaged Navier-Stokes (RANS) equations are solved
together with the continuity equation that describes the conservation of mass and the momentum. The
governing equations are:
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U is the velocity averaged over the time t, x is the spatial geometrical scale, ρ is the water density, ν is the
kinematic viscosity, νt is the eddy viscosity, P is the pressure, and g is the gravitational constant. A staggered uniform Cartesian grid is used in the model in order to make the computational domain simple
which enables the direct implementation of finite difference numerical schemes. Discretization of the
convective term of the RANS equations is accomplished by the 5th order Weighted Essentially NonOscillatory (WENO) scheme (Jiang and Shu, 1996). This scheme has 3rd order accuracy for discontinuous solutions and has 5th order accuracy for a smooth solution. A 3rd order total variance diminishing
(TVD) Runge-Kutta scheme, a three-step scheme is adopted for the time discretization (Shu and Osher,
1988).
The temporal and spatial turbulent kinetic energy in the breaking waves is described by the k-ω model
(Wilcox, 1994). The two-equation model has two transport equations for the turbulent kinetic energy, k,
and the specific turbulence dissipation, ω:
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where Pk is the production rate, and closure coefficients α = 5/9, βk = 9/100 and β = 3/40. A ghost cell
immersed boundary method is implemented to describe the solid boundaries in the fluid domain and the
algorithm is based on the local directional approach by Berthelsen and Faltinsen (2008). This methods
avoids the explicit boundary conditions for the numerical discretization.
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ABSTRACT: The paper assesses the impact of various design of Rusne-Šilute road on the hydrological
regime (velocity and water level) of the Nemunas river. Currently, the road is flooded almost every year
thus interrupting the only road to the Rusne island. The in-house software SwEvolver was used for hydrodynamical modeling. Road design impact was examined by 18 case studies which includes calculations for the 3 flood scenarios for each road design variant. Road design variants included the current
state of the road, the viaduct over the lowest section of the road, long viaduct and the variations of the
road surface levels. We concluded that the road design which prevents its overtopping should be chosen
carefully, and modeling allowed for balancing between (1) maintaining the passage of the water over the
floodplain, (2) avoiding risk to existing constructions (mainly – bridges), and (3) avoiding significant
raise of the critical water levels in the nearby inhabited locations.
Keywords: Nemunas, Rusne, Flood
1 INTRODUCTION
Nemunas river is the largest stream of Lithuania (annual mean discharge 616 m3/s) flowing into Curonian
lagoon located at the southeast part of the Baltic Proper. Nemunas has a well-developed delta with three
main branches Skirvyte, Atmata, Pakalne separating at the village of Rusne. Extensive flooding of the
floodplain reaching up to 6-10 km width is characteristic for lower reaches of Nemunas. High flood level
is mainly caused by snow melting in spring and the peak discharge and water level near Rusne may reach,
respectively 5894 m3/s and 2.93 m for 1% flood events. Even the annual flood events can completely interrupt transport connection with Rusne island because the only road to the island (Rusne-Šilute road) is
being regularly overtopped.
2 HYDRODYNAMICAL MODEL
The hydrodynamical modeling software SwEvolver (PAIC (2006)) is finite element (FE) based nonsteady two-dimensional software. Hydrodynamical software requires a triangular mesh of the computational domain which needs to contain topographical data, surface roughness parameters and boundary. Let
us consider each component in details.
2.1 Modeling domain
The modeling domain for the hydrodynamical model of Nemunas near Rusne is shown in Fig. 1. Upstream boundary is chosen appropriately near the confluence of Gege river. The north-eastern border is
chosen according to the terrain at non-overflowing heights. The south-western boundary is chosen along
the non-overflowing dam in Russian Federation. Nemunas river separates in three branches at the town
Rusne. The island formed by these branches is protected from flooding by dams which are selected as the
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borders of the modeling domain. The outflow boundaries are set downstream Rusne on the Pakalne and
Skirvyte branches, and downstream Šysa confluence on the Atmata branch.

Figure 1. Modeling domain.

2.2 Mesh and topographical data
The building of the FE mesh is illustrated in Fig. 2. The typical spatial resolution of the FE mesh varied
from meter to several hundreds of meters, and number of mesh points exceeded 380000. FE mesh is
adapted to account for the orientation of the linear objects and locally refined in vicinity of the proposed
viaduct on the road Rusne-Šilute – road elevation can be seen on the upper part of Fig. 2.

Figure 2. Triangular mesh with dams, digital terrain (color scale indicates elevation above sea level) and surface roughness
parameter (Manning’s N coefficient).
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The most of the geospatial information for this project was presented by Lithuanian Environmental protection agency (Aplinkos Apsaugos Agentūra, referred further as LEPA) as the latest terrain and watercourse data aggregation used in the project “Preparation of flood hazard and flood risk maps for the
Nemunas, Venta, Lielupe and Daugava river basin districts”, LEPA (2014).
The digital terrain model (DTM) is adapted from LEPA (2014) 1m x 1m DTM grid which contains
both surface and underwater elevation distribution. See the DTM of the modelling domain in Fig. 2. The
right bank floodplain of Nemunas near Rusne is approximately 6 km wide and with few exceptions it is
less than 1 m a.s.l. The exceptions are dams, elevated roads, and Žalgiris forest located on the right bank
of Nemunas near the Leite confluence and upstream Rusne-Šilute road.
The DTM is complemented with the linear objects: roads, dams, [small] watercourses and ditches. The
geospatial data from LEPA (2014) is used. The location of the linear objects in and near the modeling
domain is shown in Fig. 1. One may notice the dense network of the ditches on the right floodplain of
Nemunas. Generally all natural watercourses (as Šyša river) have elevated (dammed) embankments.
The spatially variable surface roughness (bed resistance) is used in the model. The aggregated
CORINE land cover database from LEPA (2014) is used for the distinction of different surface roughness
zones. These zones are shown in Fig. 2.The values of surface roughness expressed as Manning’s N coefficient. These values are a result of calibration, see Section 2.4.
2.3 Hydrological conditions and calculation scenarios
Three basic scenarios were considered for modeling:
1. A calculation of 1% flood – discharge with return period of 100 years.
2. We considered that 50% flood or flood with return period of 2 years is important to reflect the most expected (typical) spring flood situation.
3. The only thorough measurement of discharges and waterlevels in the modeling domain (in Skirvyte,
Pakalne, Atmata and floodplain) were performed during the spring flood of 1979. The report of this field
campaign is included in Lietkelprojektas (1982). Flood of 1979 was therefore chosen as a calibration scenario (see calibration in Section 2.4). It is rather close to 10% flood.
Table 1. The characteristics of the probabilistic and 1979 floods: Nemunas discharge and waterlevel at Rusne WMS.
___________________________________________________________________________________________________
Scenario
1%
10%
50%
__________________ _________________________
_________________________
_________________________

Source
Discharge, m3/s Water level, m Discharge, m3/s Water level, m Discharge, m3/s Water level, m
___________________________________________________________________________________________________
Calculated
5894
2.93
3618
2.44
3502
2.40
Lietkelprojektas
(1982)
7500
3.05
2.64
2.08
___________________________________________________________________________________________________

Rusne flood waterlevel of 1% and 10% probability is acquired via fitting of the annual maximum water
level data series at Rusne WMS by normal distribution. Data series from LEPA (2014) were used; they
include 68 year observations in time period 1933-2010.
Rusne flood waterlevel of 50% probability was selected as median value of the data series at Rusne
WMS.
Nemunas discharges of 1% and 10% probability at Rusne were calculated as follows:
a. The probabilistic discharges at Nemunas-Panemune were obtained from LEPA (2014).
b. The percentage of discharge through Gilija branch (Fig. 1) was calculated from Pupienis at all (2012),
Table 3 as 12.125%.
c. The discharges at Rusne were calculated multiplying the discharges at Panemune (point a) with percentage of Gilijos discharge (point b).
Nemunas discharge of 50% probability was calculated as follows:
a. The 50% discharge at Nemunas-Smalininkai was calculated as median of the maximum yearly discharges at Smalininkai from the time series from LEPA (2014). These time series contained data for
years 1958-2010.
b. The discharge at Nemunas-Smalininkai was recalculated to discharge at Nemunas-Panemune assuming
that discharge is proportional to the catchment area of respective stations.
c. The percentage of discharge through Gilijos branch was calculated from Pupienis at all (2012), Table 3
as 12.125%.
d. The discharge at Rusne was calculated multiplying the discharge at Panemune (point b) with percentage of Gilijos discharge (point c).
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All probabilistic waterlevels calculated in this work are lower as corresponding probabilistic waterlevels
in Lietkelprojektas (1982). It might be associated with various natural and anthropogenic influences beyond the scope of the current study; most probable cause to our opinion is a general decrease of the spring
flow maximum since 1979 due to changing climate.
Note, that in the area of interest the dependence of the water level on the discharge during the flood
event is ambiguos. It is influenced by sea waterlevel, ice conditions in the river, possible ice blockages,
and snow/ice conditions in the overflowing floodplain.
To resolve this ambiguity we assumed that the respective scenario (1% or 50% flood) is a synthetic
flood event when a probabilistic discharge causes the waterlevel of the same probability at Rusne station.
2.4 Model calibration
The main goal of model calibration was in matching the flow distribution between Skirvyte, Pakalne,
Atmata and right floodplain as well as waterlevel in observations Lietkelprojektas (1982) with the modeling results.

Figure 3. The longitudinal cross section of the Rusne-Šilute road.

The scheme of the dividing of water flows is shown in Fig. 3. It corresponds to requirements of measurements in Lietkelprojektas (1982) and associated with branches of Nemunas and segments of the overflooded road Rusne-Šilute:
a. Skirvyte branch, together with Pakalne branch.
b. Atmata branch, beneath the bridge over Atmata on the Rusne-Šilute road.
c. Road section “Road1” between the bridge over Atmata and projected viaduct.
d. Road section “viaduct” in the place of proposed viaduct.
e. Road section “Road2” between the proposed viaduct and more elevated road section.
f. Road section “Žalgiriai” along the more elevated road section.
g. Flow beneath the Griniaus bridge referred as Slezu bridge in Lietkelprojektas (1982).
h. Sum of discharges in points (c) to (g) is referred as to “floodplain”.
The calibration strategy was as follows: the initial values of the Manning coefficients (surface roughness) was taken according to land cover, Kiselev (1976); the calculations were performed for the [upstream] Nemunas discharge in flood event 1979 (Table 1); the values of Manning coefficients were finetuned and the downstream boundary conditions (waterlevels) adjusted to match the observed and modeled
model characteristics.
The calibration results are given in Table 2 and Table 3, 4 (as match of the observed and modeled discharges and waterlevels), Fig.2 (as values of Manning’s N coefficients) and in Table 1 (as downstream
boundary conditions – waterlevels in Atmata and Skirvyte).
The achieved fit of observed and modeled discharges should be considered as good; the model overestimates the total discharge in Skirvyte/Pakalne by less than 3%. We may assume that this difference is
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less than measurement error. The distribution of the flow percentage through Skirvyte (with Pakalne) /
Atmata / floodplain is almost a perfect match.
Table 2. Calibration results – downstream boundary conditions for all scenarios
________________________________________________________________
Upstream
discharge , m3/s
Downstream water level, m
_______________________
__________________________

Scenario
Nemunas
Skirvyte, Pakalne
Atmata
________________________________________________________________
1%
5894
2.65
2.25
1979
3502
2.12
1.72
50%
1603
1.57
1.77
________________________________________________________________

The discrepancy between observed and modeled waterlevels is better than 10 cm; it can be assessed as
good, especially because the measurements took place during the course of several days.
2.5 Alternatives of design of Rusne-Silute road
Alternative “proj1” assumes building a 400 m long viaduct over the lowest stretch of the road. This alternative aims at prevention of the road overtopping during 50% flood. Alternative “proj2” combines the alternative “proj1” with the lowering of the road section beneath the viaduct to the level of surrounding terrain (20 cm a.s.l.). This alternative also aims at prevention of the road overtopping during 50% flood but
in the same time enhances the water flow beneath the new structure thus preventing its impact on the water level raise. Alternative “proj3” combines the alternative “proj2” with the raising of the road stretches
“road1” and “road2” to the level 220 cm a.s.l. This alternative guarantees the defense against the floods
which exceed 50% probability for the most vulnerable stretches of the road. Alternative “proj4” combines
the alternative “proj3” with the raising of the whole road Rusne-Šilute to the 4 m level. This alternative is
aimed for the prevention of the road overflow during the 1% flood situations. Alternative “proj5” is a variation of alternative “proj4” with prolonged viaduct (700 m instead of 400 m). Such an alternative is considered to facilitate a discharge of water at low probability floods through the viaduct.
3 CALCULATION RESULTS
Five modifications of the digital terrain model and calculation mesh were performed according to the alternative configurations / parameters of the proposed viaduct (Section 3.2). For each of the design alternatives the calculations of 50% flood, spring flood 1979 and 1% flood was done. The results of these calculations are presented as discharge values through Nemunas branches and different segments of the RusneŠilute road for all scenarios and cases in Table 3, water levels and flow velocities (Table 4) at different
locations – under Atmata bridge, under the proposed viaduct and the Griniaus bridge, longitudinal profile
of Rusne-Šilute road with waterlevels and flow velocities for all design cases and all flood scenarios, see
Fig. 4.
There are some common features during any of flood events. The Nemunas flow concentrated in the
riverbeds is partly isolated form the flow in the floodplain by the dams. The flow concentrated in the
floodplain northeast from the Žalgiriai originates from the main Nemunas flow upstream the Leite confluence and flows towards sea through the Griniaus bridge. The flow concentrated in the floodplain
southwest from the Žalgiriai originates from the main Nemunas flow downstream the Leite confluence
and flows towards sea over the lowest stretch of the Rusne-Šilute road.
The alternative “proj1” solves the most important problem of exploitation of the road Rusne-Šilute –
protection of the lowest road section. The water level near the viaduct rises by approximately 5 cm (Table
4). It does not prevent overtopping of the road stretches “road1” (by 30 cm) and “road2” (by 20 cm) during the 10% floods. The construction only slightly changes the water balance reducing the floodplain
share of overall Nemunas flow by 1.5% (Table 3). The water velocity changes insignificantly both in
Atmata under the main bridge (by 2 to 8 cm/s) and under the Grinius bridge (by 5 cm/s), see Table 4. The
water velocity under the viaduct may reach 2.6 m/s during the 10% flood.
The alternative “proj2” is aimed to facilitate the water flow beneath the new viaduct. The water level
near the viaduct is almost the same as in “proj1” (Table 4). The water balance is restored to reference situation for 50% flood; reduction of the floodplain share of overall Nemunas flow for this scenario is only
0.4% (Table 3). The water velocity under the viaduct is reduced to 1.25 m/s during the 10% flood (Table
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4). The total discharge through the viaduct is restored to almost the same discharge as over that road
stretch in the reference situation (Table 3).

Figure 4. Road profile, waterlevel and flow velocity. 1979 year flood, reference case.

The alternative “proj3” is aimed for improving the situation in the most vulnerable stretches of RusneŠilute road protecting them for the floods of probability below 50%. This alternative does not change the
situation (in comparison with “proj2”) for 50% flood. The situation changes most significantly for medium (10%) floods; the depth of overtopping of the road in this case is below 20 cm. The overall flow
through the floodplain reduces by 3.3% of total Nemunas discharge in comparison with the reference situation (Table 3). The water level and velocity elsewhere changes negligibly (Tables 4).
Table 3. Discharges through different river branches and road sections for calculation cases.
____________________________________________________________________________________________
A
A
R1
v
R2
Ž
GB
FP
Total
_______
_______
_______
_______
_______
_______
_______
_______
____

case
m3/s % m3/s %
m3/s % m3/s % m3/s % m3/s % m3/s % m3/s % m3/s
____________________________________________________________________________________________
1%
ref.
2067 35.1 1190 20.2 445 7.6 469 8.0 498 8.5 578 9.8 646 11.0 2637 44.7 5894
proj1
2119 35.9 1222 20.7 405 6.9 371 6.3 533 9.0 587 10.0 656 11.1 2553 43.3 5894
proj2
2112 35.8 1217 20.7 382 6.5 444 7.5 505 8.6 578 9.8 655 11.1 2565 43.5 5894
proj3
2123 36.0 1189 20.2 315 5.3 475 8.1 508 8.6 638 10.8 646 11.0 2582 43.8 5894
proj4
2515 42.7 1361 23.1 0
0.0 985 16.7 0
0.0 2
0.0 1031 17.5 2018 34.2 5894
proj5
2404
40.8
1305
22.1
0
0.0
1212
20.6
0
0.0
2
0.0
971 16.5 2184 37.1 5894
____________________________________________________________________________________________
1979 observ. 1363 38.9 947 27.0
0
0.0 305 8.7 1192 34.0 3502
calibr.
1403 40.1 942 26.9 177 5.1 408 11.7 149 4.2 6
0.2 417 11.9 1157 33.0 3502
proj1
1438 41.0 960 27.4 168 4.8 321 9.2 172 4.9 15 0.4 429 12.3 1105 31.6 3502
proj2
1427 40.8 954 27.3 143 4.1 399 11.4 143 4.1 10 0.3 426 12.2 1120 32.0 3502
proj3
1468 41.9 993 28.4 28 0.8 511 14.6 23 0.7 15 0.4 463 13.2 1041 29.7 3502
proj4
1461 41.7 971 27.7 0
0.0 572 16.3 0
0.0 1
0.0 498 14.2 1071 30.6 3502
proj5
1433 40.9 950 27.1 0
0.0 641 18.3 0
0.0 1
0.0 478 13.6 1120 32.0 3502
____________________________________________________________________________________________
50% ref.
753 47.0 565 35.2 0
0.0 171 10.7 0
0.0 0
0.0 114 7.1 285.1 17.8 1603
proj1
769 48.0 574 35.8 0
0.0 135 8.4 0
0.0 0
0.0 125 7.8 259.9 16.2 1603
proj2
757 47.2 567 35.4 0
0.0 163 10.1 0
0.0 0
0.0 116 7.2 278.7 17.4 1603
0.0 0
0.0 117 7.3 277.9 17.3 1603
proj3
755 47.1 570 35.5 0
0.0 161 10.0 0
proj4
757 47.2 567 35.4 0
0.0 163 10.2 0
0.0 0
0.0 116 7.2 278.9 17.4 1603
proj5
755
47.1
562
35.0
0
0.0
171
10.7
0
0.0
0
0.0 115 7.2 287 17.9 1603
____________________________________________________________________________________________

where following notations is used: A stand for Atmata, S – Skirvyte, Ž - Žalgiriai, v - viaduct, GB - Griniaus Bridge, R1 - Road1, R2 – Road2, FP - Floodplain.
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The alternative “proj4” is aimed for the protection of overtopping of the road “Silute-Rusne” during 1%
flood events. Blocking the road overtopping leads to change of the floodplain flow volume in 1% floods
(Table 3). The flow through the floodplain is reduced by 10.5% of the total Nemunas flow. This volume
is diverted to Skirvyte (above 70%) and Atmata (below 30%). The discharge through the viaduct more
than doubles but through Griniaus bridge increases by more than 50% for 1% flood (Table 3).As a consequence of above the flow velocity under the constructions increases significantly comparing to reference
cases (Table 4) during 1% flood: (a) from 1.6-1.7 m/s to 1.9 m/s beneath the main Atmata bridge; (b)
from 1.1-1.2 m/s to 2.3 m/s under the viaduct; (c) from 1.8-1.9 m/s to 3 m/s under the Grinius bridge.
These velocities may be critical for the constructions. The water level in 1% event rises by 15 cm at the
viaduct, by 56 cm in Zalgiriai and by 27 cm at the Griniaus bridge (Table 4).
The alternative “proj5” is aimed for the protection of overtopping of the road “Silute-Rusne” during
1% flood events and in the same time reducing the adverse effects of “proj4”. It assumes increase of the
viaduct length from 400 to 700 m to facilitate the discharge through it. Change of the floodplain flow volume in 1% floods (Table 3) is reduced by 7.5% of the total Nemunas flow (10.5% for “proj4”). The discharge through the viaduct almost triples in comparison with “proj2” and raises by 50% in comparison
with “proj4” for 1% flood (Table 3). The increase of flow velocity under the constructions still increases
significantly comparing to reference cases (Table 4) during 1% flood: (a) from 1.6-1.7 m/s to 1.8 m/s beneath the main Atmata bridge; (b) from 1.1-1.2 m/s to 1.9 m/s under the viaduct; (c) from 1.8-1.9 m/s to
2.8 m/s under the Griniaus bridge. The water level in 1% event is lower than in “proj4”: by 2 cm at the
viaduct, by 6 cm in Žalgiriai. The increase of the waterlevel (50 cm) in comparison with reference case is
still significant for Žalgiriai settlement.
Table
4. Water levels and water velocities at different locations (incl. road sections) for calculation cases.
___________________________________________________________________________
Water
level, m
Water
velocity, m/s
_________________________
____________________________

case
A(s) A(b) v
Ž
GB A(b) R1
v
GB
___________________________________________________________________________
1%
reference 2.98 2.83 2.72 2.62 2.76 1.61 1.52 1.00 1.81
proj1
2.98 2.82 2.77 2.62 2.76 1.69 2.34 1.52 1.85
proj2
2.98 2.82 2.76 2.62 2.76 1.69 2.19 1.09 1.85
proj3
2.98 2.82 2.76 2.62 2.76 1.71 2.42 1.21 1.88
proj4
3.03 2.84 2.91 3.18 2.93 1.88 0.00 2.31 2.95
proj5
3.02 2.84 2.89 3.12 2.89 1.82 0.00 1.86 2.83
___________________________________________________________________________
1979 observed 2.40 2.23 2.20 2.18 1.46 0.83 0.78 1.03
calibr.
2.44 2.30 2.19 2.29 2.25 1.47 2.08 1.15 1.74
proj1
2.45 2.31 2.25 2.30 2.25 1.53 3.21 2.26 1.79
proj2
2.45 2.31 2.23 2.30 2.25 1.51 2.87 1.25 1.78
proj3
2.45 2.31 2.25 2.30 2.26 1.52 1.51 1.45 1.84
proj4
2.46 2.32 2.28 2.45 2.30 1.55 0.00 1.71 2.04
proj5
2.46
2.31 2.26 2.43 2.29 1.52 0.00 1.17 1.99
___________________________________________________________________________
50% reference 1.93 1.85 1.75 1.78 1.76 1.01 0.00 1.00 0.74
proj1
1.93 1.85 1.79 1.80 1.77 1.03 0.00 1.89 0.79
proj2
1.93 1.85 1.76 1.79 1.76 1.05 0.00 0.66 0.76
proj3
1.93 1.85 1.76 1.79 1.76 1.05 0.00 0.65 0.76
proj4
1.93 1.85 1.76 1.79 1.76 1.05 0.00 0.67 0.76
proj5
1.93 1.85 1.76 1.77 1.76 1.05 0.00 0.47 0.76
___________________________________________________________________________

where following notations is used: A(s) stand for Atmata (station), A(b) - Atmata (bridge)
4 CONCLUSIONS
The hydrodynamical modeling provides the evaluation of the consequences and effects of different solutions aiding and supporting the decision-making.
Basically the defence of road against frequent (50%) floods can be done without disturbing hydrodynamical regime of Nemunas in vicinity of Rusne. It may be achieved by realizing alternative “proj2”. The
building of viaduct should be accompanied with removing of the “old” road beneath the viaduct (leveling
it with the surrounding terrain) and eliminating the trees along this old road stretch.
The longitudinal profile of the road suggests a further step – “proj3”, or slight elevating to 220 cm of
the most vulnerable road stretches. This alternative only insignificantly changes the hydrodynamical conditions both at frequent (50%, road overtops in neither case) and in infrequent (1%, road overtops anyway) floods.
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The increase of the road surface above the level of 1% flood significantly changes the hydrodynamics
of floodplain during the low probability flood events. This causes several consequences which may be
considered as dangerous: (a) essential reduction of the flow over floodplain and increase of flow in the
main river channels, (b) significant increase of the water velocities beneath the existing (Atmata bridge,
Griņius bridge) and proposed (viaduct) constructions, (c) the significant increase of the waterlevels in
Žalgiriai settlement. These adverse consequences cannot be eliminating by reasonable increasing of the
length of the proposed viaduct.
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ABSTRACT: This paper presents an integrated coastal/estuarine/riverine/ocean process modeling system,
CCHE2D-Coast, for simulating and predicting coastal flooding and inundation induced by storm surges,
wave setup, tides, and river flood inflow during a hurricane period. A brief description on the framework
of mathematical theories and numerical technologies is given. Model validations by hindcasting surface
water levels and waves of Hurricane Gustav (2008) in the Gulf of Mexico and Hurricane Sandy (2012) in
the Atlantic Ocean are presented. A real-time prediction capability of CCHE2D-Coast is demonstrated by
forecasting flooding risk of Hurricane Isaac (2012) in the Mississippi Gulf Coast.
Keywords: Storm Surge Modeling, Wave Processes, Coastal Flooding, Hurricane Wind
1 INTRODUCTION
When a hurricane makes its landfall, it releases its devastating force onto coast and inland, and causes
hazardous flood and inundation due to storm surges and waves. Simulation and real-time prediction of
wind and storm surge driven by hurricanes are vitally important to assess the impact of tropical cyclones
on coastal communities. Risk of coastal hazards due to flooding and inundation must be evaluated before
storm seasons for the purposes of flood management and planning; and propagation of storm surges and
waves should be forecasted during a hurricane period so that decision of mitigations and evacuation can
be made in time.
Fast and accurate assessment of flooding and inundation induced by hurricane is a challenging task
due to the complexity of tropical cyclone wind structures and the large- and multi-scale processes of
coastal and ocean waters driven by dynamic forcing of astronomical tides, wind waves, storm surges and
river inflows. Usually, simulation of wave deformation and transformation in a large regional area from
deep ocean water to shallow water in surf zone is much more time-consuming than the effort to simulate
storm surges only driven by cyclonic wind forcing. Most existing storm-surge models for hurricane
simulations heavily rely on high performance computers which are expensive.
Recently, storm-surges and waves induced by hurricanes have been studied using integrated
coastal/oceanic processes models. In particular, ADCIRC (the ADvanced CIRCulation model), a finite elemental model, has been coupled with wave models in multiple studies to produce hindcasts of Hurricane
Katrina (2005) (Bunya et al. 2010, Chen et al. 2008), Ivan (2005) (Chen et al. 2008), and Gustav (2008)
(Dietrich et al. 2011). However, in most cases, ADCIRC must work in tandem with a wave model such as
a Steady-State IrregularWave (STWAVE) nearshore wind wave model (e.g. Bunya et al. 2010), or the
‘‘simulating waves nearshore’’ (SWAN) model (Dietrich et al. 2011, Chen et al. 2008), requiring interpolation of data across grids. Moreover, the time-step size in many existing storm-surge models is limited
due to explicit numerical schemes, thus simulations by those models require thousands of computing
cores to output simulations within a practical span of time.
A strong need exists for developing a fast, non-infrastructure-intensive hurricane prediction method.
To achieve this, the integrated process model CCHE2D-Coast (e.g. Ding et al. 2006, Ding and Wang
2008, Ding et al. 2013) was employed for computing storm surges and waves. This model is designed for
simulating hydrodynamic processes including storm-induced surges and waves as well as hydrological
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conditions such as river flows and tidal currents. It is important to note that all the modules of CCHE2DCoast share one grid system for simulating these hydrodynamic and morphodynamic processes in
sequence. Instead of using the so-called model steering operation adopted in other storm-surge models,
CCHE2D-Coast does not need to switch executable codes of the modules. As a result, this model
eliminates possible errors and loss of information due to interpolation and extrapolation of the results
between different grid systems for different process models. The mesh of CCHE2D-Coast is nonorthogonal, which allows general structural quadrilateral grids. Thus, a structural computational grid with
spatially-varying mesh resolutions can be created to model irregular coastlines in a flexible way, and
enables to focus on different regions of interest in coastal zones, estuaries, and inland watersheds with
complex geometries. Computationally, implicit numerical schemes for solving all the governing equations
of waves, currents, and morphological changes make this integrated model efficient and capable of
running simulations in a standard laptop computer with a relatively short computational time.
A newly-developed tropical cyclonic wind model with landfall effect was developed and integrated
into CCHE2D-Coast to simulate storm surges, tides, and waves in oceanographic and coastal processes
under meteorological and hydrological conditions over a simulation area of the Louisiana-MississippiAlabama Gulf Coast. This validated cyclonic wind model was extended to produce time-dependent twodimensional (2-D) fields of wind and air pressure along a hurricane track. The study aimed to evaluate
and advance the integrated model’s accuracy in simulating spatio-temporal variations of storm winds and
water levels while maintaining simplicity, accuracy, and computational efficiency. This integrated windstorm-surge model was validated intensively by simulating Hurricane Gustav (2008) and comparing the
simulated storm surges and waves with the observations at NOAA’s gauges. To improve the model’s
accuracy, the air-sea interaction in the surface wind shear stresses was investigated by examining a
number of formulations for calculating the drag coefficient of the wind shear stresses.
This paper highlights NCCHE’s research on development and application of CCHE2D-Coast, an
integrated coastal/estuarine/riverine/ocean process modeling system, for simulating and predicting coastal
flooding and inundation induced by storm surges, wave setup, tides, and river flood inflow during a
hurricane period. A brief description on the framework of mathematical theories and numerical
technologies will be given. Model validations by hindcasting surface water levels and waves of Hurricane
Gustav (2008) in the Gulf of Mexico and Hurricane Sandy (2012) in the Atlantic Ocean will be presented.
A real-time prediction capability of CCHE2D-Coast will be demonstrated by forecasting flooding risk of
Hurricane Isaac (2012) in the Mississippi Gulf Coast. This presentation will further give an engineering
application of this modeling system for seeking solutions of coastal flood protection in the low-lying area
in New Jersey by considering the combined condition of tropical cyclone and sea level rise due to climate
change.
2 INTEGRATED HURRICANE-INDUCED STORM-SURGE MODEL
Storm surges are induced by wind and low air pressure during a storm or a hurricane. Coastal flood and
inundation are driven by multiple hydrodynamic processes (coastal and oceanographic processes) such as
wind-induced currents, tidal flows, waves, earth rotation, river flows, etc. The total water level increase
during a hurricane is the sum of the expected high tide, storm surge caused by low barometric pressure
and onshore winds, wave setup in the surf zone, and inflow caused by flooding rivers. To simulate storm
surges during a hurricane driven by the Coriolis force and all the hydrological force such as winds, waves,
tides, and river flows, a coast-ocean model, called CCHE2D-Coast, is used in this study. This model consists of a multidirectional wave spectral model and a coastal hydrodynamic model (Ding et al. 2006, Jia
and Wang 1999, Jia et al. 2002). It is capable of simulating hydrodynamic processes in coasts, estuaries,
rivers, and oceans such as (1) storm surges and waves driven by cyclonic wind, (2) irregular wave deformations and transformation, (3) tidal and river flows, and (4) nearshore currents and wave setup/setdown.
This model generally employs a non-orthogonal grid that can model complex coastlines (Ding and Wang
2008, Zhang and Jia 2009).
Figure 1 presents a flow chart and structure of the integrated wind-storm-surge model. The wind and
pressure field model is to produce the hurricane conditions for the coast-ocean model. In addition to the
parameters for calculating the wind field, the required data for simulating storm surges in a coast region
include bathymetrical/topographic data, hydrological data (tides, hydrographs of rivers, waves, etc.), and
structure data which are used for generating a computational grid and specifying boundary conditions of
tides and river flows.
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Figure 1. Flow chart of the integrated wind-storm-surge model

The surface wind stress is a major driven force of storm surges, which represents the portion of wind energy input into
 s water columns. Even though the interaction between air and sea water is complex, this
wind stress τ can be modeled by the conventional bulk formula (e.g. Large and Pond 1981),
 

(1)
τ s = ρ Cd VW VW


where VW = vector of wind velocity at 10 meters above ground, and Cd = drag coefficient (distinct from
the nonlinear decay parameter CD). The hurricane wind velocity is a resultant velocity of the tangential
velocity and the hurricane forward velocity given by a hurricane track. Calculation of Cd depends on
empirical formulae, for which CCHE2D-Coast provides five options for calculating the drag coefficient
proposed by Large and Pond (1981), Powell et al. (2003), and Hwang (2005).
In the wave action model, the energy input by wind forcing is modeled as separated sink and source
terms proposed by Lin and Lin (2004a,b).The coefficients in the wind energy input are calibrated by
hindcasting Hurricane Gustav (2008) which made landfall at the southern Louisiana coast (see Ding et al.
2013 for the details).
3 A CYCLONIC WIND-PRESSURE MODEL WITH LANDFALL DECAY EFFECT
To predict storm surges induced by tropical cyclonic wind and low pressure, spatio-temporal variations of
air pressure and wind fields are needed to calculate wind energy input into ocean water column. The
widely-used tropical cyclonic wind-pressure model, Holland’s wind model (Holland 1980) is a parameterized wind-pressure model. This simple model only needs a few parameters for defining hurricane track,
size, intensity, and central pressure to determine the air pressure and wind tangential velocity. However,
this simple model doesn’t include the decay effect of wind after a hurricane makes its landfall.
Hazardous wind and storm surges occur around the coastal area where hurricane makes its landfall and
during the period right after its landfall. It is, therefore, important to predict the location and the intensity
of storm wind at hurricane landfall. Mainly due to loss of thermal energy input from warm ocean waters,
storm wind speed usually decays quickly after landfall. In general, hurricane intensity decay is influenced
by a complex combination of physical factors, including the ocean structure prior to landfall, surface heat
capacity of water and soil, surface roughness and moistures of soil and vegetation, and variations between
day and night (e.g. Marks and Shay 1998, Shen et al. 2002, DeMaria et al. 2006). Kaplan and DeMaria
(1995) approximate hurricane maximum velocity decay by a linear differential equation with respect to
time after landfall. Their linear decay model only takes into account the decay due to energy loss of heat
input from the ocean.
3.1 A Nonlinear Cyclonic Wind Model with Landfall Effect
Correlation analyses of various hindcast storms found that the linear decay model was inadequate in
simulating the decay process; in particular, sharp drops in wind velocity immediately following landfall
of numerous storms suggested that one or more additional physical factors induce a nonlinear pattern of
hurricane decay (Marks and Shay 1998, Shen et al. 2002). Thus, to predict the maximum wind speed and
air pressure after hurricane landfall, Ding (2012) developed a new decay model with an additional nonlinear decay term to account for increased surface roughness as the storm moves over land.
d (Vmax − Vb )
C
=
−α (Vmax − Vb ) − D (Vmax − Vb ) 2
dt
h

(2)

where t = time after landfall, Vb = background wind velocity, Vmax = maximum wind velocity, α = parameter of linear decay (1/s), CD = non-dimensional drag coefficient and h = mean height of the planetary
boundary layer (m), the lowest layer of the troposphere in which wind is influenced by land surface fric409

Combining Eq. (5) with Eq. (4), thus the tangential wind field at any locations can be expressed as a function of maximum velocity and a position function of r.
V ( r ) = Vmax ( R / r ) B e(1−( R / r )

B

(7)

)

In order to extend the parametric cyclonic model across an area, a fixed, cylindrical wind field was constructed from the decay curve using Holland’s equation and its pressure field analogue P(r), i.e.
P( r ) =Pc + ( Pa − Pc )e − ( R / r )

(8)

B

Before landfall, the wind field is calculated from observed central pressure values using the equation of
P(r), and the tangential wind velocity at any location by Eq. (4). After landfall, with decay effects, Vmax
is calculated from the nonlinear differential equation (1) of the landfall decay model, wind velocity is determined by Eq. (6).
Various methods of calculating the wind field were examined for simulation accuracy. First, the impact of taking decay effects into account after landfall was studied by comparing results from the nonlinear pressure-wind decay model to the results of the basic, non-decay wind field. Second, statistical analysis
of the decay model validated the relationship between B and the gauge pressure at the eye of the hurricane after landfall, as showing in Eq. (7). In accordance, a similar empirical relation between B and a
gauge pressure and radius of maximum winds before landfall was utilized (Vickery et al. 2000b):
(9)

B = 1.34 + 0.00328( Pa − Pc ) − 0.00309 R

In numerous simulation cases, the simulation accuracy of changing B with gauge pressure was compared
with that of keeping B constant.
4 VALIDATION OF CYCLONIC WIND MODEL AND STORM SURGE MODEL
Prior to application to prediction of storm surges induced by hurricanes in the Gulf of Mexico, this newlydeveloped tropical cyclone parametric wind model is validated by hindcasting cyclonic wind fields and
storm surges during the period of Hurricane Gustav (2008). Gustav was the first major hurricane to track
through the northern Gulf of Mexico after Katrina (2005). It briefly became a category 4 hurricane on the
Saffir-Simpson Hurricane Scale and caused many deaths and considerable damage in Haiti, Cuba, and
Louisiana. Gustav made its final landfall near Cocodrie, Louisiana, around 1500 UTC 1 September with
maximum winds near 90 kt (Category 2) (Beven and Kimberlain 2009). Gustav was much weaker than
Katrina, and its landfall was farther west to New Orleans. For those reasons, the waves and surges by
Gustav should be less threatening to the New Orleans and the Mississippi Gulf coast. However, Gustav
increased in size as it approached Louisiana, and its outer, tropical-storm-strength winds impacted the
system for 12–15 hours. Gustav generated waves that damaged infrastructure in southern Louisiana and
offshore, and its surge nearly overtopped large sections of the levee/floodwall system throughout metropolitan New Orleans (Dietrich et al. 2011). The tremendous power of Hurricane Katrina in 2005 damaged
or destroyed many of the NOAA data stations on the LA-MS Gulf Coast; because the instruments at those
data stations were repaired or replaced, an unprecedented wealth of accurate observational data exists for
storms post-2005 such as Gustav. Thus, a simulation of Hurricane Gustav's landfall in southern Louisiana
in August 2008 was performed for model validation.
4.1 Computational Domain and Conditions
The hurricane wind field is generated using the nonlinear decay model, Holland's model and observed parameters and is inserted as an input condition in a 440km×320km computational domain mapping topography, bathymetry, and coastal structures of the northern Gulf coast. Though derived from a large-scale
unstructured triangular mesh of the western Atlantic basin used in the storm-surge simulations by Bunya
et al. (2010) and Dietrich et al. (2011), Zhang et al. (2012) generated a non-orthogonal structural grid (a
CCHE2D grid), allowing for more flexible modeling of irregular coastlines to cover the northern Gulf
Coast (Figure 3). Each node in the 2103×1088 mesh (i.e. containing 2,288,064 nodal points) includes data for water elevation above the NAVD88 datum, atmospheric pressure, and x-y components of wind velocity for every time step, in this case 2 minutes. The mesh resolution varies from less than one meter in
river crosssections to 2 km at the deepwater offshore. Based on this structural CCHE2D grid, the study
utilized the coast-ocean model CCHE2D-Coast to simulate background conditions in the region including
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NAVD88) in Figure 4, which includes the water depths driven by the astronomical tides, wave setup, and
storm surge.

Figure 5. Comparisons of water levels at four NOAA tide gages. The black line stands for computed levels; the red the observations by NOAA

Figure 6. Comparisons of wave heights by Hurricane Gustav (2008) at the observation stations in the coast of Louisiana : CSI5: South of Terrebonne Bay. CSI-6: Chevron Platform, ST-52B, South of Terrebonne Bay. CSI-9: Grand Isle
Blocks.
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Figure 5 presents the comparison of computed water levels above NAVD88 at four selected NOAA tide
gages at Dauphin Island, AL, Pascagoula, MS, Mobile State Docks, AL, and Gulfport Harbor, MS. The
computed water levels are in good agreement with the NOAA observations.
The wave model of CCHE2D-Coast has been also validated by comparing the computed wave parameters (heights, periods, and directions) with the observation data measured by NOAA and two other research institutes. As an example, Figure 6 plots the computed significant wave heights and the observed
values measured by Louisiana State University (LSU), at three states in the south coast of Louisiana. The
simulated wave heights matched well with the LSU’s wave data. More comprehensive comparisons of results and computational error analysis have been done, and will be published soon.
Overall, this integrated coastal/ocean process model has reproduced very well storm surges, water surface elevations, and waves generated by Hurricane Gustav (2008) in a regional domain covering the
northern Gulf Coasts in Alabama, Mississippi, and Louisiana.
5 FORECAST OF HURRICANE ISAAC (2012)
In August 2012 – exactly five years after Katrina, an opportunity for evaluating the real-time prediction
capability of the integrated model arose as Hurricane Isaac approached the northern Gulf Coast. Isaac first
made landfall at 2345 UTC on Aug. 28 with winds of 80 mph at the mouth of the Mississippi River (Berg
2013). The eye then moved back over water and only made landfall in earnest near Port Fourchon, LA at
0715 UTC on Aug. 29. The first forecast simulation was performed following the NHC’s release of Forecast Advisory #27 at 2100 UTC, Aug. 27. Wind and pressure data given in the advisory were used to extrapolate Isaac’s wind fields in the Gulf of Mexico. The storm-surge model was spun up with tidal and
river inflow simulations in CCHE2D-Coast beginning Aug. 23 in simulation time. On Aug. 27, Isaac’s
wind field was introduced and set in motion on its forecasted track. α and CD decay parameter regressions
(Figure 2) were used to estimate Isaac’s decay process from forecasted maximum winds and minimum
pressure at landfall (Figure 7). Isaac’s wind field was represented by the modified Holland’s wind model
with variable B parameter; rotational velocities were scaled by 0.7 to match surface wind speeds.
Hwang’s formulation (Hwang, 2005) was used to calculate the drag coefficients for surface wind stress.
All the surge forecasting cases included wave setup.

Figure 7. (left) Best track positions for Hurricane Isaac, 26 August – 1 September 2012 (Berg 2013). (right) Predicted maximum water elevations during Isaac for the Advisory #39 forecast

Three more forecasts were performed, each with the release of a new NHC advisory; #29a at 1200 UTC
Aug. 28, #30a at 1800 UTC Aug. 28, and #39 at 2100 UTC, Aug. 30. Data for the wind field, track, and
decay models were updated with the latest updated observations upon each new simulation, with the Advisory #39 run serving as a best-track simulation. By utilizing the most effective formulations and modeling schemes devised in this study, highly accurate forecasts of wind speeds and water elevations at data
stations were achieved (Figure 8 and Figure 9). Though forecast accuracy increased expectedly with additional advisories, culminating in the best-track simulation based on Adv. #39, calculated maximum intensities readily matched observed values even for the initial simulation at Adv. #27, nearly two days before
landfall.
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Figure 8. Forecasted wind speed for advisory tracks (#27, 291, 30a, and 39a), and comparisons with observations at NOAA
gage stations
Water Elevations at St. 26 (Shell Beach, LA)
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Figure 9. Predicted water elevations at two sample stations for NOAA’s advisory tracks (#27, 29a, 30a, and 39) and comparisons with NOAA’s observations. Storm surge levels calculated using Hwang’s formulation (Hwang, 2005) for the
drag coefficient of surface wind stress showed high correlation with observed data, esp. in later forecasts.

6 CONCLUSIONS
This paper presents an integrated coastal/ocean process model, CCHE2D-Coast, for simulating waves,
tides, and storm surges in a regional scale domain in the Gulf of Mexico. By implementing an new
parametric cyclonic wind model, this integrated model can be used for assessing flooding and inundation
caused by hurricane.
The model validation was carried out by simulating storm surges and waves in the northern Gulf coasts
induced by Hurricane Gustav (2008). It is found that the model can reproduce the water surface elevations
and wind-induced waves.
This integrated model was built on a PC-based computational platform. Therefore, its efficiency for
simulating large-scale coastal and ocean processes makes real-time prediction of storm surges and waves
possible. Thus, the paper also presents a case to predict the impact of Hurricane Isaac (2012) in the Gulf
of Mexico. It shoes that the model can predict quickly the hydrodynamic variables according to the
cyclone track data provided by NOAA. Therefore, this model has a potential to be an operating system for
real-time forecasting flooding and inundation in coasts induced by hurricanes and cyclonic tropical
storms.
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ABSTRACT: In the lower Ota River floodway, the cross-sectional profiles have gradually changed to
ship-bottom shaped cross-sectional bed profiles from compound cross-sectional profiles by bed scouring
and erosions due to flood flows. In the deformation processes of the river bed profiles, the tidal flats are
gradually reducing in size due to bed scouring and erosions induced by alternate bar movements. The tidal flats in the lower floodway have grown abundant intertidal creatures. It is necessary to preserve the tidal flats against bed scouring and erosions. Therefore, first, we evaluated topographic changes in the shipbottom shaped channels on the lower floodway in the past about 30 years by developing numerical model
for flood flows and bed variations. Second, we elucidated the deformation processes of the tidal flats by
the numerical model developed for flood flows and bed variations. Finally, our numerical model provided
locations and elevations of ripraps for preserving the tidal flats against bed scouring and erosions by simulating bed variation and tidal flats deformations within the next about 60 years.
Keywords: Ship-bottom shaped channel, Tidal flat, Bed variation, Flood flow, Alternate bar, Riprap, BVC
method, Estuary
1 INTRODUCTION
River bed excavations have been considered as one of important techniques for increases in flood discharge. However, excessive excavations of river beds cause channel degradations, which result in channel
incisions and narrowing. The channel incisions and narrowing have made a negative impact on river
structures in alluvial rivers (Darby et al. (1999)). Therefore, many researchers and engineers have investigated river bed shapes in stable rivers and proposed a lot of regime equations on alluvial stable rivers and
irrigation channels (e.g. Chow (1964)). However, the equations derived from regime theories were empirical and generally inapplicable. Ikeda et al. (1986) provided a relationship between properties of channel
shapes and channel-forming discharge on stable alluvial rivers and their experiments of channel widening, however the derived relations could not account for the properties of various stable rivers where
channel shapes are formed and adjusted by dynamically change in river beds and banks due to flood
flows.
Fukuoka (2012a) indicated dynamic relation equations (Fukuoka’s equations) between a river’s dimensionless width, dimensionless depth and dimensionless channel-forming discharge based on properties of channel shapes in stable alluvial rivers. Moreover, he proposed design method for improvements of
incised and narrowed rivers by coupling the Fukuoka’s equations and numerical simulations of the flood
flows and bed variations on gravel bed rivers in the Satsunai River where the channel degradation and incision results from a series of spur dikes and vegetation growing on the flood plains (Fukuoka (2012b)).
The stable cross-sectional bed profiles provided by his study were almost similar to ship-bottom shaped
cross-sectional profiles (see Figure 6) which have a continuous bed boundary seen in natural rivers. The
ship-bottom shaped cross-sectional bed profiles are formed and adjusted by bed variations and bank erosions under the channel-forming discharge. Thus the ship-bottom shaped channels in natural alluvial rivers are almost stable under the channel-forming discharge. Sasaki & Fukuoka et al. (2014) investigated
the effects of the ship-bottom shaped cross-sectional bed profiles in the Onga River where the ship417

hand, in Case2, Case3 and Case4, distributions of the dimensionless shear stresses in the main channel
almost agree with the results of Case1. Figure 14 shows calculated cross-sectional bed profiles after a series of floods in each case. The calculation results of Case1 expected that elevations of the tidal flats were
going to decrease due to bed scouring in a series of floods within the next about 60 years, while the crosssectional bed profiles were going to keep with the ship-bottom shaped channels. However, the calculation
results indicated that the installing conditions of the ripraps in Case2 and Case3 were almost able to preserve the tidal flats against river bed scouring and erosions compared with Case1. Neverthless, the installing conditions of Case4 caused large scale bed scouring and erosions at around -0.2km due to increasing of the dimensionless shear stresses along the ripraps. From these results, we decided to install ripraps
of locations and elevations of Case3 which was able to protect more extensively tidal flats than Case2.
This fact shows that the countermeasure provided by this study for preserving the tidal flats can maintain
the stable tidal flats with keeping the functions of self-adjustments of river bed profiles.
5 CONCLUSIONS
The following conclusions were derived in this study.
1) In the lower Ota River floodway, the cross-sectional bed profiles have gradually changed to shipbottom shaped channels from compound channels due to erosions on the riverside and bed variations
in the main channels. Although the ship-bottom shaped channels of the lower floodway are almost stable under the channel-forming discharge, the tidal flats along the riverside gradually lower due to alternate bar movements by flood flows. Therefore, it is necessary to preserve the tidal flats against bed
scouring and erosions by installing ripraps in front of the tidal flats as shown Figure 4.
2) Our numerical model developed for flood flows and bed variations was able to reproduce and elucidate
the interactions of alternate bars movements and tidal flats deformations in the past about 30 years in
the ship-bottom shaped channel of the lower Ota River floodway. Moreover, we estimated topographic
changes in the tidal flats under the various riverside conditions within the next about 60 years. As a result, this study indicated that the countermeasure provided for preserving the tidal flats is able to maintain stable tidal flats with keeping the functions of self-adjustments of river bed profiles.
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1 INTRODUCTION
Caspian Sea is the biggest lake in the world containing 43% of the global volume of lacustrine waters.
Compared to other lakes in the world, Caspian Sea is still unknown in many ways. There are a lot of oil
extraction projects taking place in different regions of the Caspian Sea. On the other hand several unique
and endangered pelagians live in this Sea which may be damaged if any oil pollution diffused in the Caspian Sea.
Water circulation has the main impact on oil pollution diffusion in the Seas, therefore it is essential to
understand the general and local circulations in the Caspian Sea to have a suitable rescue plan ready in
case of oil spill hazard. There has been a lack of current data in the Caspian Sea in spite of the history of
observations in the Caspian Sea for more than 50 years (Knysh et al., 2008), therefore researchers started
to use numerical models to simulate water circulation in Caspian Sea among them Knysh et al. (2008),
Popov et al. (2009), Ibrayev et al. (2010), Kara et al. (2010), Zounemat-Kermani and Sabbagh-Yazdi
(2010), Sharbaty (2012) and Turuncoglu et al. (2013).
In this paper we have used FVCOM model to simulate and study the water circulation in the Caspian
Sea as the first step of oil spill study in the Caspian Sea. Water circulation has been modeled as a result of
wind stress and river inflow. The simulation is conducted based on 1982 atmospheric data since it has the
minimum Sea level change between the first and last day of the year (Ibrayev et al., 2010).
1.1 Numerical Modeling
1.1.1 FVCOM Model
FVCOM is a three dimensional ocean model including a combination of both finite difference and finite
element models, The governing equations consist of the following momentum, continuity, temperature,
salinity, and density equations (Chen et al., 2006):
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where x, y, and z are the Cartesian coordinate system; u, v, and w are the x, y, z velocity components; T is
the temperature; S is the salinity; ρ is the density; P is the pressure; f is the Coriolis parameter; g is the
gravitational acceleration; Km is the vertical eddy viscosity coefficient; and Kh is the thermal vertical eddy
diffusion coefficient. Fu , Fv , FT, and FS represent the horizontal momentum, thermal, and salt diffusion
, where H is the bottom depth (relative to z = 0) and z is
terms. The total water column depth is D = H + 
the height of the free surface (Chen et al., 2006).

Figure 1. Orthogonal coordinate system in FVCOM, (Chen et al., 2006)

1.1.2 Model Inputs
The simulation was conducted based on 1982 atmospheric data since it has the minimum Sea level
change between the first and last day of the year (Ibrayev et al., 2010). Model inputs are consisting of bathymetry and coastline boundary, wind velocities, rivers discharge.
The bathymetry and coastline boundary were provided from NOAA (National Oceanic and Atmospheric Administration) website. The bathymetry data grid dimension was 0.5'×0.5', Figure (2) shows the
Caspian Sea bathymetry used in this simulation, as one could see, the Kara-Bogaz-Gol depression was
omitted in this simulation because it was believed to have no effect in the Caspian Sea general circulation.
As it is clear in this figure, the deepest part of the Caspian Sea is located in the South, near Iran.
Wind velocities including of 10m U and V velocities were prepared from ECMWF in a 0.75'×0.75'
grid and in 3 hours periods. River discharges were prepared from GRDC (Global Runoff Data Centre) for
Volga, Kura and Ural which respectively have the most discharge into the Caspian Sea, Figure (3) shows
the monthly discharge of these three rivers during 1982.
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1.2 Results and Discussions
The results of current speeds in the second year have been monthly averaged and illustrated in Figure (5).
As it could be seen in this Figure, in most months, three or four general circulation could be recognized
for each month. The circulation patterns were compared with Ibrayev et al. (2010), Figure (6) which
shows acceptable agreement between them.

Figure 5. Monthly mean velocities of the Caspian Sea
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Figure 5. Continued

As it could be seen in all figures, the computed current velocities are negligible in the deepest part of the
domain, this miscalculating could be due the increasing of vertical mesh in this parts, increasing the vertical layers may solve this problem.
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ABSTRACT: A second-order upwind scheme is employed to predict the run-up heights of tsunamis in the
East Sea and the obtained results are compared with the available field observed data and numerical results of a first order upwind scheme. In the numerical model, the governing equations solved by the finite
difference scheme are the linear shallow-water equations in deep water and the nonlinear shallow-water
equations in shallow water. The target event is the 1983 Central East Sea Tsunami recorded as the most
devastating tsunami in Korea. The predicted maximum run-up heights agree reasonably well with field
observations.
Keywords: Tsunami, Shallow water equation, Second-order upwind scheme, Run-up height

1 INTRODUCTION
Tsunamis are large water waves set in motion either by landslides, submarine volcanic explosions, or sea
bottom deformations associated with large submarine earthquakes. The West Asia Tsunami occurred on
December 26, 2004 killed approximately 300,000 people and deprived of property of 10billion USD. The
Tsunami was triggered by an 9.3-Mw magnitude earthquake at 3.316°N, 95.854°E off the coast of Sumatra in the Indonesian Archipelago at 06:29 hr, making it the most powerful in the world in the last 40
years. The earthquake epicenter was located at a relatively shallow depth, about 10 km below the ocean
floor. The high magnitude (Mw 9.3) of the earthquake along with its shallow epicenter triggered tsunamis
in the northeast Indian Ocean.
If an earthquake is generated, the displacement of the initial free surface of approximate 3-5m is generated. The displacement is then propagated to all directions at the velocity of by gravitational force,
where h is a local water depth. In general, tsunami is analyzed by the linear theory because it has a very
small wave height comparing with a depth in deep water. If the tsunamis approach at a shore, however the
height of a wave increases by shoaling effects. Finally, the tsunamis not only kill many human beings but
also cause serious property damages along the shoreline as they reach coastal area.
Pelinovsky et al. (1999) studied run-up of tsunamis on a vertical wall in a bay of different cross sections by using the shallow-water equations. However, the run-up heights should be evaluated on an inclined wall to make an inundation map. The solitary wave adopted in this paper is considered a valid representation of a tsunami (Silva et al., 2000) to present a reflection and transmission of tsunami waves by
coastal structures.
2 GOVERNING EQUATIONS
In this section, the governing equations describing the propagation of tsunamis are first presented. The
case of a constant water depth and a relatively small computational domain is chosen without considering
the Coriolis effects. The linear Boussinesq equations over a constant depth may be written as (Mei, 1989).
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in which ς is the free surface displacement, h is the still water depth and x and y are horizontal coordinates. However, the frequency dispersion terms of Eq. (1) have higher order derivatives, the accuracy of
any numerical solutions depends on the technique used to approximate these terms and more computing
time is needed for more accurate solutions. Therefore, solving the linear Boussinesq equations directly
may not be an economical approach for simulating the transoceanic propagation of tsunamis (Imamura et
al., 1988).
By denoting P = uh and Q = vh as the volume flux components in the x- and y-directions, respectively, the linear shallow-water equations are written as
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In this study, the scheme proposed by Cho and Yoon (1998) is used to make the numerical dispersion
equal to the physical dispersion. They proposed a leap-frog finite difference scheme as follows:
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in Eqs. (6) and (7) γ takes a value of one for the proposed scheme, while γ takes a value of zero for the
Imamura and Goto’s scheme(1988).
If ∆𝑡 and ∆𝑥 are chosen according to the relationship suggested by Imamura and Goto, the numerical
dispersion generated from the modified scheme given by Eq. (5)-(7) mimics the frequency dispersion of
the linear Boussinesq equations. Furthermore, the accuracy of the numerical scheme has been raised from
a second order to a third order. A staggered grid system is employed in this study.
As a tsunami approaches a coastal area, the wave length of the incident tsunami becomes shorter and
the amplitude becomes larger as the leading wave of a tsunami propagates into shallower water. Therefore, the nonlinear convective inertia force and bottom friction terms become increasingly important. The
nonlinear shallow-water equations including bottom frictional effects are adequate to describe the flow
motion in the coastal zone (Kajiura and Shuto, 1990; Liu et al., 1994). The nonlinear shallow-water equations are given as follows:
𝜕𝜁
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𝜕𝑃
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𝜕𝑡
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𝜕𝜁

(10)

+ 𝜕𝑥 � 𝐻 � + 𝜕𝑦 � 𝐻 � + g𝐻 𝜕𝑥 + 𝜏𝑥 𝐻 = 0
𝑄2

+ 𝜕𝑥 � 𝐻 � + 𝜕𝑦 � 𝐻 � + g𝐻 𝜕𝑦 + 𝜏𝑦 𝐻 = 0
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where ζ is the free surface displacement, P is the horizontal components of the volume flux in the xdirection, Q, the horizontal components of the volume flux in the y-direction and H, the total water depth
(still water depth + free surface displacement). Bottom friction terms can be modeled by using Manning’s
𝑔𝑛2

𝑔𝑛2

formula 𝜏𝑥 = 𝐻 10/3 𝑃(𝑃2 + 𝑄 2 )1/2 , 𝜏𝑦 = 10/3 𝑄(𝑃2 + 𝑄 2 )1/2,where n is the Manning’s relative rough𝐻

ness coefficient.
In previous studies, a first-order upwind scheme is widely and plausibly used to calculate the nonlinear
terms of the momentum equations for analyzing a tsunami. In this study, however, a second-order upwind
scheme is used to improve accuracy of analysis of the nonlinear terms in the momentum equations.
The second-order upwind scheme proposed by Shyy(1985) can be written as:
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(𝑢 < 0)

The nonlinear terms of Eqs. (9) and (10) can be discritized by a second-order upwind scheme as followings:
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(12)

(13)

(14)

(15)

5 CONCLUDING REMARKS
In this study, the numerical model is based on the shallow-water equations, which developed by
Shyy(1985) has been applied run-up at the east coast. The target events is 1983 tsunami. The results have
been compared with observed data and that of first-order upwind scheme. The results are simulated at the
east coast are more accurate than that of first-order upwind scheme. And, the tsunamis are simulated at
Imwon by ∆x =4.5m . The results are greater than observed data, but the results are more accurate that
first-order scheme. Thus, the computed results represent reasonably well the run-up heights of the tsunami at the east coast.
We can use the results to minimize loss of human lives and property damage from unexpected tsunami
attacks, it is essential to construct a safety zone along the coastline based on the maximum inundation
map developed by simulating historical and probable maximum tsunami events with this numerical model.
6 ACKNOWLEDGEMENTS
This research was supported by a grant [NEMA-ETH-2012-5] from the Earthquake and Tsunami
Hazard Mitigation Research Group, National Emergency Management Agency of Korea and by the Research Program through the National Research Foundation of Korea funded by the Ministry of Education,
Science and Technology (No.2011-0015386).
REFERENCES
Cho, Y.-S., (1995). Numerical simulations of tsunami propagation and run-up. Ph.D. thesis, Cornell University.
Cho, Y.-S. and Liu, P.L.-F., (1999). Crest length effects in nearshore tsunami run-up around islands. J. Geophys. Res. 104,
7907-7913.
Cho, Y.-S. and Yoon, S.-B., (1998). A modified leap-frog scheme for linear shallow-water equations. Coastal Engineering
Journal, 40, 2, 191-205.
Kajiura, K. and Shuto, N., (1990). “Tsunami,” in The SEA. edited by B. Le Mehaute, and D.M. Hanes, 395-420, John Wiley,
New York.
Lee, H.-J., Imamura, F., Shuto, N., (1999). Characteristics of Tsunami Behaviors in the East sea. KSCE, Vol. 19, No. 2-3, pp.
401,409.
Liu, P.L.-F., Cho, Y.-S., Yoon, S.B. and Seo, S.N., (1994). Numerical simulations of the 1960 Chilean tsunami propagation
and inundation at Hilo, Hawaii. in Recent Development in Tsunami Research, edited by M.I. El-Sabh, Kluwer Academic
Publishers
Liu, P.L.-F., Cho, Y.-S., Briggs, M.J., Kanoglu, U. and Synolakis, C.E., (1995). Run-up of solitary wave on a circular island. J.
Fluid Mech. 302, 259-285.
Yoon, S.-B., and Cho, J.-H., (2001). Numerical simulation of coastal inundation over discontinuous topography. Water Engineering Research, KWRA, 2, 2, 75-87.
Pelinovsky, E., Troshina, E., Golinko, V., Osipenko, N. and Petrukhin, N., (1999). Runup of tsunami waves on a vertical wall
in a basin of complex topography. Phys. Chem. Earth (B). 214(5), 431-436.
Silva, R., Losada, I.J. and Losada, M.A., 2000. Reflection and transmission of tsunami waves by coastal structures. Appl.
Ocean Res. 22, 215-223

436

ACKNOWLEDGEMENTS
The authors wish to thank for the support by the US Army Corps of Engineers New England District and
New York District. The field data were collected by the Woods Hole Group. Permission was granted by
the Chief, US Army Corps of Engineers to publish this information.
REFERENCES
Lin, L., Demirbilek, Z., Thomas, R., Rosati III, J. (2011). Verification and Validation of the Coastal Modeling System, Report
2: CMS-Wave. Coastal and Hydraulics Laboratory Technical Report ERDC/CHL-TR-11-10. Vicksburg, MS: US Army
Engineer Research and Development Center.
National Geophysical Data Center, 2009. Bathymetry, Topography and Relief. http://www.ngdc.noaa.gov/mgg/bathymetry/.
Sanchez, A., Wu, W., Beck, T. W., Li, H., Rosati III, J., Thomas, R., Rosati, J. D., Demirbilek, Z., Brown, M., Reed, C. W.
(2011). Verification and validation of the Coastal Modeling System, Report 3: Hydrodynamics. Coastal and Hydraulics Laboratory Technical Report ERDC/CHL-TR-11-10. Vicksburg, MS: U. S. Army Engineer Research and Development Center.
Vallino, J. J., Hopkinson Jr., C. S. (1998). Estimation of dispersion and characteristic mixing times in Plum Island Sound Estuary, Estuar. Coast. Shelf Sci., 46(3), 333–350.

444

ICHE 2014, Hamburg - Lehfeldt & Kopmann (eds) - © 2014 Bundesanstalt für Wasserbau ISBN 978-3-939230-32-8

Stability Studies on Tandem Breakwater with Concrete Cube Armour
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ABSTRACT: The physical model consists of a conventional breakwater defenced by a seaward submerged reef. The reef breaks the incoming waves and causes significant dissipation of wave energy. The
transmitted waves of smaller height propagate in the zone between the reef and breakwater and finally
impinge on the breakwater. Such waves depleted with a large part of their energy are quite tamed and inflict less damage on the breakwater. The paper discusses physical model study on the hydraulic performance of tandem breakwater system subjected to varying reef spacing and crest width under different
wave climate and water depths. The breakwater and reef are armoured with concrete cubes. It is found
that for a submerged reef of crest width 0.4m placed at a seaward distance of 2.5m, coefficient of transmission (Kt) varies between 0.39 and 0.74 and completely protects the main breakwater.
Keywords: Conventional breakwater, Concrete cube armour, Armour stability, Reef, Energy dissipation,
Tandem breakwater
1 INTRODUCTION
From the economic point of view breakwater represents significant portion of capital investment of the
port. These structures are prone to damage due to extreme wave loads during cyclones, storms etc. Hence,
shielding breakwaters from damage under such situations could be one of the solutions. Submerged reef if
located seaward could protect the breakwater as it breaks the steeper waves.
Breakwaters are absolutely necessary for building ports and harbours and its structural stability and
economy in construction are the need of hour. This calls for an innovative design of the structure. But the
stark reality is that, however safe the breakwater designs are, there are internal as well as external uncertainties which may become the prime reason for extensive damage to the structure which may have catastrophic consequences for the port. Hence, it is decided that some kind of protection to the breakwater
could ward off significant damage or reduce its magnitude. It is proved that a reef can protect the breakwater and reduce its armour weight. But the required size of stone cannot always be realized due to nonavailability of stones or difficulty in transport and one may have to think about artificial armour units.
The present research work involves a physical model study on the stability of conventional breakwater
protected by a seaward submerged reef, both made of concrete cubes.
2 LITERATURE REVIEW
Breakwaters are massive structures absolutely necessary for building ports and harbours and its structural
stability and economy in construction are the need of the hour. This calls for an innovative design of the
structure. But the stark reality is that, however safe the breakwater designs are, there are internal as well
as external uncertainties which may become the prime reason for extensive damage to the structure which
may have catastrophic consequences for the port. Hence, it is decided that some kind of protection to the
breakwaters could ward off significant damage or reduce its magnitude.
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Breakwaters may be protected by providing a submerged berm attached to the seaward side of the
breakwater or providing a detached underwater/submerged breakwater depending upon geometry of
structure, type of damage, causes of failure, availability of construction material and equipment, financial
constraints, future requirements for port expansion and other construction works (Groeneveld et al.,
1984).
Gadre et al. (1985) designed a submerged bund seaward of revetment bund which protected the land
reclaimed between outer harbour and fisheries harbour north of Bharathi Dock at Madras Port, Chennai,
India. The submerged bund broke and attenuated high waves and the region between two structures dissipated the wave energy further. This facilitated construction of revetment with 2 Tons to 3 Tons stones,
where, upper slope was constructed with stones of 0.5 Ton to 1.5 Ton at slopes of 1:3 and 1:25 respectively. This saved the material compared to conventional design of non-overtopping breakwater with armour stones of 15 Tons or Tetrapods of 6.5 Tons on a slope of 1:2. Gadre et al. (1989) economically rehabilitated a damaged head portion of the breakwater at Veraval Port Gujarat, India, by constructing a
submerged breakwater at a seaward distance of 80 m.
Cox and Clark (1992) through limited model studies designed a submerged reef to protect the inner
shorter breakwater and called it a tandem breakwater. A breakwater of armour weight of 3 Tons was designed and a submerged reef with stone armour of weight up to 1 Ton at a seaward distance of 40 m
which was economical by 1million dollars compared to conventional breakwater design which otherwise
required an armour of 8 Tons. It was concluded that such a tandem breakwater could be an optimal structure.
Cornett et al. (1993) through small scale model tests showed that, a low crested reef breakwater with
height (h) greater than or equal to 0.6 times the depth of water (d) and crest width (B) of more than 0.1 m
located seaward of main breakwater, can reduce wave loading and erosion of rock armour. They validated
the tandem breakwater concept and concluded that, there was an optimum spacing (X) between the structures depending upon wave conditions and geometry of breakwaters. They opine that a considerably more
research and testing of tandem breakwater are required to develop a complete understanding of the transformation of waves, loading events and design.
The breakwater using natural stone armour can’t always be realised due to non-availability of required
sizes of stones in the vicinity and one may have to think about artificial armour units (Neelamani and
Sunderavadivelu, 2003).
Shirlal (2005) and Shirlal et al. (2006) conducted physical model studies on stability of a uniformly
sloped conventional rubble mound breakwater defenced by a seaward submerged reef. Tests were carried
out for different reef spacing and for different relative heights and relative widths of the reef. They observed that a reef of width (B/d) of 0.6 to 0.75 constructed at a seaward distance (X/d) of 6.25 to 8.33
breaks all the incoming waves and dissipates energy and protects the breakwater optimally.
Chen et al. (2007) opined from their physical model study that the installation of submerged permeable
breakwater in front of seawall is capable of reducing the wave run-up on the seawall efficiently. Park et
al. (2007) conducted the experiments to study the effect of submerged structure on rubble mound breakwater and they observed that the run-up height is dropped by about 30% to nearly 100% by the installation of submerged structure in front of rubble mound breakwater.
3 OBJECTIVE OF STUDY
The objective of the present investigation is to experimentally study the stability of conventional single
breakwater and tandem breakwater system made of concrete cube armour, the wave transmission at the
reef structure subjected to varying reef configurations under different wave climate.
4 EXPERIMENTAL DETAILS
4.1 Wave Flume
The physical model is tested for regular waves in a two dimensional wave flume of Marine Structures laboratory of Department of Applied Mechanics and Hydraulics, National Institute of Technology Karnataka, Surathkal, India. Figure 1 gives a schematic diagram of experimental setup. The changing of frequency through inverter, one can generate the desired wave period. A fly-wheel and bar-chain link the
mortar with flap. By changing the eccentricity of bar chain on the fly-wheel one can vary the wave height
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ABSTRACT: Rip-rap revetments are used as erosion protection for slopes on waterways and coastal
shores. They are built to resist ship and wind induced waves, tidal and ship induced currents, tidally varying water levels and storm surges. In some areas the current basis of rip-rap design is inadequate for dealing with the complexity and variety of boundary conditions in tidal zones. A numerical model is developed, which is capable of simulating interaction of rip-rap and hydraulic loads holistically.
The numerical modelling of rip-rap is undertaken by using the Discrete Element Method (DEM). With
the DEM, the armourstones can be modelled as autonomous objects, so that the movement of stones with
six degrees of freedom is represented. In addition, the representation of the stones with a realistic size and
mass distribution regarding the corresponding armourstone category is possible.
The DEM can be used to model rip-rap stones as autonomous objects with all degrees of freedom and realistic movement. The DEM code is coupled with a computational fluid dynamics code (CFD) to account
for the influence of the hydraulic loads. Waves and currents acting on the rip-rap stones as well as tidally
varying water levels can be generated realistically using time dependent boundary conditions.
Additional physical model tests in a laboratory flume, field tests and measurements with instrumented riprap stones serve as validation for the numerical model.
Keywords: Revetment, Rip-Rap, Discrete Element Method, Computational Fluid Dynamics, Model Tests
1 INTRODUCTION
Revetments are used to protect the banks of waterways and coastal shores against erosion. Because of the
numerous advantages they offer, such as high flexibility and robustness against settlements, rip-rap revetments are used most frequently (fig. 1). Revetments have to resist manifold influences. The main parameters affecting rip-rap design on inland waterways are ship-induced waves and currents and excess
pore water pressures due to ship-induced water level drawdown. On waterways in coastal zones additional influences specific to the coast play an important role as well. Larger, seagoing vessels with different
geometries and increasing size instead of inland water vessels, different and irregular cross sectional areas
of the waterway with varying slopes instead of a regular channel cross section, the influence of wind
waves because of a larger, wind-exposed water surface, tidal currents in addition to ship-induced currents
and tidal varying groundwater levels are just some of the factors that affect the rip-rap design for coastal
waterways.
The present guidelines for rip-rap design are mostly based on small-scale model tests or experience data from inland waterways. This means that, in some areas, these guidelines are of only limited applicability in view of the complex and diverse boundary conditions in tidal zones. Therefore, it is the aim is to
develop a numerical model in 3D which is capable of simulating the rip-rap-water interaction. By coupling different numerical methods, the model takes the hydraulic part (waves and currents) as well as the
mechanical part (the rip-rap) into consideration. Hence, a holistic numerical analysis of the stability of
rip-rap revetments in coastal zones is possible. The long-term objective of the research project is a suitable numerical tool for a safe and economic rip-rap design adapted to particular local conditions.
453

Figure 1. Rip-rap on the banks of Ems River (Germany) as a protective layer to prevent erosion of bank slope by hydraulic
loads.

2 NUMERICAL MODELLING
The simulation of the rip-rap is undertaken using the 3D Discrete Element Method (DEM), the numerical
modelling of the hydraulic part is done using a Computational Fluid Dynamics code (CFD). The holistic
numerical modelling is carried out by a coupled computation of both codes. The numerical model is then
validated by model tests in a laboratory flume, measurement data from instrumented armourstones and
measurement data of waves and currents from field tests.
2.1 Modelling of rip-rap with the DEM
The Discrete Element Method (DEM) is a numerical method which simulates the movement and interaction of particles of a discontinuous medium on the basis of Newton’s second law of motion and a contact
law. The DEM was originally developed by Cundall and Stack (1979). Today it is widely used to examine
engineering problems in granular and discontinuous materials.
The DEM allows rip-rap stones to be modelled as autonomous objects. The movement of stones with
six degrees of freedom (three for translational and three for rotational movement) is represented realistically. In this research project the DEM part of the modelling is undertaken by using the three dimensional
code “PFC” (Particle Flow Code) developed by Itasca Consulting Group Inc. (Itasca 2008a). This code is
a simplified version of the general DEM because it utilises spherical particles (so-called balls) to make
contact detection easier. However, arbitrary complex shapes can be produced by overlapping spheres (socalled clumps). This multi-sphere approach can be used to generate stone-like particles (fig. 2) and the
whole rip-rap. Each clump acts as an independent object and cannot break during the calculation cycle
(Itasca 2008a).

Figure 2. Representation of armourstones as clumps (Yuan 2012).
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The numerical rip-rap should be realistic with regard to the representation of interlocking effects between
the stones as well as with regard to the particular armourstone grading category. This results in two important issues: the realistic representation of the particle shape of the individual stones and the realistic
representation of the whole rip-rap with respect to the size and mass distribution of all stones in the numerical model.
The research project is carried out in cooperation with the Chair of Rock Mechanics and Rock Engineering, Geotechnical Institute, TU Bergakademie Freiberg, Germany. To reproduce the rip-rap in a realistic way, the stones were divided into different shape categories (platy, longish, compact) and a mixture
of stones from all categories was used for the numerical model (Herbst et al. 2010). The armourstones are
generated with realistic shapes by the use of surface meshes from real stones (obtained by photo or 3DScan). With the help of a bubble-pack-algorithm contained in the DEM code the 3D surface mesh is filled
with balls. The rip-rap can be represented realistically regarding the size and mass distribution of the corresponding armourstone grading category (fig. 3).

Figure 3. Typical range of variation of cumulative curve for armourstones class LMB10/60 (BAW 2008), cumulative curve of
corresponding numerical rip-rap.

2.2 Modelling of hydraulic influences with CFD
The modelling of the hydraulic part, such as waves and currents, is undertaken using a computational fluid dynamics (CFD) code. The hydrodynamic computation is done on the basis of the Navier-Stokes equations, which describe the motion of fluid substances. Together with the continuity equation they can be
applied to solve all hydrodynamic problems.
In this research project the software “Coupled Computational Fluid Dynamics” (CCFD) is used, which
is a product of ITOCHU Techno-Solution Corporation (Itasca 2008b). CCFD solves the simplified incompressible Navier-Stokes equations and the continuity equation with the help of a finite volume method in a 3D discretized domain (fluid element, hexahedron). The coupled computation of both codes – the
mechanical DEM calculation in PFC and the hydraulic computation in CCFD – is possible. The CCFDsolver is embedded in a graphic modeller (pre/post-processor) which serves to specify the model geometry and the initial and boundary conditions.
In the numerical simulation the hydraulic loads can be generated by applying time-varying boundary
conditions at the model boundary (fig. 4). Waves and currents are generated in the form of the water surface elevation and the horizontal and vertical orbital velocities described as a function of time. The data
from field tests will then be used as input data for the waves generated in the numerical model. The
measured water surface elevation (wave heights) and the deduced velocity field (development of horizontal and vertical velocity below the wave) are imported into the numerical model as time series for every
time step. Hence, the measured wave is generated directly in the numerical simulation.
The reaction of the rip-rap stones in the DEM code due to current and wave attack from the hydraulic
calculation in CCFD can be recorded by using so called “histories” in PFC.
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Figure 4. Rip-rap generated in PFC, coupled computation with wave impact.

2.3 CFD-DEM coupling
The numerical codes used in this research project allow the two-way coupled computation of the mechanical DEM calculation and the hydraulic computation (see example fig. 4). The displacement and the velocity of the particles are determined in PFC and the state variables of the flow in CCFD. During the coupled computation both programmes are executed with an additional data exchange at predefined time
intervals. The DEM as well as the CFD code are formulated with additional terms to account for the fluid
forces and the presence of particles in the flow.
In the DEM-part of the coupled computation a new term ffluid is added to the calculation to represent
the force applied by the fluid (Itasca 2008b):
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where u = particle velocity, m = particle mass, ffluid = total force applied by the fluid on the particle,
fmech = sum of additional forces and g = acceleration of gravity. The force ffluid consists of three terms: the
drag force, the force applied by the fluid pressure gradient and the buoyancy (Itasca 2008b):

𝑓⃗𝑓𝑙𝑢𝑖𝑑 = 𝑓⃗𝑑𝑟𝑎𝑔 + 43𝜋𝑟 3 (∇𝑝 − 𝜌𝑔⃗)

(2)

with

𝑓⃗𝑑𝑟𝑎𝑔 = �12𝐶𝑑 𝜌𝜋𝑟 2 |𝑢
�⃗ − 𝑣⃗|(𝑢
�⃗ − 𝑣⃗)� ⋅ 𝑛−χ

(3)

where r = particle radius, p = fluid pressure, ρ = fluid density, v = fluid velocity, Cd = drag coefficient and
n-χ = empirical factor to account for the local porosity. The current fluid velocity v and the fluid pressure
gradient ∇p necessary for this calculation are determined by CCFD and sent to PFC3D each time the coupling information are exchanged. The fluid force acting on the particles is applied to each particle (Itasca
2008b).
In the hydraulic part of the computation the equations of motion of the fluid and the continuity equation are formulated with porosity terms and an additional body force due to the presence of particles in
the flow (Itasca 2008b):
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with n = porosity, η = fluid dynamic viscosity and fb = body force. The current porosity n in each fluid element and the body force fb is determined in PFC and sent to CCFD during the data exchange. The body
force acting on the fluid due to the particles is given as an average value over one fluid element.
3 ARMOURSTONE EQUIPPED WITH SENSOR TECHNOLOGY
In the context of the research project a measurement device is developed to record the translational and
rotational movements of armourstones due to current and wave attack. Several armourstones of different
size, shape and density are bored and equipped with acceleration sensors and gyroscopes (fig. 5). The corresponding circuit board for measuring acceleration and rotational speed is an in-house development. Data can be registered by the stone for a period of up to one month and stored on a memory card. The displacements of the stone measured by the equipment in model or field tests can be compared to the
displacements and the translational and angular velocities taken as histories from the particles in the numerical model. It is intended to determine the hydraulic loads and forces acting on the rip-rap from these
measurements. Measurements with the equipped stones are carried out in the flume tests as well as in the
field tests.

Figure 5. Example of armourstone equipped with sensor technology.

4 PHYSICAL MODEL TESTS
Physical model tests are used to validate the numerical model. The behaviour of the numerical armourstones depends primarily on the particle shape and the friction coefficient of the particle surface. Because
a detailed representation of the stones raises the calculation time enormously, flume tests are performed to
examine the extent to which these properties affect the accuracy of the numerical modelling and how the
parameters should be chosen to achieve the best possible match with reality. The results of the physical
tests with known boundary conditions are compared to an equivalent numerical model (fig. 6).

Figure 6. Rip-rap section in hydraulic flume and numerical simulation of physical model tests.
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The physical model tests are carried out in a hydraulic flume of the Federal Waterways Engineering and
Research Institute, Hamburg. A rip-rap section on a scale of 1:1 with stones of the armourstone grading
category CP90/250 is built into the flume (fig. 6). There is an overflow parallel to the slope of the rip-rap
section. The slope ratio of the rip-rap section is 1:1 respectively 1:3 in two different measurement campaigns. The flow in the zone of the rip-rap section is increased in four steps from about 1 m/s up to 2 m/s
in several tests during one measurement campaign. The displacement of the stones due to the overflow is
documented by a laser scan and a coloured surface of the rip-rap section.
5 FIELD TESTS
In addition to the physical model tests the numerical model is validated by field measurements executed
as part of a project. Wave heights, flow velocities and to some extent pore water pressures in the subsoil
are measured at an island in the Lower Elbe River. The measurements are carried out at two different
monitoring stations in exposed positions with varying slope ratios and varying distances to the navigation
channel of the Elbe. Stationary measurement systems and two flexible flow probes with independent
power supply are applied. This equipment is placed at different positions over the entire slope of the bank
and measures the acting hydraulic loads directly above the surface of the slope. Together with the measurement of the hydraulic loads, measurements with equipped armourstones are carried out as well.
Figure 7 shows the measurement results with the equipped armourstone in the field tests over a period
of 42 hours. From top to bottom the figure shows the tidally varying water level of the Elbe (gauge at
Lühesand), the ship passages respectively the occurring ship waves, the acceleration in x-, y- and zdirection and the rotational speed in x-, y- and z-direction. This example taken from the first measurements demonstrates that displacements of single rip-rap stones mainly take place when ships are passing
in periods of low tide.

Figure 7. Example of measurements with equipped armourstones in field test.
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6 CONCLUSION AND OUTLOOK
The Discrete Element Method is a suitable method for the simulation of rip-raps with complex-shaped
particles. The movement of single stones can be reproduced with any number of degrees of freedom. Together with a CFD-computation, the interaction of rip-rap and hydraulic loads is modelled holistically.
The numerical particles representing rip-rap stones are calibrated using physical tests in a hydraulic flume
and a measurement device for recording the movement of stones. The physical model tests and field tests
will be continued and the modelling and validation of the numerical simulation will be adapted and improved to achieve the best possible match with reality.
NOTATION
m
r
u

ρ

η
p
v
ffluid
fmech
fb
n
n-χ
Cd
g

particle mass
particle radius
particle velocity
fluid density
fluid dynamic viscosity
fluid pressure
fluid velocity
total force applied by the fluid on the particle
sum of additional forces
body force
porosity
empirical factor to account for the local porosity
drag coefficient
gravity acceleration
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ABSTRACT: Within the framework of different EU framework research projects (THESEUS, TIDE) investigations of the efficiency of artificial sandbanks in the mouth of the Elbe estuary for mitigation of tidal energy and a better storm surge protection were investigated. The efficiency of the artificial sandbanks
was analysed by means of two- and three-dimensional hydro- and morphodynamic models. The models
calculate the water level and current velocities as well as the transport of dissolved constituents under
mean and storm surge conditions. To allow the investigation of the effects of the artificial sandbanks on
water level and currents in the inner estuary a high spatial grid resolution was used.
Overall results of the investigations are presented and an outlook how those measures can contribute to
innovative risk mitigation is shown.
Keywords: Elbe estuary, Sandbanks, Flood protection, Risk mitigation, THESEUS, TIDE, Numerical
model, Damping of tidal energy
1 INTRODUCTION
Estuaries and coastal areas are among the most densely populated areas of the world. They play an important role in terms of industry, agriculture, trade, tourism and settlement to mention some key sectors.
Today these areas already suffer from various problems like erosion, flood risk and long-term habitat deterioration. Since the concentration of people in coastal areas is expected to grow fast in the next decades
and economies continue to develop, the asset base of risk will increase.
The Elbe estuary plays an important role for Northern Germany and functions for example as an important federal waterway. The whole Elbe river has undergone several anthropogenic changes since the
16th century like diking and river regulations. These modifications led in combination with natural
changes in hydrodynamics to an unfavourable hydro-morphological evolution, namely to an increase of
the tidal energy and the tidal pumping further upstream.
2 INVESTIGATION AREA
The investigation area as a whole comprises the Elbe estuary and the inner part of the German bight. The
border in the west is defined by the island of Scharhörn and Trischen at the border to the North Sea (Elbekm 740) and in the east by the city of Hamburg (Elbe-km 610). Politically the investigation area comprises many responsibilities, i.e. the city of Hamburg and the adjoining federal states Lower Saxony and
Schleswig-Holstein.
The river Elbe has its source in the Czech public and reaches the North Sea at Cuxhaven after
1,094km. The entire catchment basin of the Elbe covers 148,268km². The Elbe estuary is comprised of
the lower reaches between the weir at Geesthacht (Elbe-km 588) and the transition to the North Sea (Elbe-km 760). As long as no storm-tide conditions prevail, the tidal influence of the Elbe estuary is limited
by the Geesthacht weir (Freitag et al., 2008).
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The long-term yearly mean freshwater run-off is ~700m³/s in a range from 150m³/s up to 4060m³/s.
The most frequently freshwater run-off is in a range of 300 to 400m³/s. Tides are semi-diurnal with a
marked diurnal asymmetry. The mean tidal range decreases from 3m at the inlet to 2.7m 50km upestuary, and rises again towards the port of Hamburg, where it attains its maximum of 3.6m and falls to
2m at the Geesthacht weir. Spring high tides exceed neap high tides by about 0.7m from the inlet to Hamburg, while the difference between spring and neap low tides can only be felt up to 50km from the mouth.
The estuary can be classified as a mesotidal and partially mixed coastal plain estuary. The influence of
wind during a storm event with winds from a north-westerly direction leads to considerable increases in
the tidal high water levels. While the water level and the salinity in an estuary have a uniform large-scale
distribution, the current velocity is a parameter, which varies strongly with space and time. This factor
leads to a tidal pumping of sediments from the lower reaches of the Elbe to areas further upstream, resulting in insufficient water depths in the navigation channel and harbour basins (Boehlich et al., 2008).
3 OBJECTIVES AND MODELLING APPROACH
3.1 General Approach
The basic idea within the framework of the European projects THESEUS (Monbaliu et al., 2014) and
TIDE (Meine et al., 2013) is the idea to dampen the incoming tidal energy already in the mouth of the estuary. This mitigation approach may allow reducing the water levels along the estuary and in Hamburg by
introducing artificial sandbanks in the mouth area of the Elbe. Two kinds of layouts were investigated:
• Emerged sandbanks (above high water)
• Submerged sandbanks (below low water)
The criteria for the selection of the several sandbank scenarios (emerged and submerged) were the following:
• Nautical implications
• Availability of sandy material for the construction
• Geo-morphology aspects
• Stability and sustainability of the layout
In the following the different sandbank layouts are described in terms of location and size. Figure 1 shows
the locations of the investigated emerged and submerged sandbank scenarios (see also Table 1).
Scenario 4 =
Sc. 1 + Sc. 2 + Sc. 3

Scenario 5
Scenario 2

Scenario 3
Scenario 1

Scenario 6

Scenario 7

Figure 1. Location of emerged (upper panel) and submerged sandbanks (lower panel) within the mouth of the Elbe estuary.
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The Table 1 (below) gives an overview of all sandbanks scenarios and the volume of sand needed to
nourish the banks.
Table 1. Volume of sand needed for the construction of the investigated scenarios in the mouth of the estuary.
#

Scenario name

Volume of sandbanks (m³)

Volume above mean low water (m³)

1
2
3
4
5
6
7

Medemsand and Neufelder Sand
Brunsbüttel
Cuxhaven
All sandbanks
Dam
Medemrinne with UWA
Submerged sandbanks

3.6 Mio.
2.0 Mio.
3.1 Mio.
8.7 Mio.
33.9 Mio.
15.8 Mio.
6.1 Mio.

3.6 Mio.
2.0 Mio.
3.0 Mio.
8.6 Mio.
24.3 Mio.
3.6 Mio.
0.1 Mio.

3.2 Hydrodynamic Modelling Approach
For the hydrodynamic modelling the TRIMNP (Tidal, Residual, Intertidal Mudflat Model Nested Parallel
Processing) was applied (Cheng et al. 1993). The depth-averaged 2-d hydrodynamic model calculates the
water level and current velocity on a rectangular horizontal grid. To solve the depth averaged shallow water equations a semi-implicit, time-stepping, finite-difference method was used (Casulli et al., 2000). The
governing equations include the conservation equations of mass, momentum, conservative scalar variables, and an equation of state.
To investigate the effects of the artificial sandbanks on water level and currents a spatial resolution of
50m was used. The time domain of the simulations was the year 2006, which includes all water level variations like mean conditions, spring and neap tides, as well as storm surge conditions. The model was
driven by outputs (water level and current velocity) of the 3-d operational circulation model of the German Federal Maritime Office (BSH) on the north western open boundary. The BSH model calculates currents, water levels, water temperatures, salinity and ice cover. The grid spacing in the German bight is
1.8km. Model inputs are current meteorological conditions, tides and river runoff as well as external
surges which enter the North Sea from the Atlantic Ocean.
On the upstream boundary of the model the freshwater inflow is another forcing parameter. The input
data here are daily values of discharge measured at Neu Darchau (~53km upstream of the weir Geesthacht). In addition the meteorological wind forcing was imposed on the whole model domain. The bathymetry of the year 2006 serves as a reference situation. This bathymetry was modified in the different
sandbank scenarios and the results of the model runs are compared to the reference situation. No other parameters were changed, so variations in current velocities and water levels can be clearly referred to the
hydraulic measures (Sothmann et al., 2011).
3.3 Wave Modelling Approach
As the wave propagation within the coastal area of the Elbe estuary is strongly influenced by the coastal
morphology with its islands, bars, shoals and channels the wave attack on the sandbanks was simulated
with numerical model SWAN (Simulation Waves Nearshore, TU Delft). This model solves the predominant processes in the application zone as shoaling, bottom friction, breaking, refraction, wind generation
and to some extent diffraction of waves. A comparison of numerical simulations results with SWAN and
field data shows good agreements. For a documentation of the SWAN model see Ris et al. (1994) and Ris
(1997).
The time-dependence of the action balance equation is neglected in this investigation although SWAN
contains a non-stationary mode. The action balance equation was solved in SWAN with a full discrete 2d
wave-spectrum N(x, y, σ, θ) using an iterative four-sweep technique allowing wave-propagation in all directions in the entire geographical domain. Using the parametric frequency spectrum the action balance
equation is separated into evolution equations for the zero-order moment and the first-order moment of
action-density spectrum. For the numerical simulations with SWAN boundary conditions for several wind
and water level conditions were applied on the open seaward boundary and the model domain to calculate
the wave conditions within the model.
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Table 2. Summary of the effects of the various sandbank scenarios on tidal high water level and maximum tidal current velocity at station Hamburg-Teufelsbrück under current conditions (reference year 2006).
Scenario #

Decrease in HW level
in area Hamburg
(Annual mean)

Decrease in HW level
in area Hamburg
(Std. dev.)

Decrease in max. Flow velocity Decrease in max. Flow velocity
in area Hamburg
in area Hamburg
(Annual mean)
(Std. dev.)

1
2
3
4
5
6
7

0cm
0cm
1cm
3cm
10 to 13cm
1 to 2cm
2cm

2cm
2cm
3cm
3cm
4cm
2cm
3cm

0cm/s
0cm/s
0cm/s
1 to 2cm/s
<1 cm/s
0cm/s
1cm/s

1cm/s
1cm/s
1cm/s
1cm/s
1cm/s
1cm/s
1cm/s

The results of the investigations suggest that artificial sandbanks in the mouth of the Elbe estuary may
dampen the tidal energy to some extent. Their effectivity in this respect does not so much depend on their
geographical position, but on their elevation. Nor does the effectiveness in general increase with the introduced amount of sand, e.g. the volume of the sandbanks. For the investigated scenarios the reduction in
high water level (HWL) in Hamburg amounts to less than 3 cm compared to a tidal range of 3.6 m.
In general the dissipation or redirection of the incoming tidal energy at the river mouth is not achieved
to an extent which would be relevant for flood protection in Hamburg. There are local modifications of
the current fields and the water elevations in the vicinity of the sandbanks, but the tidal wave in the estuary as a whole is very little affected. Only the highly hypothetical dam scenario produces the desired reflection and damping of the tidal wave and a 10 % decrease of HWL in Hamburg.
Keeping the nautical and environmental constraints in mind, it must be stated that there are narrow
margins for constructions in the mouth of the Elbe to influence the high water levels in and near Hamburg.
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ABSTRACT: The basic idea of subgrid models is the use of available high-resolution bathymetric data
at subgrid level in computations that are performed on relatively coarse grids allowing large time steps.
For that purpose, an algorithm that correctly represents the precise mass balance in regions where wetting and drying occur was derived in [10] and [11]. Computational grid-cells are permitted to be wet,
partially wet or dry and no drying threshold is needed. Based on the subgrid technique, practical applications involving various scenarios were implemented including an operational forecast model for water
level, salinity and temperature of the Elbe Estuary in Germany. The grid generation procedure allows a
detailed boundary fitting at subgrid level. The computational grid is made of flow aligned quadrilaterals
including few triangles where necessary. User-defined grid subdivision at subgrid level allows a correct
representation of the volume up to measurement accuracy. Bottom friction requires a particular
treatment. Based on the conveyance approach, an appropriate empirical correction was worked out.
The aforementioned features make the subgrid technique very efficient, robust and accurate. Comparison of predicted water levels with the comparatively highly resolved classical unstructured grid model
shows very good agreement. The speedup in computational performance due to the use of the subgrid
technique is about a factor of 20. A typical daily forecast can be carried out in less than 10 minutes on
standard PC-like hardware. The subgrid technique is therefore a promising framework to perform accurate temporal and spatial large scale simulations of coastal and estuarine flow and transport processes
at low computational cost.
Keywords: Subgrid modeling, Wetting and drying, Semi-implicit schemes, O perational forecast
models
1 INTRODUCTION
The simulation of coastal flows involving wetting and drying of large tidal areas implies two major difficulties: (i) the need for stable, accurate and efficient algorithms; (ii) the use of model grids that are able to
reproduce the bathymetric details and boundaries up to an acceptable level. A general review of popular
wetting and drying algorithms can be found in [1, 19]. Over the last two decades a family of numerical
models for solving 2D and 3D shallow water equations based on the efficient and robust semi-implicit finite difference method has been proposed by Casulli and his co-authors [5, 6, 7, 8]. The models range
from the 2D structured linear TRIM (Tidal Residual and Intertidal Mudflat) model up to the 3D unstructured piece-wise linear UnTRIM model. The need to capture bathymetric details in complex regions, with
a better boundary fit and to reduce the grid resolution in large and open regions, like tidal flats, motivated
the transition from structured to unstructured orthogonal grids. What is new, on the other hand, is that
modern remote sensing technologies can deliver very detailed land surface height data that should be considered for more accurate simulations. In that case, and even if some compromise is made with regard to
grid resolution of an unstructured grid, simulations still will require large grids which can be computationally very demanding.
Recently, new techniques have been proposed for flood simulation such us the raster-based models
working with high-resolution topographic data [2, 13, 20], or models that make use of subgrid-scale details to a limited extent [3, 21]. The subgrid technique, first published in [10], is based on the idea of mak469

ing use of the available detailed subgrid bathymetric information while performing computations on relatively coarse grids permitting large time steps. Consequently, accuracy and efficiency are drastically enhanced. Compared to the classical linear method, where the underlying bathymetry is solely discretized
by the computational grid, the resulting system is mildly nonlinear requiring only few extra Newton iterations to be solved. The algorithm guarantees rigorous mass conservation and non-negative water depths
for any time step size. The generalization of the semi-implicit algorithm for three dimensional flows [10]
to intrinsically account for detailed bathymetric subgrid data was demonstrated in [11]. A special
treatment, proposed in the present work, is applied to bottom friction for friction dominated flows.
Based on the subgrid technique, flood simulations with subgrid digital elevation models were performed [17]. The aforementioned features motivated the decision to use the UnTRIM2 subgrid system
for the simulation of the Elbe Estuary system.
The subgrid technique is accompanied by new challenges associated with issues of grid (subgrid)
generation. For that, new techniques have been developed. The present paper aims to give some insights in the subgrid technique and to shed some light on issues like grid generation and numerical efficiency. One implementation of the technique at the Federal Waterways Engineering and Research
Institute (BAW) in an operational forecast model for the Elbe Estuary in Germany will be discussed. We refer to [15] for an extensive presentation of the present work.
2 GRID GENERATION
Performing simulations using the subgrid technique requires building models with subgrid resolution.
Smile Consult GmbH Hannover developed the Janet preprocessor for the generation of unstructured orthogonal grids with subgrid scale bathymetry that comply with the subgrid algorithm. The objective was
to investigate different grid generation strategies with subgrid technology for varying computational grid
sizes and apply them to typical BAW applications. In this section, some important outlines of grid generation are presented.
Available topographic data are typically stored in a relational database management system. The database interface of the grid generator (preprocessor) can process different kinds of data sets. All data sets
are described with metadata. The different interpolation strategies use a database enabled spatial search
engine. For every computational edge a set of sub-edges, each with one length and one depth (depthclasses of the sub-edges), is created. Similarly, for every computational polygon a set of sub-polygons,
each with one area and one depth (depth-classes of sub-polygons), is created. The number of depthclasses may vary for each polygon or edge.
For the subgrid generation the following strategies were developed:
• Subdivision (SD) strategy with a uniform subdivision of all edges and polygons in sub-edges and
sub-polygons as shown in Figure 1. The resolution of the subdivision is user-defined. The database driven interpolation delivers the corresponding depth at subgrid level.
• Terracing Topography (TT) strategy with non-uniform depth-level aligned sub-edges and subpolygons in the form of bathymetric ”terraces” as shown in Figure 2. The depth of the isobaths is
user-defined. The generation of isobaths is performed on a temporarily interpolated raster (database interpolation).
The generated subgrid is subject to some constraints for optimization and validation purposes:
• Computational cells with no or tiny sub-cell area (< 1%) are filtered and removed from the
grid.
• Flow separation between computational cells that are physically not connected should be insured everywhere.
• Edges with no sub-edges are given one subedge with 0.0 m length (default).
• Inflow edges must have at least one sub-edge with sufficiently large lengths.
• Terrain data should strictly overlap inflow sides.
• For both subgrid generation strategies, the boundary fit is performed at subgrid level.
Another important aspect during grid generation is the possible 1D discretization of tributaries
with solely one computational polygon over the cross section and subgrid bathymetry as illustrated
in Figure 3. Most of the aforementioned constraints are naturally taken into account in an unstructured grid including flow alignment for less numerical diffusion.
The previous techniques were successfully used to generate different structured and unstructured
grid series for the Elbe Estuary with varying computational grid sizes but identical subgrid bathymetry. Grid variants of the Elbe Estuary were designed for systematic investigations with the new
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technique. In section 4, a detailed description of one of the grids used in a real world application is
given.
3 METHODOLOGY
In this section we will recall the basics of the semiimplicit solution algorithm and the associated numerical approximations used in UnTRIM2 which refers to the new subgrid based computational core [10]. The
solution algorithm remains very similar to the one used in the classic linear or piecewise linear UnTRIM [8]. The solvers involved in the present work are the piecewise linear UnTRIM (designated by
classical) and the nonlinear subgrid UnTRIM2 (designated by subgrid).

Figure 1. Grid generation using the subdivision (SD) strategy. Left: Computational grid and subgrid interpolation. Right:
Corresponding subgrid bathymetry.

Figure 2. Grid generation using the Terracing Topography (TT) strategy. Left: Computational grid and auxiliary grid
interpolation. Right: Corresponding subgrid bathymetry.
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Figure 3. Subgrid bathymetry and 1 D discretization of a tributary river of the Elbe Estuary using the SD strategy. Left:
3D view of the subgrid bathymetry. Right: Computational grid with solely one computational cell over the
cross section.

Numerical approximation UnTRIM2 solves the three-dimensional, time dependent, nonlinear differential equations related to hydrostatic and non-hydrostatic free-surface flow problems on an unstructured orthogonal grid to cover problems with complicated geometry. Numerically, UnTRIM2 is based
on a semi-implicit finitedifference scheme that allows unconditional stability.
Terms affecting stability like bottom friction, wind stress and vertical mixing are treated implicitly. An Eulerian-Lagrangian explicit finite difference operator is used to account for the discretization o f advection and horizontal dispersion. For stability, the implicitness factor θ should be taken in
the range 0.5 ≤ θ ≤ 1 . We refer to [7] and [8] for a detailed description of the algorithm. Scalar
transport processes are treated by an explicit mass conserving finite volume scheme with sub-cycling
if necessary to ensure stability. The scheme allows higher accuracy through the use of flux limiters
[9]. In the case of baroclinic flow, the transport equations are coupled with the momentum equations
through density gradients. The baroclinic forcing terms are solved explicitly in the momentum equations. The equations of transport are solved lagged one time step.
In this case the numerical scheme is subject to a weak CFL (Courant-Friedrichs-Lewy) stability
condition. It is also subject to a weak stability condition due to the explicit treatment of horizontal
diffusion in the momentum equations.
Bottom friction A highly resolved bathymetry at subgrid level with the assumption of constant velocity along a computational edge require a modified treatment of processes involved at the lowest
layer of the model particularly bottom friction . It is well known from cross-section integrated
models that the combination of the cross-sectional mean velocity with a constant bottom friction parameter tends to systematically overestimate the energy dissipation in shallow regions leading to
higher flow resistance. This problem can be mitigated by the use of the conveyance approach [16]
which allows the computation of a uniform and consistent crosssectional energy dissipation. Unfortunately, the conveyance approach only works for 2D vertically averaged models. Some preliminary
meaningful experiences conducted on simple geometries like a U-shaped channel showed that there is a
systematic overestimation of bottom friction particularly when the resolution of the computational
grid becomes low. Based on the conveyance approach, an appropriate empirical correction was worked
out [15].
4 EXAMPLES OF SUBGRID MODELS
Three major estuaries are located at the German North Sea coast: Elbe, Weser and Ems. In this study we
have focused on the Elbe Estuary. In addition to a classical grid, a series of computational grids using subgrid scale bathymetry were generated:
• UG400SD24: based on the SD strategy with a computational unstructured grid having 400 m average resolution, 24 subdivisions along the edges and 24×24 subdivisions inside polygons.
• UG200SD12: based on the SD strategy with a computational unstructured grid having 200 m average resolution, 12 subdivisions along the edges and 12×12 subdivisions inside polygons.
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•
•

UG200SD06: based on the SD strategy with a computational unstructured grid having 100 m average resolution, 6 subdivisions along the edges and 6×6 subdivisions inside polygons.
UG050SD03: based on the SD strategy with a computational unstructured grid having 50 m average resolution, 3 subdivisions along the edges and 3×3 subdivisions inside polygons.

Figure 4. Bathymetry of the Elbe Estuary with the UG400SD24 model (400 m average computational grid resolution, 24
sub-edges per edge and 24 × 24 sub-polygons per polygon). Locations of tidal gauges, discharges and close-up
areas are depicted as well.

These grids were generated at the starting phase during the implementation of the UnTRIM2 subgrid technique at BAW. The aim was to settle the kind of computational grids that should be considered (structured
or unstructured) as well as to figure out the extent to which the resolution of the computational grids can
be coarsened. The results were compared to the classical unstructured model which stands for the reference. An extensive work was done in this direction including the introduction of the bottom friction correction.
The outcome of this preliminary study was that the sensitivity on computational resolution was mild to
moderate and that even the coarsest computational grid (UG400SD24) was still able to deliver satisfactory results as long as bottom friction correction with a suitable calibration factor is switched on. The tradeoff between numerical efficiency and accuracy clearly put the coarsest grid forward for potential full scale
simulations like in the case of the Elbe Estuary model. Thus, we will restrict ourselves to the coarsest
UG400SD24 model depicted in Figure 4. For comparison, a typical classical unstructured grid is used.
Characteristics of both models are presented in section 5. Figure 5 highlights a section of the Elbe Estuary
at the junction with the tributary river Stör. It gives an impression of how differently bathymetric details
are represented in a classical grid and a grid using the subgrid technique. Moreover, the tributary river is
taken into account in a one dimensional way. It was neglected in the classical grid due numerical constraints. On the second close-up area shown in Figure 6, one can clearly see that the bathymetry of the
tidal flats can be resolved even better in a coarse computational grid model using subgrid scale bathymetry (UG400SD24) compared to a highly resolved classical grid model. With subgrid technique, the simulation of flooding and drying in these areas can be performed more realistically. For any water level, an
excellent approximation of the water volume as well as the active cross section for the flow is guaranteed.
Narrow harbor channels and basins do also represent a challenge for traditional grid generation. Geometries of these regions are often complex requiring a particular attention during meshing. The elaboration of such grids remains always a fussy business mainly due to the need of smooth transitions between
channels of different sizes. In some hydrodynamical systems, this problem is bypassed by the replacement of the detailed harbor branching with simple geometries containing the relevant volume of water.
With subgrid technique, harbor channels and basins are realistically and accurately represented at subgrid
level including boundary fit as shown in Figure 7. The harbor area can be covered using a coarse computational grid as long as one is not interested in local details of flow, e.g. flow separation near harbor basin
entrances.
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5 APPLICATION
In this section one application of the subgrid technique is presented. The model covers the Elbe Estuary and focuses on operational water level, salinity and temperature forecast. The model was run
first in hindcast simulations for calibration and validation purposes.
5.1 The Elbe Estuary operational model
The Elbe Estuary is a very important waterway. Ship traffic requests precise and preferably long term
water level forecasts. Particular events like storm surges, periods of low or high fresh water discharge have great economic significance and require therefore detailed temporal and spatial forecasts
for water level, current velocity, salinity and eventually temperature in the case of ice sheet formation.
In the Elbe, the weir near Geesthacht (see Figure 4) represents the artificial limit between the river
and the estuary. The river feeds the estuary with time varying fresh water runoff. The seaside boundary at the North Sea is influenced by tidal dynamics, waves, external surges and storm surges. During
the flood tide, salt water with higher density intrudes into the estuary. By means of hydrodynamic
models, the variation in water level, current, salinity and temperature can be simulated with reasonable accuracy.
In order to accurately represent the progression of the tidal wave, an appropriate grid resolution on
top of a prevailing topography is required. This is the scope of the operational model for the Elbe Estuary we present in this section.
The numerical model for water level, salinity and temperature of the Elbe Estuary at BAW was
first developed using the classical highly resolved unstructured piece-wise linear UnTRIM. Later, the
classical model was replaced by UnTRIM2 [10] based on subgrid technique. The forcing is identical for
both models. The daily meteorological forcing data (wind and temperature) are delivered by the
German Weather Service (DWD ) using the COSMO-EU model [12] which covers almost the whole
Europe including the Baltic Sea, the Mediterranean Sea and the Black Sea with 665×657 grid points
in a 0.0625◦ (∼ 7 km) resolution. The meteorological model delivers ground air temperature and zonal
and meridional wind velocities at 10 m height. The coarse forecast data of the meteorological forcing
are interpolated from the meteorological grid (7km × 7km) onto the UnTRIM2 computational grid.
The coarse resolution of the meteorological grid leads to an underestimation of wind velocities in
grid cells that are partially wet like for instance in narrow parts of the estuary. Therefore, the so
called WAsP (Wind Atlas Analysis and Application Program) factors [14] were introduced by DWD
to enhance the wind fields over the estuary.

Figure 5. Bathymetry at the junction of the Elbe Estuary with the Stör tributary using classical unstructured grid (left)
and subgrid technique (right)
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Figure 6. Bathymetry of tidal flats with classical unstructured grid (left) and subgrid technique (right)

Figure 7. Bathymetry of Hamburg harbor using classical unstrucrured grid (left) and subgrid technique (right)

Along with a fine WAsP grid (250m × 250m) and 12 wind direction parameters (each every 30◦ ),
WAsP correction factors are computed and multiplied with the interpolated meteorological data. Open
boundary data are delivered by the German Maritime and Hydrographic Agency BSH using the
coastal model HIROMB-BOOS-MODEL (HBM ) [4] which is the successor of the BSHcmod model.
The operational service at BSH is based on a 3D baroclinic circulation-model run on a North
Sea/Baltic Sea grid with a horizontal resolution of 3 nautical miles and a fully two-way nested 0.5
nautical mile grid of the German Bight/Western Baltic. The forecasted data of water level, temperature and salinity are processed to fit with the UnTRIM2 open boundary. For salinity and temperature
at open boundary vertically averaged values are used. At the inflow boundary, measured fresh water
discharge from the Federal Institute of Hydrology (BfG ) at the gauge Neu Darchau is used. Water
temperatures at inflow are daily measurements at gauge Cumlosen delivered by the River Basin Community Elbe (FGG Elbe ).
A typical forecast simulation is performed for 24 hours. Comparison is performed between the
coarse computational grid model with subgrid bathymetry (UG400SD24) and the classical model.
5.1.1 Results
Obviously, the quality of the forecasts delivered by the estuary operational model depends strongly on
the accuracy of the forcing at boundaries, in particular water levels predicted by the HBM model at the
North Sea boundary. A measurement gauge (Bake Z) located right on the open boundary (see Figure 4) allows to assess the quality of such predictions. Discrepancies at open boundaries will automatically be transferred along the estuary. Therefore, the model was first calibrated and validated
for different scenarios using measured water level at the seaside boundary. The main calibration parameters that were investigated are bottom friction and turbulence (see section 3).
Calibration and validation
Apart from mean conditions, the year 2006 involved various particular events including a storm
surge and very high/very low discharges and was hence chosen for the calibration and validation
processes. Figure 8 shows results for a period of 11 days out of a 14 days (22.10.2006-04.11.2006)
model run. The results highlight water level predictions before, during and after the occurrence of a
storm surge. They were obtained by a 3D simulation including salinity and temperature. The quality
of the results as well as the numerical performance of classical and subgrid models are discussed here.
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Comparison of simulation results for the Elbe Estuary obtained with a model based on the subgrid
technique and a classical model showed good agreement for both long term simulation of tidal dynamics and short term operational forecasts. The computational speed-up reached through the use of
subgrid was about a factor of 20.
Although the time step used in the subgrid model is three times larger than the one used in the classical model, the fraction of elements where the CFL numbers are low (CFL < 0.5) is in average larger
in the case of subgrid. The fraction of elements where the CFL numbers are high (CFL > 1), however, is in average lower in the subgrid case. As a result, if we want to obtain comparable external
Courant numbers to the classical model, there is still potential to use larger time steps in the subgrid
model which means we can go even faster. In other words, the resolution of the computational grid
can be coarsened. On the subgrid level, we are using an average resolution of 16 m which is for the
investigated coastal domain with large intertidal mudflats sufficient. For other types of models, e.g.
where the resolution of flow gradients is of significance, the subgrid resolution should be higher or
even go to the limit of the available bathymetric data.
The Subgrid technique improves accuracy if used with the same (high) resolution classical computational grid. On the other hand, comparable results are obtained if the subgrid technique is used even
on a much coarser computational grid. Therefore, subgrid models are particularly suitable for simulations where real computation time is an important issue.
More generally, the subgrid technique is a promising framework to perform accurate temporal and
spatial large scale simulations of coastal and estuarine flows and transport processes like flooding
and drying of large areas at low computational cost. Other potential applications of the subgrid
technique are sensitivity studies of computational results with regard to model resolution.
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ABSTRACT: Vegetation is a potential ecofriendly and economically viable counter measure for beach
erosion and also has additional advantages such as enhancing the aesthetics, beach conservation. Wave attenuation by vegetation is a function of vegetation characteristics such as geometry, density, stiffness, and
spatial coverage as well as wave conditions such as incident wave height, period, and direction. This paper discusses experimental study on the hydraulic performance of 1:30 scale model of Casuarina Equisetifolia meadow, prepared by fixing 0.20 m long nylon rods of 0.08 m diameter at a spacing of 0.05 m c/c on
a 0.04 m thick concrete slab of size 1 m × 0.73 m in regular/straight and staggered position is placed in
the wave flume on the beach of slope 1V:12H at about 38m away subjected to varying wave climate. Water waves propagating through the vegetation lose energy by performing work on the vegetation stems,
which directly results in smaller wave heights.
Keywords: Coastal vegetation, Nylon rod model, Regular and staggered configurations, Wave run up,
Wave rundown.
1 INTRODUCTION
Coastal vegetation is a potential ecofriendly and economically viable counter measure for beach erosion
by reducing wave run up and rundown. Besides this, it also has additional advantages such as enhancing
the aesthetics, beach conservation, and adding to biodiversity. Moreover, coastal vegetation helps to develop sand dunes in front of the forest by trapping sand carried by the wind, which plays a significant role
in beach building and taming extreme wave attack.
In the last decade there has been a growing interest in the studies which attempt to understand the impact of vegetation on flow field in the marine ecosystems (Hiraishi and Harada, 2003, Matsutomi et al.
2006, Asano et al. 2008, Cavallaro et al. 2010). This surge of interest is a new approach to a concept
which tries to solve coastal and hydraulic engineering problems taking ecological balance into account.
One of the primary motivations of vegetation studies is to understand related transport processes in natural environments, such as the transport of pollutants, heat, sediment, etc. Tree morphology is an important
aspect when considering the wave attenuation ability of coastal forests, because attenuation results from
the hydrodynamic resistance of tree components such as trunks, branches and leaves. Water waves propagating through submerged and emergent vegetation lose energy by performing work on the vegetation
stems, which directly results in smaller wave heights. Wave attenuation by vegetation is a function of
vegetation characteristics such as geometry, density, stiffness, and spatial coverage as well as wave conditions such as incident wave height, period, and direction. Vegetation-wave interactions are highly dynamic in that the vegetation field is exposed to variable wave forcing that changes with time as stems bend,
flatten to the bed, or are washed out. As evidenced by these many dependencies and the extensive variety
of coastal plants, the variability of wave damping by vegetation is large (Mendez and Losada, 2004). The
reduction of run-up and inundation depth will reduce the area of destruction behind a vegetation belt in
the vertical direction.
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Casuarina Equisetifolia or ‘Beach Sea Oak’ is native to the tropical and subtropical coastlines of Australia, Southeast Asia, Malaysia, Melanesia, and Polynesia and New Caledonia and is one of the world’s
fastest growing (1m to 3 m per year) trees. It is a nitrogen-fixing, medium to large evergreen tree 6 m to
30 m or more in height. The tree has a thin crown of green, drooping branch lets. The narrow crown of
the tree becomes irregular and spread with age. Casuarina Equisetifolia is predominantly a coastal species
and has the rare property of growing upright and symmetrical on windswept coasts. The densities of the
tree are 1600-10,000 trees/ha can be planted with 1m to 2.5 m between trees. Diameter of Casuarina Equisetifolia is about 0.5 m. These trees protect shorelines against erosion by making attenuating steep
waves. It is concurred that beach plants are an integral part of ecofriendly shore protection techniques,
and there is scarcity of information to ensure its successful design and realization and calls for further
studies. The present research work involves experimental study investigation of wave transmission characteristics of simulated beach vegetation in a wave flume.
2 OBJECTIVE OF STUDY
The present study is aimed to investigate the effect of emergent vegetation on the run-up and rundown on
a 1:12 sloped beach under the influence of varying wave characteristics for a given water depth for
straight and staggered positions of tree trunks.
3 EXPERIMENTAL DETAILS
3.1 Wave Flume
The physical model is tested for monocromatic waves in a two dimensional wave flume of Marine Structures laboratory of Department of Applied Mechanics and Hydraulics, National Institute of Technology
Karnataka, Surathkal, India. Figure 1 gives a schematic diagram of experimental setup. The changing of
frequency through inverter, one can generate the desired wave period. A fly-wheel and bar-chain link the
mortar with flap. By changing the eccentricity of bar chain on the fly-wheel one can vary the wave height
for a particular wave period. The wave flume is 50 m long, 0.71 m wide and 1.1 m deep. It has a 41.5 m
long smooth concrete bed. About 15 m length of the flume is provided with glass panels on one side. It
has a 6.3 m long, 1.5 m wide and 1.4 m deep chamber at one end where the bottom hinged flap generates
waves. The flap is controlled by an induction motor of 11 Kw power at 1450 rpm. This motor is regulated
by an inventor drive (0 – 50 Hz) rotating in a speed range of 0–155 rpm. Regular waves of 0.08 m to 0.24
m heights and of periods 0.8 sec to 4.0 sec in a maximum water depth of 0.5 m can be generated with this
facility.

Figure 1. Details of experimental setup.

3.2 Instrumentation
The capacitance type wave probes along with amplification units are used for data acquisition. Four such
probes are used during the experimental work, three for acquiring incident wave heights (H) and one for
measuring run up and run down. During the experimentation, the signals from the wave probes are acquired through a data acquisition system and recorded by the computer, which was processed using a program to yield the wave heights.
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3.3 Test Models
The 1:30 scale test model of Casuarina Equisetifolia meadow is prepared by fixing 0.20 m long nylon
rods of 0.08 m diameter at a spacing of 0.05 m c/c on a 0.04 m thick concrete slab of size 1 m × 0.73 m in
regular/straight line and staggered position. The projected height of nylon rods above the slab (hs) is 0.16
m. Then models were placed in the wave flume on the beach of slope 1V:12H at about 38m away from
wave flap as shown in Figure 1. The experiments are conducted for waves heights (H) of 0.08 m to 0.16
m and periods (T) of 1.4 sec to 2.5 sec generated in a constant water depth (d) of 0.4 m. The schematic
diagram of the test models are shown in Figure 2.

Figure 2. Schematic representation of straight and staggered arrangement of model vegetation.

3.4 Methodology
The wave flume was filled with fresh water to the required depth (0.40m). Before the model was tested,
the flume is calibrated to produce the incident waves of different combinations of wave height and wave
periods. Combinations that produced the secondary waves in the flume are not considered for the experiments. The wave probes are calibrated at the beginning and at the end of the test runs.
4 RESULTS
The data collected in the present experimental work is expressed as non-dimensional quantities. The variation of relative run up (Ru/H) and relative run down (Ru/H) for varying wave steepness parameter
(H/gT2) are studied through graphs with respect to changing straight and staggered positions of the simulated vegetation and is analysed through the graphs.
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4.1 Straight Vegetation
4.1.1 Effect of Wave Steepness on Run Up
Figure 3 shows the best fit lines of Ru/H for the varying wave steepness H/gT2. The run up decreases with
the increase in wave steepness. Ru/H varies from 0.59 to 0.31 and from 0.61 to 0.36 respectively with
vegetation and without vegetation for the entire range of wave steepness (H/gT2) of 0 .0019 to 0.0069.

Figure 3. Variation of Ru/H with H/gT2.

4.1.2 Effect of Wave Steepness on Run Down
Variation of Rd/H with H/gT2 is illustrated in Figure 4. It is observed that, the run up decreases with the
increase in wave steepness parameter. Rd/H decreases from 0.51 to 0.19 and from 0.61 to 0.19 with vegetation and without vegetation respectively for the entire range of wave steepness parameter.

Figure 4. Variation of Rd/H with H/gT2.

482

4.2 Staggered Vegetation
4.2.1 Effect of Wave Steepness on Run Up
In Figure 5 the best fit lines for variation of Ru/H with the wave steepness parameter H/gT2 are shown
without vegetation and with staggered vegetation. Ru/H varied from 0.61 to 0.36 and from 0.6 to 0.28 respectively without and with vegetation.

Figure 5. Variation of Ru/H with Ho/gT2.

4.2.2 Effect of deep water wave steepness on damage level
Figure 6 exhibits the best fit lines for variation of relative run down Rd/H with the wave steepness parameter H/gT2 without vegetation and with staggered vegetation. Rd/H, decreases from 0.61 to 0.19 and from
0.46 to 0.14 respectively without and with vegetation while wave steepness parameter H/gT2 increases
from 0 .0019 to 0.0069.

Figure 6. Variation of Rd/H with Ho/gT2.
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4.3 Comparison of Straight and Staggered Vegetation
In Figures 7 and 8, the best fit lines show the variation of Ru/H and Rd/H with the wave steepness parameter H/gT2 for straight and staggered vegetation respectively. Ru/H varied from 0.6 to 0.3 and from 0.6 to
0.28 respectively as shown in Figure 7. This indicates that both the straight and staggered vegetation almost have similar impact on wave run up.
Figure 8 observes that, Rd/H varies from 0.53 to 0.19 and from 0.46 to 0.14 for straight and staggered
vegetation respectively. This indicates that, the staggered vegetation is relatively more efficient in reducing run down than the straight vegetation.

Figure 7. Variation of Ru/H with Ho/gT2.

Figure 8. Variation of Rd/H with Ho/gT2.

5 CONCLUSIONS
Based on the present experimental investigation, the following conclusions are drawn.
1) Relative wave run up (Ru/H) varied from 0.61 to 0.36 over the plain beach slope. While it varied between 0.6 and 0.3 for the both the straight and staggered configuration of vegetation indicating almost
similar influence on wave run up.
2) For a plain beach, the relative wave run down (Rd/H) varied between 0.61 and 0.19. While, it dropped
from 0.51 to 0.19 and from 0.46 to 0.14 for the straight and staggered beach vegetation respectively.
3) The beach vegetation is effective in controlling wave run up and rundown and hence it may be considered as a measure for beach erosion depending upon the site conditions.
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ABSTRACT: Local scouring around the bridge pier occurs because of flow separation and development
of several vortexes around the bridge pier. Such scour can cause failure of the bridges especially during
the river floods. This study presents an in-situ lab scour monitoring mechanism by using the Global System for Mobile (GSM) under clear water condition on cohesionless bed material. Circular pier with collar
and another round nosed pier model at 5 different angles are considered for these experiments with GSM
enabled sensors monitoring the scour. Scour failure occurs suddenly without prior warning or signs of
distress in and around the bridge. However, there are many challenges to monitor the progress of scour,
such as measuring equipments are essentially critical. Monitoring devices connected to GSM enabled
sensors are installed near the bridge pier. Using the scour data provided by GSM unit, an alert is sounded
for the local administration regarding the real time safety condition of the bridge.
Keywords: Pier, GSM enabled Sensors, Scour, Distress signal, Bridge stability.
1 INTRODUCTION
Bridges are designed to accommodate floods of certain magnitude without failure. But large proportion
of bridges fail due to excessive scour around the bridge pier. So, an accurate estimation of likely scour
depth considering safety and economy is a must. But this is where designers are lagging in the absence of
single unifying theory of bridge scour depth. There are large numbers of literature published on the scour
around the bridge pier in beds of cohesionless sediments. However, there are many challenges to monitor
the depth of scouring at bridge pier. According to previous research, the fiber brag grating (FBG) sensors
have been used for in-situ scour monitoring. Moreover, sonar and radar have also been used to estimate
the local scour depth at bridge foundations. However, most of the proposed methodologies are complex
and lost the cost effect. It is necessary to develop a real-time system to monitor the sour depth of bridge
piers in the field.
In this paper, GSM enabled sensors approach by using open source hardware and software, to achieve
the real-time bridge scouring safety monitoring is presented. Sensors can monitor the scouring depth at
each point. Scouring depth or sedimentation depth of bridge piers can be identified by the time-history diagram. GSM-enabled sensors can report the rapid scouring depths in real-time, which can be used to
evaluate the safety of the bridge.
2 LITERATURE REVIEW
A critical review of literature on model and field data was conducted by Breusers (1977), and the empirical data were compared with theoretical considerations. The final result was a set of design suggestions
together with possibilities for protection against scour.
The relationship between scour depth at cylindrical bridge piers founded in cohesionless sediments,
and mean approach flow velocity is defined for flows above the threshold of particle motion was presented Melville (1984) The work also concluded that contrary to previous findings, the maximum scour depth
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is found to occur at the transition flat bed condition in the case of ripple forming sands. For non ripple
forming sediments, however, the maximum scour depth occurs at threshold condition.
Lagasse et al. (1998) conducted research to develop, test, and evaluate the fixed instrumentation that
would be both technically and economically feasible for use in measuring maximum scour depth at bridge
piers and abutments. A variety of scour measuring and scour-monitoring methods were tested in the laboratory and in the field, including sounding rods, driven-rod devices, sonic depth finders (fathometers),
and buried devices. It was proved that with cooperative efforts with state highway agencies, both systems
can be installed with equipment and technical skills normally available to district level department of
transportation maintenance and inspection personnel. The report also showcased the installation, operation, and fabrication manuals for the low cost sonic instrument system and magnetic sliding-collar devices.
Kosnik and Steve (2010) investigated a development of a Tiltmeter-Based Bridge Scour Monitoring.
Remote communication and robust Internet enabled display technology provided convenient access to
both real-time and historical data, enabling quick comparison for decision-making.
Moustakidis et al. (2014) investigated on development of a system for continuous monitoring of scour
around bridge piers and abutments using the Radio Frequency Identification (RFID) technology and examine its applicability for estimating scour around a pier or an existing bridge.
Yu-Ting Liu et al. (2010) investigated micro‐electro‐mechanical system (MEMS) pressure sensors
which are integrated with the wireless Zigbee network on a sensor board for real‐time bridge scour monitoring. A wireless MEMS scour monitoring system has been developed and tested in the laboratory. This
system was used to measure the scouring/deposition process and the variations of water levels at a bridge
pier.
3 EXPERIMENTAL DETAILS
The experiments were conducted in a re-circulating flume of 16.58 m length and 0.6 m width with sediment throughout the flume as shown in Figure 1. A pier fabricated from wood was installed 5.5 m off inlet and centrally across the flume. The ratio of the flume width to pier size is 12.76; far enough to avoid
constriction scour. The sand used in all the tests was brought from west flowing river Netravati; had median size (d50) = 0.6mm (< 0.7mm), hence falling under the category of ripple forming sand. Sediment
layer thickness was 0.1 m throughout the flume. Height gauge manufactured by Mitutoyo Japan having
accuracy of ±0.01 mm was used to measure scour depth along with GSM enabled sensors and NXL turbine flow meter to measure discharge. Calculations of hydraulic parameters (discharge, velocity, and
slope) were based on the criteria of incipient motion condition so that clear water condition can be
achieved in all tests throughout the test duration. The flow depth for all tests was twice the pier diameter
to avoid the effect of flow depth on scour. For none of the test, time to equilibrium condition was defined
and hence all tests were stopped after 24 hours.

Figure 1. Flume set up just before the experiment start

Figure 2. Photograph showing scour around the pier fitted
with collar

In this paper, special focus on incorporating in global computing environments using small GSM enabled
sensor devices, controlled by Short Message Service (SMS) were tested. SMS are traditionally used as
means for controlling GSM-enabled devices and for logging data regarding their operation. A sensor specific proxy server collects client requests for information and submits them to the sensor. Then, it collects
the specified information and makes it available in client-compatible format. The interaction between the
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proxy server and the mobile sensor is determined by the manufacturer's speciation regarding command
sequences for initializing the sensor and for selecting amongst alternative delivery methods and data contents. The sensors and the open source hardware used for the work is shown in Figure 3. Schematic diagram of the setup with sliding pole / protective device is shown in Figure 4. The purpose of this project is
to measure the scour depth using ultrasonic sensor and IR sensor. As an addition facility temperature and
humidity sensors are also connected. This scour depth is processed by microcontroller and sent to the user
over GSM mobile. Flowchart showing flow of data is shown using Figure 5.

Figure 3. Microcontroller and sensors

Figure 4. Schematic diagram of the setup with sliding pole / protective device

Figure 5. Flow of data

4 RESULTS AND DISCUSSION
A collar of three times the pier diameter was fixed to pier at bed level as shown in Figure 2. Scour in this
case is initiated from downstream, slightly away from collar. It touched the collar in the next few minutes
and gradually propagated towards upstream and beneath the pier. Even after 24 hrs, scour hole from either side was not able to meet the pier front nose nor able to touch the pier from any side and the maximum scouring in this case found to be 26.97 mm. Figure 6, shows the detailed scour development pattern.
The scour development, was significant for initial few minutes. In 24 hrs period, the scour rate dropped
from 171 mm/hr to 0.27 mm/hr. In this case, 60% of scour was observed in 16% of the time and 80% of
scour in about 50% of the time. Collar reduced nearly half of the scour and complete protection at pier
front face. The contour and 3D view of scour area in Figure 6 and Figure 7. shows the position of maximum scour and level surface beyond the scour hole. Similarly Figure 8 and Figure 9, show the scour development on the sides of pier in longitudinal and transverse directions. The maximum scour was exactly
on the pier front nose in case of plain pier and that on the downstream side away from pier collar. This is
the major advantage of collar. The GSM enabled sensors which continuously monitored the real time
scour have clearly demonstrated that the river flow simulated for 24 hrs duration, is insufficient to develop maximum scour threating the bridge safety if 3D collar is fitted to the pier.
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Figure 8. Longitudinal profile of scour hole

Figure 9. Transverse profile of scour hole

Figure 10. Photograph showing scour around round nosed pier

Figure 11. Contour view of scour and its surrounding area for a case of round nosed pier

The sliding pole / protective device with GSM monitoring unit is an useful instrument to measure the total
scour depth at bridge pier when an submersible sensors is unavailable. As bridge scour monitoring system, GSM enable sensors has been successfully applied to measure the real time bridge scour in this
study. After comparing the result using standard depth measuring hook gauge with GSM scour monitoring unit the maximum variation of scour was found 8 %. Typical photograph after 24 hrs of experimentation, contour and 3D view of scour and its surrounding area for a case of round nosed pier is shown in
Figure 10, Figure 11 and Figure 12. The repeatability test conducted for different angle of attack for
round nosed pier, demonstrated that highest maximum scour depth occurs for angle of attack of 75º and
the lowest maximum scour depth occurs for the angle of attack of 0º.
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Figure 12. 3D view of scour and its surrounding area for a case of round nose pier

For angle of attack 0, 45º and 75º the maximum scour occurs on the downstream side and for 30º, 60º and
90º the maximum scour occurs on the upstream side. The GSM monitoring sensors can be quickly designed and installed and are cost-effective relative to other hydraulic and structural scour countermeasures. The GSM scour monitoring unit can be used for remote downloading of data and it reduces required
field visits to the bridge. It also reduces the number of diving inspections and/or bathymetric surveys. The
GSM sensors allows for the development of a prescribed plan of action to guide decision making during a
flood event and is appropriate for large bridges and deep water conditions. Remote communication and
GSM enabled display technology provide convenient access to both real-time and historical data, enabling quick comparison for decision- making. When the scour crosses a threshold limit the indicators alert
the station and thus preventive measures can be taken at that point so as to avoid the catastrophe.
5 CONCLUSIONS
The GSM enabled sensors allow for continuous monitoring of stream bed elevations and scour conditions
The GSM monitoring unit were placed at critical point where maximum scour is likely to occur. After
comparing the result using GSM Scour monitoring unit with standard point gauge the maximum variation
of scour was found to be around 8 %. The GSM based monitoring sensors can be quickly designed and
installed and it is cost-effective system. When the scour crosses a threshold limit the indicators alert the
station and thus preventive measures can be taken at that point so as to avoid catastrophe. The repeatability test conducted for different angle of attacks for round nosed pier concluded that the highest maximum
scour depth occurs for angle of attack of 75ºand the lowest maximum scour depth occurs for the angle of
attack of 0º. The advantages of 3D collar fitted on the pier for reducing the effects of local scour was successfully demonstrated by using open source hardware and software GSM enabled sensor fabricated for
scour monitoring
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ABSTRACT: Freshwater discharge is known to have significant impact on both the location of the estuarine turbidity maximum (ETM) and on the intensity of the upstream transport (tidal pumping) of suspended particulate matter (SPM). Periods of persistently low discharge can cause an accumulation of SPM and
maximum sedimentation rates in the upper part of the estuary. In this study we investigate how turbidity
(proxy for SPM concentration), change rate in bathymetry (proxy for sedimentation rates) and freshwater
discharge are related to each other. The study area is the upper part of the Elbe River Estuary, Germany.
It is one of the most important waterways for waterborne cargo transport in Europe and connects the
North Sea with the Port of Hamburg. The exact location of the study area is a major dredging site, where
mainly fine sediments deposit. Here a sediment trap is maintained since 2008, accompanied by a comprehensive monitoring. Hence, it is for the first time possible to investigate the sediment dynamics in very
much detail and based on multi-annual time series. Low freshwater discharge causes higher sedimentation
rates. In periods of persistently low freshwater discharge, lasting several weeks to months, turbidity is
continuously increasing. However, no correlation between turbidity and sedimentation rate could be
found. This contradiction disappears, once turbidity is understood solely as measure for the amount of
SPM that is potentially available in the water column and therefore can deposit on the river bottom. It is
other factors, e.g. current velocity, water temperature and the properties of the SPM material that determine the proportion of the freshly accumulated material that will deposit on river bottom for the longer
term and will continue to consolidate.
Keywords: Estuary, Sediment dynamics, Turbidity, Suspended particulate matter, Freshwater discharge
1 INTRODUCTION
The Elbe River Estuary is one of the most important waterways for waterborne cargo transport in Europe.
It connects the North Sea with the Port of Hamburg located about 100 km inlands. To maintain the required water depths for commercial navigation vessels in estuarine waterways several million cubic meters of sediments have to be dredged per year.
Freshwater discharge (hereinafter often referred to as ‘discharge’ only) is known to have significant
impact on both the location of the estuarine turbidity maximum (ETM) and on the intensity of the upstream transport (tidal pumping) of suspended particulate matter (SPM) (e.g. GKSS, 2007; BAW, 2012).
Periods of persistently low discharge can cause an accumulation of SPM and maximum sedimentation
rates in the upper part of the Elbe River Estuary. As a consequence dredging volumes sharply increase.
This study sets its focus on the sediment dynamics in the upper part of the Elbe River Estuary. The
study area is the river section next to the city of Wedel, which is situated some kilometers downstream of
the Port of Hamburg. This river section is one of the major dredging sites in the Elbe River Estuary,
where mainly fine sediments (silt with a significant amount of fine sand) deposit (Figure 1).
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Figure 1. Study area and location of the sediment trap in upper part of the Elbe River Estuary, Germany.

In the study area a sediment trap is maintained since 2008. It is a basin about 2 km long (Elbe km 642 644), 2 m deep and it spans the whole roughly 300 meter-wide navigation channel. From 2008 – 2011
there was a comprehensive monitoring (refer to BfG, 2012). Hence, it is for the first time possible to investigate the impact relation between freshwater discharge and sediment dynamics in very much detail
and based on multi-annual time series.
2 DATA AND MEASUREMENT METHODS
Starting in 2005 continuous records of single point measurements of turbidity, flow velocities and directions are available at several locations along the River Elbe Estuary. For a description of this monitoring
network the reader can refer to Strömich (2011). In this study we use the records of turbidity taken at the
measurement station D1 (Figure 1). The optical backscatter sensors are deployed at two water depths,
about 1.5 m above the river bottom and 1.5 m below water surface independent of the tide. Until 2010
station D1 was equipped with an Aanderaa RCM9 multi-sensor measuring platform. Today station D1 is
equipped with a modernized Aanderaa platform called Seaguard, including a Seapoint optical backscatter
sensor.
Within the sediment trap sedimentation patterns were monitored every two weeks using a multi-beam
echo sounder. This hydrographical mapping generated a continuous record of change rates in bathymetry
within the sediment trap. For further information such as technical specifications and the methods used to
analyze the hydrographical data the reader can refer to BfG (2012).
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Time series of freshwater discharge are available for the gauging station at Neu Darchau (Elbe-km
536.44), which is located 50 km upstream of the tidal weir near Geesthacht. For the data analysis we use
the daily values taken at 5 a.m.. The hydrological main values for Neu Darchau are 708 m³/s for average
discharge (MQ), 272 m³/s for average low discharge (MNQ) and 2040 m³/s for average high discharge
(MHQ). The lowest discharge ever recorded was 128 m³/s in 1904 (all data taken from the web-based information platform Undine; refer to undine.bafg.de).
3 IMPLICATIONS OF FRESHWATER DISCHARGE ON TURBIDITY
With decreasing freshwater discharge the ETM moves up-estuary thus leading to higher SPM concentrations in the study area. The relation between turbidity and discharge is depicted in Figure 2, separated according to tidal phase (flood / ebb tide) and water depth (near water surface / near river bottom).

Figure 2: Relation between turbidity (station D1, Elbe-km 643) and freshwater discharge (gauging station Neu Darchau),
years 2005-2010.

On first examination there is high level of variability included in the data. However, taking the 90% quantile as a reference for orientation 1, turbidity generally increases with lower discharge. This is the same for
flood and ebb tide and for both measurement levels. Turbidity is highest on the bottom level and during
flood tide.
Furthermore, the data exhibit two significant breakpoints (indicated in Figure 2 by the vertical lines).
A first breakpoint can be found at a discharge of around 1000 m³/s. When discharge falls below this point,
turbidity starts to increase. This is because of the ETM moving into the study area. Following the 90%
quantile turbidity shows an increasing trend until the second breakpoint, located at a discharge of around
500 m³/s. Beyond this second point the 90% quantile for turbidity remains relatively constant. Independently of the absolute minimum discharge the ETM reaches its most upstream limit around Elbe-km
1

The 90 % quantile was not calculated for turbidity data taken at any discharge greater than 1500 m³/s. This is due to the
sharply decreasing number of data points available for periods of very high discharge.
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630. This is shown by a long-time data set for SPM concentrations presented by GKSS (2007). Reaching
back to 1979 water probes (to determine SPM concentrations) were taken several times a year by a helicopter on a full longitudinal profile starting from the German Bight (Elbe-km 750) and then going upstream to the tidal limit at Weir Geesthacht (Elbe-km 585,9).
Freshwater discharge is not the only factor of influence. There are others that can be significantly associated with the actual level of turbidity. It is their interaction that causes the overall variability included
in the turbidity records (see Figure 2). For example, in a full spring/neap cycle SPM concentrations are
relatively higher during spring than during neap tide (GKSS, 2007). Furthermore, there are seasonal differences in water temperature (viscosity, settling velocity of individual grains) and in the properties of the
SPM (grain size, organic content, flocculation). The relocation of dredged material some kilometers upstream of the study area 2 may also have an effect on turbidity. Another factor, on which this study is going to focus in the subsequent paragraph is the development of turbidity during periods of persistently low
fresh-water discharge.
4 DEVELOPMENT OF TURBIDITY IN PERIODS OF PERSISTENTLY LOW FRESHWATER
DISCHARGE
Since 2005 continuous records of turbidity are available for station D1. The records include several periods of persistently low freshwater discharge. For the analyses 500 m³/s was selected as threshold discharge that defines start and end of each period. From observations in the port area of Hamburg sedimentation rates and dredging amounts are known to rapidly increase once the discharge constantly remains
below this value of 500 m³/s. Furthermore, we could confirm this value by our analysis results (Figure 3).
Table 1 gives an overview of all 12 periods from 2005 until 2013 with a minimum duration of more than
four weeks; in the following referred to as periods #1 to #12. Period #5 in 2008 was the longest with a total duration of 183 days. At the same time this period was the most extreme in terms of the mean (324
m³/s) and minimum (215 m³/s) discharge.
Table 1. Periods of persistently low freshwater discharge (2005-2013), threshold value Q = 500 m ³/s
period
#1
#2
#3
#4
#5
#6
#7
#8
#9
#10
#11
2005
2005 2006/07 2007 2008 2009 2009 2011 2011 2012 2012
year
06.06 13.10 26.11
21.04 03.06 18.05 03.08 07.05 07.11 17.05 28.07
start
26.08 22.12 11.01
15.08 03.12 24.06 04.11 25.07 11.12 10.07 05.12
end
69
46
116
183
37
93
79
34
54
130
duration 81
379
410
416
324
454
341
419
419
371
371
mean Q 422
265
323
365
293
215
372
215
318
366
282
266
min Q

#12
2013
20.08
13.10
54
445
339

Figure 3 shows for the periods #1 to #12 (see Table 1) the temporal development of turbidity for station
D1, measured 1.5 m above the river bottom. The temporal resolution of the raw data is 5 minutes. In Figure 3 all data is averaged over tidal phases and depicted separately for flood and ebb tide. On all x-axes
the position x = 0 indicates the start of each period. The conditions of turbidity in advance to each period
are depicted for the duration of a complete spring neap cycle (x-values < 0 on all x-axes).
Trends in turbidity were analyzed by linear regression. A variance analysis was performed to determine the significance of the trend (see the p-values). Much of the variance can be explained by the influence of the spring neap cycle at a frequency of around 28 tidal phases.
Please note the change of optical sensors in 2010 (see chapter 2) which caused a sudden ‘technical’ increase of levels of turbidity. Although both sensors use NTU (Nephelometric Turbidity Unit) to measure
turbidity, the absolute values are not comparable to each other. In other words, there was no sudden increase in the overall turbidity conditions after 2010!
During periods of persistently low freshwater discharge (threshold level 500 m³/s) turbidity shows an
increasing trend (at a 99% level of significance); this is for all except three periods. Among these exceptional periods the linearized trend was either positive but of less significance for the ebb tide (period #10,
p-value 0,018 for ebb tide), significantly negative (decreasing turbidity in period #4) or not significant
(period #1). The further conclusions from Figure 3 are:

2

Relocation site Neßsand (Elbe-km 637), used from November until March by the Hamburg Port Authority for the relocation
of dredged material.
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During flood tide turbidity is constantly higher than during ebb tide. There are only a few data
with equal or higher turbidity during ebb tide (e.g. periods #8 and #10). This observation is in line
with the conclusion of other investigations that there is a net upstream transport of fine sediments
into the upper part of the estuary (e.g. BAW, 2013; BfG, 2012).
Looking at the turbidity for flood and ebb tide there is a good coherence between both time series.
Despite of very long periods of up to 183 days included in the data records, in none of these periods any maximum level of turbidity could be reached. It can therefore be assumed that a continued
accumulation of SPM took place in the project area.
In most periods a time lag between discharge and turbidity of about 20 to 30 tidal phases
(flood/ebb) exists. Turbidity does not start to increase at position x = 0 (discharge falls below
threshold value Q = 500 m³/s); instead it starts to increase at any position between x = 20 or x =
30. Such behavior can be interpreted as system inertia in relation to changes in freshwater discharge.
The strength of the subsequent accumulation (expressed by the gradient of the linearized trend) is
independent of the initial turbidity level. It is the actual amount of SPM included in the ETM further downstream that is crucial to determine the potential strength of the subsequent accumulation
of SPM in the project area. This amount depends on the preliminary (freshwater) hydrological regime.
For example, the absence of a significant trend in period #1 can be explained by two consecutive
flood events in March (peak flow Q = 1867 m³/s) and April (peak flow Q = 2291 m³/s). It can be
assumed that substantial amounts of SPM were removed from the ETM and exported into the
German Bight resulting in very low SPM concentrations afterwards. The low concentrations are
confirmed by the previously mentioned SPM monitoring on a longitudinal profile, documented in
GKSS (2007). Thus, immediately afterwards during period #1 less SPM was available in the ETM
that could accumulate further upstream in the project area.
This should also be the case for period #8. There is a positive and significant trend, however, it is
much smoother in comparison to all trends of the other periods. In this case the preliminary
(freshwater) hydrological regime was characterized by a long period of run-off that was high starting in March 2010 and lasting until February 2010. The data taken on the longitudinal profile
show again low SPM concentrations (see GKSS 2007, time series is updated on
http://www.coast.gkss.de/staff/kappenberg/).
Period #4 is exceptional because of the decline of turbidity. So far, no explanation for this observation can be given.
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Figure 3. Measurement station D1 (Elbe-km 643), development of turbidity (1.5 m above river bottom) during periods of persistently low freshwater discharge.
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5 SEDIMENTATION RATES IN PERIODS OF PERSISTENTLY LOW FRESH-WATER
DISCHARGE
Figure 4 depicts the average rate of change in bathymetry within the sediment trap. This time series is
based on the multi-beam echo sounding every two weeks. At times of maintenance dredging no soundings were carried out. In Figure 4 these periods are indicated by a background in very light grey. For an
explanation of the black and dark grey bars in this time series refer to the caption of Figure 4.

Figure 4. Sediment trap (Elbe km 642 – 644). Development of the average change in bathymetry (adopted from Winterscheid
et al., 2011), bars that fall within periods of persistently low freshwater discharge are highlighted in black, otherwise
shown in dark grey. Periods of maintenance dredging are indicated by a background in very light grey.

Figure 4 clearly shows an interrelation between freshwater discharge and average rate of change in bathymetry (or sedimentation rates). Persistently low discharges cause higher sedimentation rates. Thus, the
mean elevation of the river bottom can increase in the magnitude of several centimeters per day. High water temperatures might also foster this effect (Winterscheid et al., 2011).
Conversely in periods of high discharge only little changes of the bed height or even a decrease of the
bed height can be observed. Especially in winter and early spring seasons the absolute values of change
are small. Sediment samples at that time were showing a river bottom that was continuously covered by a
layer of medium sand at least several centimeters thick. Hence, the net sedimentation rate was about near
zero at that time (BfG, 2012). On the other hand it is remarkable to recognize that summer periods,
strongly favoring a net increase of the bed height, can generate extremely “negative” change rates or
greatly abrupt changes between two subsequent change rates. This abrupt, extremely non-linear system
behavior is suggested to be the consequence of the complex interaction between the partial processes of
sedimentation, erosion and consolidation (Winterscheid et al., 2011).
In the following we investigate how increasing turbidity (and therefore increasing SPM concentrations) can affect the average rate of change in bathymetry (Figure 4). For this we have a closer look at the
temporal overlap of this time series of change rates during periods of persistently low discharge, namely
periods #5, #7 and #8 3 (see Figure 4 and the respective bars highlighted in black).
Referring back to Figure 3 the development of turbidity shows a characteristic pattern that is roughly
composed of a linear trend (for periods #5, #7 and #8 the trend is positive) and a periodic fluctuation of
the single values compared to the trend. The time series of average rates of change in bathymetry (see
Figure 4) shows fluctuations as well. High change rates are followed by small or even negative change
3

period #6 was at the same time as maintenance dredging took place; no multi-beam echo soundings were taken.
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rates. But this fluctuation is different to the one for turbidity. It is of major importance, there is no positive trend. The change rates which occur at the beginning of each period are greater than those rates occurring in the final phase of the period, in face of conditions of turbidity that have reached maximum values (cf. positive trends in Figure 4). To conclude, no direct correlation between turbidity and average rate
of change in bathymetry could be found. This becomes evident in Figure 5a, in which the average rates of
change (taken from Figure 4) are plotted against the corresponding averaged turbidity at station D1. The
data show no correlation. This is different in Figure 5b which shows that high rates of change correlate
quite well with situations of low discharge; apart from those data points with negative change rates of
about less than 1 cm/d.

Figure 5: Interrelation between rate of change in bathymetry with turbidity (on the left - Figure 5a) and with freshwater discharge (on the right - Figure 5b).

6 DISCUSSION AND CONCLUDING REMARKS
At first glance the previous findings might appear contradictory: On the one hand low freshwater discharge intensifies the upstream transport of SPM (tidal pumping). As a result, amounts of SPM are accumulating in the upper part of the Elbe River Estuary and sedimentation rates as well as dredging volumes
increase. On the other hand no direct correlation between turbidity data and the rate of change in bathymetry could be found in the study area.
This contradiction disappears once turbidity is understood as measure for the amount of material that is
potentially available in the water column (SPM concentration), and therefore can deposit on the river bottom. However, other factors determine the proportion of the freshly accumulated material that will deposit on the river bottom for the longer term and will continue to consolidate. These ‘other factors’ are e.g.
current velocities, water temperatures and the properties of the SPM material, and these are independent
of the actual SPM concentration. The current velocity is known to strongly depend on freshwater discharge, e.g. downstream of Hamburg the ebb current velocity is enhanced and the flood current velocity is
reduced if the discharge increases (BAW, 2012).
The rate of change in bathymetry must be understood as an integral unit composed of deposition, erosion and consolidation of sediments; and this explains why there is no direct correlation with turbidity.
The exact proportions of deposition, erosion and consolidation are variable in time and unknown. Solely
the total change in bathymetry is known from the hydrographical mapping. Considerable research efforts
are needed at the level of the process dynamics. Its partial processes can be roughly structured into the
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following categories: (1) sinking behavior of the individual grain and of flocs, (2) interaction current and
river bottom, (3) soil mechanism, (4) physical and chemical processes at the particle-particle level (microscale) and (5) biological processes.
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ABSTRACT: The development of precise and simple methods for flood simulation has greatly reduced
financial damages and life losses in many flood-prone regions of the world. Most of the flood simulation
techniques and procedures implemented up-to-date are based on the Saint-Venant's one-dimensional
equation governing unsteady flows. In the present study, two new approaches for tackling the problem of
optimal calibration of a flood model have been introduced. The first method is based on nonlinear programming (NLP), which permits to determine the optimum values of the routing coefficients in the diffusion wave or Muskingum method by minimizing a misfit function under the constraint of satisfying the
continuity equation. The second method is based on Multiple Linear Regression (MLR) of in- and output
variables in the Muskingum equations, which allows the direct computation of the routing coefficients.
To calibrate and verify the two new routing models as well as of the traditional Muskingum method three
(one for calibration and two for verification) observed flood hydrographs in a limited reach of
Mehranrood River in northwest Iran are used. The results obtained by these two new methods are compared with those of the classical Muskingum method. It is found that the NLP- and the MLR- routed hydrographs come as close, if not better, to the observed output hydrographs as those of the Muskingum
method. This is also corroborated by similar high values for the coefficient of determination R2 of the adjustment of the simu-lated to observed hydrographs for the three routing methods. However, limitations
of all three kinematic-wave type routing methods become clear during the verification routing simulation
for one flood even with a sharply rising input hydrograph, in the case of which, the application of full
dynamic wave routing gives much better results. In spite of these restrictions - typical for kinematic wave
routing methods - the two new parameter optimization methods proposed here for the automatic calibration of the routing coef-ficients in the widely used Muskingum method are powerful and reliable procedures for flood routing in rivers, not to the least due to the fact that they are convenient to use
Keywords: Flood wave routing, Muskingum, Nonlinear programming, Multiple linear regression
1 INTRODUCTION
Nowadays, the occurrence of floods all over the world has resulted in tremendous economic damages and
life losses. Thus, the correct prediction of the rise and fall of a flood, i.e. flood wave routing, is significant
importance. Although the use of numerical simulation methods makes the prediction of this complex hydraulic phenomenon feasible, many fallacies in doing this properly still exist. The fundamental differential equation to describe one-dimensional unsteady river flow is the Saint-Venant equation (Chow et al.,
1989), which is basically a special form of the Navier-Stokes applied to an inclined section of an open
channel, where internal viscosity-induced frictional forces within the fluid are neglected against shear
stresses induced by bed-friction or wind forces. This equation is to be solved in conjunction with the continuity equation for a control volume of water within the channel. Because of the nonlinearity of the convective acceleration term in the Saint-Venant equation, in its most complete form it can only be solved
numerically at some non-negligible costs. For this reason, alternative approaches for flood wave routing,
known under the names of diffusion and kinematic wave method - which are easily derived from the full
Saint-Venant equations (also called the full dynamic wave method) by dropping the acceleration term
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(diffusion wave method) or both the acceleration- and the pressure term- (kinematic wave method) - have
been proposed and which nowadays are widely used in practice.
Diffusive wave theory was firstly presented by Hayami (1951). By simplification of the momentum
equation and introduction a linear diffusion coefficient, Hayami (1951) derived an advection-diffusion
equation that he solved analytically. An analysis of the kinematic wave routing theory was made later by
Lighthill and Whitham (1955) who showed that the main part of a flood wave is approximated by a kinematic wave traveling downstream, whereas the part arising from the full solution of the Saint-Venant Eq.,
i.e. the dynamic wave, makes up only a small portion of the flood body, but travels in both upstream and
downstream direction relative to the crest of the kinematic wave. Thus it is clear that kinematic wave theory cannot model backwater-effects. There have been a lot of investigations since then to what extent the
various simplifications in the Saint-Venant Eqs. are valid for routing in a particular channel (e.g. Ponce et
al.,1978; Weinmann and Laurenson, 1979; Ferrick, 1985). These authors found, among other things, that
the kinematic wave approximation is valid for moderately steep channels.
The numerical implementation of the kinematic wave approximation is usually the Muskingum- and/or
the Muskingum-Cunge method (Cunge, 1969; Chow et al., 1989), where the latter has been shown to
have, in addition, some diffusion-wave type properties, although the method is not directly derived from
the Saint Venant equations itself (see Section 2). In spite of this inherent limitation of the Muskingum
method, in addition to the problem of the proper specification of some heuristic routing coefficients for a
particular stream reach (see Section 2), this method has been, since its inception, because of its computational expediency, the method of choice in most flood-routing applications, particularly for real-time
forecasting (Barbetta et al., 2011; Perumal et al., 2011). It is thus of no surprise that numerous hydraulic
research of the last decades has been devoted to the problem of how to determine the proper routing coefficients in the Muskingum method, either by using information on stream channel characteristics and/or
by some kind of calibration of observed flood hydrographs.
One of the first authors to determine parameters in the Muskingum method was Gill (1978) who used
linear least squares to determine the two unknown parameters in the prism/wedge storage term which is
the basis of the Muskingum method. He also extended the parameter estimation to non-linear storage
functions, using a so-called segmented linear curve-line approach which nowadays could be considered as
some kind of a linearization of the inherently nonlinear objective function for the storage. The same author then later (Gill, 1984) explained the use of the proper time lag in this Muskingum- method by considering some specific examples. Mohan (1997) applied a genetic algorithm to estimate the parameters in
a nonlinear Muskingum model. Further improvements in the method were made by Perumal and Ranga
Raju (1998) who related the parameters of the routing equation to the channel and flow characteristics, so
that the former could be varied at every routing time level. An optimization approach has been proposed
by Das (2004) who estimated parameters for Muskingum models using a Lagrange multiplier formulation
to transform the constrained parameter optimization problem into an unconstrained one. However, Geem
(2006), who used an unconstrained BFGS-optimization technique for the same purpose, pointed out that
the FD-formulation of the constraints by Das (2004) was not consistent with the continuity equation.
Oladghafari et al. (2009) determined the routing parameters of the Muskingum model for three flood
events (which are also at the focus of the present study) in a reach of the Mehranrood river in northwestern Iran by the classical (graphical) procedure (Chow et al., 1989) and compared the results obtained in
this way with those acquired by using the full dynamic wave flood routing method. As expected, the latter
simulated the observed output hydrographs better than the Muskingum method. A further improvement to
the Muskingum method has been made by Perumal et al. (2009) who extended the latter to a multi-linear
stage-hydrograph routing method in which model parameters can be varied at each routing time step. The
method was verified by laboratory experimental data and the field data of the Tiber River in central Italy.The literature review above clearly shows that research on Muskingum flood routing is alive and well
and by no means exhausted. That is, the determination of the optimal routing coefficients in the Muskingum model in a real application is not yet satisfactorily solved and is, thus, still open to debate. This is
the issue of the present paper, where two new parameter estimation techniques, namely, nonlinear programming (NLP) and multiple linear regression (MLR), will be applied to the routing of three floods
which have already been analyzed by Oladghafari et al. (2009) by means of a classical Muskingum model. The routing coefficients obtained by these two parameter optimization techniques will eventually be
compared with those used by Oladghafari et al. (2009) in his traditional Muskingum routing model.
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2 STUDY METHODS
2.1 Kinematic/diffusion wave / Muskingum wave routing method
One of the most widely used methods for river flood routing is the Muskingum method (Chow et al.,
1989). Although this method belongs to the class of hydrological routing or level-pool routing techniques,
whereby a stream section is treated like a reservoir and the classical continuity equation
dS/dt = I(t) – Q(t)

(1)

for the change of storage S(t) as the difference between inflow I(t) and outflow Q(t) is applied – i.e. momentum transport described by the Saint Venant equations is not considered, the numerical implementation in the form of the so-called Muskingum-Cunge method (Cunge,1969) has been shown to be close to
a diffusion-wave type of routing method, as derived from an approximation of the Saint Venant equation.
Using the concept of a wedge-/prism storage for a stream reach, whereby the total actual storage is
written as a weighted average of the prism-storage Sprism=KQ and the wedge storage Swedge=KX(I-Q)
S=K[XQ+(1-X)(I-Q]

(2)

where K is a reservoir constant, (about equal to the travel-time of a flood wave through the stream reach),
and X a weighting factor, both of which a usually determined in an iterative manner from observed inputand output hydrographs, the discrete Muskingum-equations are directly obtained from the timediscretization of Eq. (1) (Chow et al., 1984):

Q j +1 = C1 I j +1 + C2 I j + C3Q j

(3)

where j = (1,…,m) indicates the time step and C1, C2 and C3 are the routing coefficients, which include
the two constants K and X , as well as the time step Δt.
In spite of the many implementations of the Muskingum equations in numerous flood routing codes
(e.g. TR-20, SWMM, HEC-1, to name a few), the proper determination, i.e. calibration of the three routing coefficients in Eq. (3) above has always been a challenge in real flood routing applications. Apart
from the (graphical) trial-and-error approach, automatic parameter estimation based on linear and/or nonlinear optimization methods (e.g. Gill, 1978; Hosseini et al., 2004) have been applied with some success.
In this study we use NLP and MLR, both of which will be formulated in the subsequent sections.
2.2 General formulation of a constrained nonlinear programming problem (NLP)
The main purpose of nonlinear programming (NLP) is to find the optimum value of a functional variation,
while respecting certain constraints (Luenberger, 1984; Hiller and Liberman, 1995; Avriel, 2003). The
NLP-problem is generally formulated as:
min f ( x)
s.t : h1 ( x) = 0, h 2 ( x) = 0,..., h n ( x) = 0
x ∈Ω ⊂ En

(4)

Where f(x) is the objective function, x the decision variable, and hi(x) specifies the constraints. It is assumed that f and hi(x) are continuous functions. It should be noted that, depending on the particular problem, instead of min f(x), (convex problem), max f(x) (concave problem) may also be searched. Also, likewise to most other classical optimization procedures, which are mostly using some gradient-method to
search for the minimum of the objective function, the solution of the NLP-problem (4) will not yield an
absolute, but only a relative extremum of f(x) at x=x0, i.e. f(x) > f(x0) for x#x0. To overcome this deficiency, global minimization methods, such as, for example, the genetic algorithm, can be used, as it was done
by Mohan (1997), mentioned in the introduction. The computation of the optimum (minimum) values for
the nonlinear constrained problem (4) is a difficult task, and depends on the form of the objective function
and of the constraints. Many general nonlinear problems can be solved, for example, by application of a
sequence of Linear Programming (LP) or, in cases that f(x) can be written as a quadratic, by Quadratic
Programming (QP)- techniques. A particular difficulty in solving a NLP-problem is due to the presence of
the constraints. One way, to overcome this burden is to convert the constrained optimization problem into
an equivalent unconstrained optimization problem by setting up a Lagrangian multiplier (penalty)- formulation (e.g. Luenberger, 1984), whereby in each iteration step (stage) of the minimization procedure the
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total sum of the original objective function f(x) and a penalty-weighted sum of the constraints hi(x) is now
minimized, i.e. Eq. (4) is changed to
min f ( x) + µ (k )[E ( x(k ))]

ρ

k = 1,2,...., k max

(5)

for each stage k, where x(k) is the solution at that stage; μ(k) is the penalty parameter; and E(x(k)) is the
sum of all constraint-violations to the power of ρ, taken as ρ=2 here.
With Eq.(5) the constrained minimization problem (4) in converted into a sequential unconstrained
minimization problem that can be solved by classical nonlinear minimization procedures. Here the Hooke
and Jeeves (HJ) line search method (Hooke and Jeeves, 1961), as implemented in the WINQSB-software,
is used. Unlike most descent-type minimization procedures commonly used, the HJ-method does not require the gradient of the objective function, which for the penalty function (5) is not easy to compute.
Before beginning the iteration procedure in the HJ-method, a stopping tolerance value δ is specified,
and a starting solution x(1) is provided to the NLP code. Iterations k=1,2..kmax continue until
μ(k)*E(x(k))ρ < δ, then x(k+1) is the optimal solution, otherwise μ(k+1) = β*μ(k), with β a constant.
2.3 NLP-formulation of Muskingum flood routing
The NLP -problem for flood routing is formulated here as follows
min f ( x) = V − Vˆ

(6)

under the constraints
Q j +1 = C1 I j +1 + C2 I j + C3Q j

, j = 1,2,..., m

(7)

and
n

V = 0.5∑ (Q + Q ) ∆t
i =1

i

i +1

(8)

i.e., the goal in Eq. (6) is to minimize the absolute difference between the volume Vˆ of the observed input
hydrograph to the reach and the volume V of the routed output hydrograph. The constraints (7) are nothing else than the discrete formulation of the continuity equation (1) in the form of the Muskingum equations (3) for the input- and output discharges measured at the discrete times j=1,2,…,m. In the present application the hydrographs have been sampled at m=24 times. Finally Eq. (8) provides the relationship to
compute the volume V in each iteration step of the minimization procedure from the discharge rates Q.
2.4 Multiple linear regression (MLR) method
In the multiple linear regression (MLR) model, the Muskingum equation (3) is read like a linear regression equation for the dependent (response) output variable Qi+1 as a function of the three independent
variables Ii+1, Ii (measured input hydrograph) and Qi. (measured output hydrograph). With this the MLRmodel can be stated as:

Q j +1 = C1 I j +1 + C 2 I j + C 3Q j + ε

, j = 1,2,..., m

(9)

where ε is the remaining, unexplained error term in the model, due to errors in the data as well as in the
model formulation itself.
The MLR-model is solved for the regression (routing) coefficients C1, C2 and C3 by classical least
squares, i.e. by minimizing the quadratic error ε2 in Eq. (9). Numerically this can be done either by solving the normal equations derived from Eq. (9) (e.g. Draper and Smith, 1981) or, in a more stable manner,
by QR-decomposition (Golub and Van Loan, 1996) of the over-determined system of equations (9). The
latter method has been employed using the MATLAB software.
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Table 4. Statistics of the fits of the observed discharge hydrographs by the NLP-, MLR- and Muskingum method.
Flood event

Observed

NLP

NLP-error (%)

MLR

April 6, 2003
June 9, 2005
May 4, 2007

4.21
3.12
3.40

4.19
2.86
3.32

0.47
8.33
2.35

4.19
2.89
3.32

MLR-error
(%)
0.47
7.37
2.35

Muskingum
4.19
2.87
3.31

Muskingum-error
(%)
0.47
8.01
2.65
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ABSTRACT: The Three Gorges Project (TGP) began to operate since June 2003. So far the hydrological
regime and the features of river channel erosion/deposition change significantly in the Yangtze River
downstream of the TGP. In this study, the recent variation of the flow and sediment conditions and the
erosion/deposition in the river channel downstream of the TGP are briefly analyzed first. Then the predictive results of physical model tests on the morphodynamics of the river channel downstream of the TGP
are briefly presented. Comparisons between the model predictions and the prototype measurements are
made. The comparative results show that the model tests predict well the development of typical bars in
the river, the development of typical cross-sections, and the tendency of river regime variation, etc.
Keywords: Physical model predictions, Yangtze River, Three Gorges Project, Fluvial morphody-namics,
Hydrological regime.
1 INTRODUCTION
The Three Gorges Project (TGP), as the key project for the improvement and development of the Yangtze
River, started operation since June 2003, and so far already bring large economic and social benefits in
terms of flood protection, electricity generation, irrigation and navigation, etc. The successful protection
of the big floods in 2010 and 2012 specially highlights the significant importance of the TGP in the flood
protection system of the Yangtze River Basin. Yet, the operation of the TGP changes the flow and sediment conditions (i.e. the hydrological regime) of the downstream river channel as well, and consequently
brings far-reaching impacts to the fluvial process of the river channel. In particular, the Jingjiang River
(also called the Jingjiang Reach, from Zhicheng to Lianhuatang, about 347 km long, see Figure 1), closely downstream of the TGP, is affected relatively earlier and significant. According to relevant research
(see e.g. Xu et al., 2013; CRSRI, 2011; and Guo et al., 2010), significant erosion and deposition already
occurred in the Jingjiang River since the operation of the TGP, and the river regime at some river subreaches adjusted clearly.
Relying on the Changjiang River Flood Protection Physical Model (see Zhu et al. 2014, and the
Changjiang River was formerly named the Yangtze River), study with physical model tests has been done
to predict the erosion and deposition of the downstream river channel from Yangjianao to Luoshan after
operation of the TGP (see Figure 1), and to predict the tendency of river regime development. The
Changjiang River Flood Protection Physical Model is a physical model covering the Yangtze River from
Zhicheng to Luoshan (380km long, including the Jingjiang Reach from Zhicheng to Lianhuatang), the
Dongting Lake, the downstream ending reach of the four main tributaries of the lake (i.e. rivers of Xiang,
Zi, Yuan and Li, see Figure 1), and the three outlets (i.e. Songzikou, Taipingkou and Ouchikou) and the
many small channels connecting the Yangtze River and the Dongting Lake. The horizontal scale of the
physical model is 1:400, and the vertical one is 1:100. For more details (including the model verification)
readers are referred to Zhu et al. (2014) and CRSRI (2011).
In this study, first the change of the flow and sediment conditions of the river channel downstream of
the TGP and the channel erosion and deposition are briefly analyzed. Then the physical model predictions
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are presented, and then comparisons between the model predictions and the prototype measurements are
made.
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Figure 1. Sketch map of the Yangtze River downstream of the TGP and the Dongting Lake

2 VARIATIONS OF HYDROLOGICAL REGIME OF DOWNSTREAM RIVER CHANNEL AFTER
THE TGP OPERATION
Since the operation of the TGP in 2003, the flow and sediment conditions (i.e. the hydrological regime) of
the river downstream of the TGP already changed significantly so far. Operation of the TGP reduces the
peak of big floods and increases the flow rate for dry season. Generally, the flow process is flattening
within the year. According to statistics, comparing with the situations before the project operation, the
annual runoff at most hydrological stations downstream of the TGP is about 5%~10% less after the operation. Yet, the sediment load decreases dramatically (>70%), and the degree of this decrease declines in the
streamwise direction (mainly due to the recovery of sediment concentration caused by erosion along the
channel). The stations of Zhicheng, Shashi and Hankou are control hydrological stations for the river
channel downstream of the TGP. The average annual sediment loads after the TGP operation (2003-2012)
for the above three stations are 0.585×108t, 0.693×108t and 1.143×108t, respectively. Comparing with
those before the TGP operation, the sediment loads decreased by 88%, 84% and 71% for the three stations, respectively.
After the operation of the TGP, most of the coarse sediment particles are stopped in the reservoir, resulting in fine down of the suspended load discharged from the reservoir. The clear flow discharged from
the reservoir causes significant erosion along the downstream river channel, and the suspended load is
coarsened distinctly, especially that at the Jianli Station, where d50 is coarsened from 0.009mm before the
TGP operation to the averaged 0.042mm for the years of 2006-2010, and then to 0.065mm of 2011, and
0.211mm of 2012.
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Table 2. Quantity erosion of river channel from Zhicheng to Lianhuatang after the TGP operation (106 m3)
20022003- 2004- 2005- 200620072008- 2009- 20102003
2004
2005
2006
2007
2008
2009
2010
2011
Low water channel -64
-90
-63.8
-18.7
-49
-6.9
-76.1
-49.3
-79.4
Bank full channel -98.2
-130
-73.7
-26.6
-33.6
-1.7
-82.5
-49.8
-75.4
Note: “+” indicates deposition, “-” indicates erosion.

20112012
-40.5
-49.4

20022012
-538
-621

4 PHYSICAL MODEL PREDICTIONS OF THE FLUVIAL PROCESS OF THE JINGJIANG RIVER
4.1 Brief introduction of the physical model tests
To predict the fluvial process of the river downstream of the TGP after the project operation, study with
physical model tests has been done in 2009 with the Changjiang River Flood Protection Physical Model
(see e.g. CRSRI, 2011; Huang et al., 2011). In the tests, the modeling river reach is from Yangjianao to
Luoshan (about 300km long, see Figure 1). The initial topography of the river bed for the movable bed
model adopts the prototype topographic data measured in October 2008. The modeling flow and sediment
boundary conditions are provided by the simulation of the long river channel and long period 1D mathematical model of the CRSRI, which was applied for the justification of the TGP decades ago and is improved continually ever after. The prediction period of the physical model tests is from October 2008 to
December 2022 (altogether 14years plus 2months). In the tests, the process of river channel erosion and
deposition and the adjustment tendency of the river regime are predicted (Zhu et al., 2014).
4.2 Summary of the model test results
4.2.1 Quantity and distribution of channel erosion and deposition
According to the physical model predictions, when the TGP operates to 2012, and then to 2017, and then
to 2022, erosion occurs mainly in the low water channel for the whole modeling river reach, and among
which, the intensity of erosion decreases after 2012 for the river reach from Yangjianao to Yanchuantao
(see Figure 1). It is also observed that different river sub-reaches have different intensities of erosion. If
sub-divide the modeling river reach into four sub-reaches (see Table 3), it can be seen that the most upstream sub-reach (i.e. Yangjianao~Beinianziwan) has the largest intensity of erosion (2.58×106m3/km);
the most downstream sub-reach (Lianhuatang~Luoshan) has the smallest intensity of erosion
(0.77×106m3/km); while the second downstream sub-reach (Yanchuantao~Lianhuatang) has the second
largest intensity of erosion (2.52×106m3/km). Due to the relatively small channel width, the second upstream sub-reach (Beinianziwan~Yanchuantao) has the largest averaged depth of erosion (2.42m), though
the intensity of erosion for this sub-reach only ranks the third.
Table 3. Physical model predictions of erosion and deposition during 2008-2022 in Yangjiannao~Luoshan Reach
River sub-reach
Quantity erosion (108 m3)
Intensity erosion (106 m3/km)
Depth erosion (m)

Yangjianao~
Beinianziwan
3.15
2.58
2.19

Beinianziwan
~Yanchuantao
1.54
1.97
2.42

Yanchuantao
~Lianhuatang
1.16
2.52
2.18

Lianhuatang
~Luoshan
0.24
0.77
0.68

4.2.2 Variations of thalweg and alongshore scour pits
Physical model predictions indicate that, when the TGP operates to 2022, the river channel from
Yangjianao to Luoshan shows a general tendency of erosion and downcutting. The planar variation of the
thalweg embodies in mainly, the downstream shift of the section with the thalweg closely nestling against
the bank, the downstream shift of the facing point of the thalweg at bending channels, and the swing of
the thalweg at transitional river sections. Due to the reduction of sediment load in the flow, the part of
channels with the thalweg closely nestling against the bank are generally scoured down, with local lowelevation scour pits formed and developed.
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4.2.3 Comparison of development of typical bars between physical model predictions and prototype
measurements
In the physical model tests, some of the typical bars in the river, such as the Sanba Central Bar, the Taipingkou Point Bar, have been modeled with movable bed. Following the Sanba Central Bar is taken as an
example to make a comparison between the physical model predictions and the prototype measurements
for the development of typical bars (Figure 3).
The Yangtze River Waterway Bureau started the protection for the Sanba Central Bar in March 2004,
then to October 2008 the protection for the upstream part of the bar was basically finished. However, in
recent years the downstream part of the bar (downstream of the Yangtze Bridge) is washed to shrink
gradually. From July 2004 to November 2011, the area of the bar above 30m elevation decreased from
1.932km2 to 0.186km2. At the same time, at the right side river bank, the downstream part of the Taipingkou Point Bar is silted up and extends to the central river (see the left in Figure 3). The physical model
predictions indicate that, when the TGP operates to 2012, the downstream part of the Sanba Central Bar is
washed away to almost vanished; correspondingly the Taipingkou Point Bar is silted up and extends to
the central river (see the right in Figure 3). It can be seen from the figure that the physical model predictions are in good agreement with the prototype measurements.
N

N

Yangtge Bridge
Jingzhou City

Yulukou

Yangtge Bridge
Jingzhou City
Guanyin Ji

Yulukou

Guanyinji

Sanba Central Bar

S

GAS

GA

GAS

30

GAS

GAS

GAS

GAS

GAS

Yangtze River

GAS

Sanba Central Bar
GA

S

GAS
GA

S

GAS

GA

S

GAS

GAS
GA

GAS

GAS

S

GAS

GAS

GAS

GAS

GAS

GA

S

Taipingkou Point Bar

S

GAS

Taipingkou Point Bar

GAS

GA

S

GAS

GAS

S

GAS

GA

GAS

GA

GAS
GAS
GAS

GAS

GAS

GAS

GAS

GAS

GAS

GAS
GAS
GAS

Buhe

Buhe

Legend

Legend
GAS

GAS

2006
2011

0

GAS

2008
0.5 1km

0

Scale

2008 prototype
2012 predictions
0.5 1km
Scale
GAS

Figure 3. Recent variation of Sanba Central Bar and Taipingkou Point Bar (Left: prototype measurements; Right: model predictions)

4.2.4 Comparison of development of typical cross-sections between physical model predictions and prototype measurements
Following the cross-sections of J56 and J81 are taken as examples to make comparisons between the
physical model predictions and the prototype measurements for the development of typical cross-sections
(see Figures 4 and 5). Both the two cross-sections are parts of the conventional cross-sections of the
Jingjiang River whose section configuration is measured regularly yearly. The J56 section locates at a bifurcated channel (Figure 4). With the operation of the TGP, the right-side channel (i.e. the main channel)
is scoured down and develops to the left, while the left-side channel is silted up. For the J81 section (Figure 5), after the TGP operation, the left-side channel changes only slightly from 2002 to 2011, and the
right-side river bed is silted up clearly, yet, close to the right-side bank, the channel shows a light degradation. As can be seen from Figures 4 and 5, the physical model predictions (year 2012) are in basic
agreement with the prototype measurements (year 2011).
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4.2.5 Comparison of tendency of river regime variation between physical model predictions and prototype measurements
The physical model predictions show that when the TGP operates to 2012, and then to 2017, and then to
2022, the overall river regime of the investigated river reach (Yangjianao~Luoshan) has no strong variation comparing with that in October 2008 (i.e. the initial conditions of the model tests), despite significant
erosion and deposition occurs to the channel. With the lengthening of the operation period of the TGP, in
general the river channel is incised down; the thalweg at transitional river sections swings and moves
downstream integrally. However, at certain river sub-reaches, e.g. the curved reaches of Qigongling and
Tiaoguan, and the bifurcated reach of Shashi, quite significant variation of the river regime occurs locally.
From the point of view of the general tendency of river regime variation, the above physical model
predictions conform well to the prototype measurements. Analysis of prototype measurements shows that,
since the operation of the TGP, generally the downstream river channel does not change much in the
planform. The riverbed deformation is mainly marked with the riverbed downcutting, and the bed form
evolves gradually towards a narrow-deep shape. On the whole, no big change occurred in the general river regime of the downstream channel, however, at some river sub-reaches, such as some bifurcated reaches with poor stability, and some curved reaches, relatively remarkable adjustment of river regime took
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place, a good example is the river sub-reach from Xiongjiazhou to Lianhuatang (in which the curved
reach of Qigongling is covered).
Following the river sub-reach from Xiongjiazhou to Lianhuatang is taken as an example to illustrate
the comparison between the physical model predictions and the prototype measurements in terms of river
regime variation. According to the prototype measurements (see the left in Figure 6), in 2002 (and the
years before), the thalweg transits from the left in the river at Xiongjiazhou to the right at the entrance of
the Qigongling curved reach, and then the main current flows downstream closely along the right bank
(concave bank) until to the exit of the curved reach. Then along with the operation of the TGP, the river
channel is incised down, and the thalweg at the entrance of the Qigongling curved reach moves downstream gradually. To October 2010 the thalweg does not transits from the left to the right side of the river
anymore, instead, the main current flows downstream closely along the left bank (convex bank) until to
the lower part of the curved reach, with chute cut-off occurred. Later to 2011 the chute cutoff develops
further (see the left in Figure 6).
The physical model predictions indicate that (see the right in Figure 6), when the TGP operates to
2012, the Qigongling curved reach is generally scoured continually. Compared with the initial conditions
(in 2008) of the physical model, the position of the thalweg changes dramatically in 2012. The main current flows downstream closely along the left bank (convex bank) until to the lower part of the curved
reach, instead of transiting from the left to the right at the entrance of the curved reach. The right side
thalweg in the upper part of the curved reach is silted up gradually, to the contrary, the left side channel is
scoured down and broadened and develops into the thalweg, i.e. chute cutoff occurred in the curved
reach. It is concluded from the comparison between the physical model predictions and the prototype
measurements that, the physical model tests predicted well the chute cutoff and the adjustment tendency
of the river regime in the Qigongling curved reach, though there is slight difference in terms of quantity
between the predictions and the prototype measurements.
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Figure 6. Variation of thalweg from Xiongjiazhou to Lianhuatang (Left: prototype measurements; Right: model predictions)

5 CONCLUSIONS
The Three Gorges Project, as the key project for the improvement and development of the Yangtze River,
started operation since June 2003, and so far already brings large economic and social benefits. Yet, the
operation of the TGP also changes the flow and sediment conditions of the downstream river, and consequently brings significant impacts to the fluvial process of the channel. According to statistics, the annual
runoff at most hydrological stations downstream of the TGP is about 5%~10% less after the project operation. Yet, the sediment load decreased by at least 70%. Since the operation of the TGP (2002-2012), the
quantity of erosion occurred in the low water river channel from Zhicheng to Lianhuatang (i.e. the
Jingjiang River) amounts to 5.38×108m3. Due to the significant erosion of the downstream river channel
(especially the low water channel), water levels at the same (medium and low) flow rates decline clearly
after the TGP operation. According to prototype measurements and observations, relatively remarkable
adjustment of the river regime at some sub-reaches occurred since the operation of the TGP (e.g. the
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Qigongling curved reach), though generally the river regime for the downstream channel as a whole does
not change too much.
Relying on the Changjiang River Flood Protection Physical Model, study with physical model tests has
been done to predict the erosion and deposition of the river channel from Yangjianao to Luoshan after operation of the TGP, and to predict the tendency of river regime development. Comparisons between the
physical model predictions and the prototype measurements show that the model tests predict well the development of typical bars in the river, the development of typical cross-sections, and the tendency of river
regime variation, etc.
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ABSTRACT: Contraction scour is a type of general scour that occurs due to a reduction in the channel
cross-section. This is observed where the flow is constricted due to the placement of structures like bridges abutments and other onshore/offshore structures. The flow accelerates in constrictions, which increases
the bed shear stress and increases the turbulence associated with it. Development of contraction scour
could lead to the failure of the structure if too much sediment is eroded. Accurate predictions of scour
processes are necessary to assist the design engineers in monitoring and correcting the aforementioned
problems before the structures fail or become unsafe. A three-dimensional computational fluid dynamics
model is used to calculate the scour and the deposition pattern in a contraction. The CFD model solves
Reynolds-Averaged Navier-Stokes (RANS) equations in all three dimensions. The location of the free
surface is modeled with the level set method, which calculates the complex motion of the free surface in a
very realistic manner. The level set method is also used for representation of the sediment-water interface.
The numerical results for the contraction scour prediction are compared with physical experiments. The
numerical model predicts the general evolution (geometry, location and maximum depth) of scour, deposition height and its location accurately with very minor differences compared to the physical experiments.
Keywords: Sediment Transport, CFD, Scour, Level Set Method, Reynolds-Averaged Navier-Stokes
(RANS), Bed Load Transport, Suspended Load Transport, Morphology
1 INTRODUCTION
The process of scouring is removal of sediments from river bed caused due to moving water or waves.
Scour can be classified into two broad categories: General scour and local scour. Contraction scour is a
type of general scour which occurs due to a reduction in channel cross-sectional area. Local scour on the
other hand occurs due to the direct effect of an obstruction on the flow field. Contraction scour is observed where the flow is constricted due to the placement of structures like bridges etc. The flow accelerates in constrictions which increases the bed shear stress and the turbulence associated with it. The development of contraction scour is noted when the critical shear stress of the bed materials is overcome by the
bed shear stress. This could lead to the failure of the structure if too much sediment is eroded near it. Accurate prediction of scour processes is necessary to assist the design engineers in monitoring and correcting the aforementioned problems before the structures fail or become unsafe. In literature, the generalised
scour due to channel constriction is not very well documented. Among the one dimensional models,
HEC-18 [3] has been used to estimate the mean water velocity in the contracted channel by using the velocity in the un-contracted channel and the contraction ratio. Here an empirical analytical formula was
used for estimation of scour parameters. Among the two dimensional models Weise in 2002 [13] and Marek and Dittrich in 2004 [8] deserve to be mentioned. They used 2D numerical morpho-dynamic models
to simulate the details of the erosion process in the open-channel contraction laboratory experiment. They
concluded that the flow in the contraction domain had dominant 3D flow effects hence, a 2D model could
not accurately reproduce the flow. Later Bihs and Olsen in 2007 [2] and Duc and Rodi in 2008 [4] modelled the contraction scour case using their respective 3D models. They used the same experimental data
for validation which is utilised in the current study.
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The current paper presents the application of the REEF3D sediment transport module by modelling a
contraction flow situation in an alluvial laboratory channel with non-cohesive bed, for which experiments
have been carried out at the Federal Waterways Engineering and Research Institute Karlsruhe (Bundesanstalt für Wasserbau BAW) [1]. The same study has been used by Weise in 2002 and Marek and Dittrich
in 2004 for their 2D numerical modelling study. Later this study was used by Bihs and Olsen and Duc and
Rodi in their paper for 3D numerical modelling study.
2 NUMERICAL MODEL
2.1 Governing Equations
The CFD code uses the continuity and the incompressible Reynolds-averaged Navier-Stokes (RANS)
equations as the governing equations for mass and momentum conservation.
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where U is the velocity averaged over time t, ρ is the ﬂuid density, P is the pressure, ν is the kinematic
viscosity, νt is the eddy viscosity and g is the gravity term. The turbulence modelling approach in this
study makes use of the RANS-equations where the eddy viscosity νt in the RANS-equations is determined
through the two-equation the k-ω model [14]. The pressure gradient term in the RANS-equations is modelled using SIMPLE method[10]. SIMPLE stands for Semi-Implicit Method for Pressure Linked Equations. The pressure correction equation is solved together with the momentum equations successively
each time step. The Poisson equation is solved using the fully parallelized Jacobi-preconditioned
BiCGStab solver [11].
The ﬁfth-order WENO (Weighted Essentially Non-Oscillatory) scheme as proposed by Jiang and Shu
[7] is used to discretize the convective terms of the RANS equations in a conservative ﬁnite difference
framework. The conservative WENO scheme is used for the treatment of the convective terms for the velocities Ui, while the Jacobi-Hamilton version is used for the variables of the free surface and turbulence
algorithms. The time treatment is dealt with using an implicit time scheme.
The Level Set Method (LSM) is employed to model the free surface. This method was proposed by
Osher and Sethian[9] for computing and analysing the motion of an interface between two phases in two
or three dimensions. This method is employed in the current study to model the interface between waterair and water-sediments. The location of the interface is represented implicitly by the zero level set of the
smooth signed distance function φ (~x,t). The level set function gives the closest distance to the interface
in every point of the modelling domain. The phases are distinguished by the change of the sign. The main
advantage of using the level set method to calculate the interface between the ﬂuids is that φ (~x,t) is
smooth across the interface which makes it differentiable at the interface and avoids numerical instabilities.
2.2 Sediment Transport Modelling
Turbulent viscosity based bed shear stress formulation [15] is used for calculation of bed shear stress.
τ = ρ(vt + v)

∂U
∂z

(3)

The sediment transport rates in the bed cells are calculated with Engelund and Fredsøe’s bed load formula
[6].
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ABSTRACT: The research on flow movement and the riverbed erosion-deposition around the water intake is essential for the safe operation of water intake engineering. And it is necessary to demonstrate the
reasonableness of the position of the water intake from the terms of flow pattern, the river regime and reduce the impact of water intaking on the fairways and flood control etc.. As an example, water intakes of
one power plant locate at downstream of Yangtze River were selected in this paper. And a 3D numerical
model is used to simulate local flows (as shown in Fig.1) and plane 2D flow and sediment model is used
to simulate riverbed erosion-deposition, suspended sediment concentration around submerged water intakes, respectively. And recent riverbed evolutions around the water intakes were predicted and so on.
The boundary conditions of 3D flow model provided by the calculation results of 2D model. The watersediment condition of typical series and high flow year, moderate flow year and low flow year typical
year were selected. And the reservoir operation impact of the Three Gorges Project and the upstream reservoir to the water-sediment process downstream were take into account. Then, the better location and
appropriate elevation of water intake were recommended based on the calculations result of models
through analyzing the change of riverbed erosion-deposition, bed elevation and suspended sediment concentration around water intakes (as shown in Fig.2). The results show that the change of riverbed erosion
and deposition around the water intake is not only affected by the conditions of incoming water and sediment, but also by the position of the local topography at the same river reach. Therefore, it is essential to
select the appropriate location and elevation to the water intake engineering.
Keywords: Water intake engineering, Riverbed erosion-deposition, 3D numerical model, 2D numerical
model
1 INTRODUCTION
With the rapid development of China's industrialization and urbanization, the demand for electricity is
growing, and the number of thermal power projects is increasing. In order to ensure the normal supply
cooling water of thermal power plant, planning layout for cooling water intakes is necessary. Then, the
primary problem is analysis riverbed erosion-deposition and characteristics of sediment movement at the
intakes (CHEN (2008)[1], DUAN (1997)[2], ZHANG (2006)[3]). So, it is essential to the safe operation of
power plants in the future.
The water intake from river have two kinds: the open channel type and submerged type mainly (ZHOU
(1997)[4]). The former use open channel to carry water in tortuous channel. And the latter use pipeline to
carry water (ZHAO (2003))[5]. Since 1958, China began independent research the thermal power generation, with the rapid development of thermal power generation, the study of sediment problems in river
water intake station also get some achievements. XIE (2005)[6], and ZHANG (2013)[7] adopted numerical
simulation to research the characteristics of flow and sediment movement. HU (2013)[8] use 3D numerical
model to simulate flows around submerged water intakes. The layout of water intakes are effected by
many factors, such as the river regime of intake section located, the changes of bed elevation, flow and
sediment concentration, structures of water intake at the head of water intakes. These factors are likely to
affect the safe operation of water intakes, which lack of consideration in most models.
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In this paper, a 3D numerical model is used to simulate local flows. And the plane 2D flow and sediment model is used to simulate riverbed erosion-deposition, suspended sediment concentration around
submerged water intakes. At the same time, the 2D model is used to research the effect of river regime
change, bed elevation change, sediment concentration and other factors to water intakes projects.
2 MODELING
2.1 3D modeling
A semi-implicit 3D numerical model for non-hydrostatic pressure on an unstructured σ grid was adopted.
In the model, governing equations use the 3D Reynolds time-averaged equations (NS equations) based on
assumption of Boussinesq isotropic turbulence. And the turbulent stresses are calculated with ε - k model.
The pressure decomposition technique and θ semi-implicit method are used, with the solution procedure being split into two steps. First, with the implicit parts of non-hydrostatic pressures excluded, the
provisional velocity field and free surface are obtained by solving a 2-D Poisson equation. Second, the
theory of the differential operator is employed to derive the 3-D Poisson equation for non-hydrostatic
pressures, which is solved to obtain the non-hydrostatic pressures and to update the provisional velocity
field. When the non-orthogonal sigma-coordinate transformation is introduced, additional terms come into being, resulting in a 15-diagonal, diagonally dominant but unsymmetric linear system in the 3-D Poisson equation for non-hydrostatic pressures. The Biconjugate Gradient Stabilized (BiCGstab) method is
used to solve the resulting 3-D unsymmetric linear system instead of the conjugate gradient method,
which can only be used for symmetric, positive-definite linear systems.
The detail of model equations and discretization can be found in the paper of HU (2011[9], 2013[10]).
2.2 2D flow and sediment modeling
The governing equations of 2D include the flow continuity equation, suspended sediment diffusion equation, bedload unbalanced transport equation and riverbed deformation equation based on general curvilinear coordinates. Limited to the length, the equations are not list here.
FVM (finite volume method) and staggered grids were adopted in the 2D modeling. In computation,
SIMPLE (Semi-Implicit Method for Pressure- Linked Equations) was adopted. Method of ADI and
TDMA were linked to solve the discretized algebraic equations. And stop the computation when max residual error of every variable all little than 10-5.
3 CALCULATION SCHEME AND RESULT
Limited to the length, the results of calibration and verification for the 3D an 2d modeling are not list in
the paper.
3.1 Water intake project profile
A power plant located at the right bank of Hukou waterways, about 37km downstream of Jiujiang Bridge
in the Changjiang River, as shown in Fig.1. The power plant which include two 1000MW coal-fired units
need intake water from Changjiang River. And the designed intake flow is about 1.0m3/s. Preliminary design provides four water intake location (intake 1 to 4 from upstream), so we need to filter out optimum
location using the flow and sediment mathematical model.
In this water intake project, two structural styles, i.e. mushroom-style (intake 1 to 3) and single-sided
box-style (intake 4) were considered. The bed elevation of first style is -7.42m, and the diameter of mushroom is 3.5m. The bed elevation of second style is 3.46m, and the size of single-sided box is 4m×2.5m
(high×wide).
3.2 Calculation reach and grid partition
The calculation reach of 2D model is about 66km ,and the number of grid is 28800 (360×80) as shown in
Fig.1. The calculation river reach of 3D model is about 13km, and the number of grid and node is 17209
and 16956 respectively (Fig.2). And river terrain data of Dec., 2011 was adopted as initial terrain data.
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(2) The results show that the change of riverbed erosion and deposition around the water intake is not
only affected by the conditions of incoming water and sediment, but also by the position of the local topography at the same river reach.
(3) The riverbed variation follows the law of sediment deposition on high-water period and sediment
erosion on low-water period.
(4) The vertical average sediment concentration at each intake is closely related to sediment incoming,
i.e. the bigger sediment concentration incoming, the bigger sediment concentration at each intake.
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ABSTRACT: Maintaining the overall stability of active riverbeds requires a deep understanding of the
complex interactions between turbulent flow forces and forces stabilizing the riverbed. Standard approaches do not properly take into account the turbulence fluctuations in non-uniform flows, while these
are of primary importance in the mechanisms determining the stability of stones. In a new approach, the
flow forces are quantified by means of parameters combining explicitly the velocity and turbulence distributions over a certain water depth above the riverbed. In this paper, as an onset for using these newly
developed bed stability parameters, we report on new experimental measurements of velocity and turbulent kinetic energy based on acoustic methods, whereas all previous uses at the new bed stability parameters relied on Laser PIV Techniques. For quasi-uniform and non-uniform flow conditions, velocity measurements were conducted with two complementary devices: an ultrasonic velocimeter probe (UVP) and
an acoustic Doppler velocimeter profiler (ADVP). The results are compared and discussed in detail. A
general consistency between the two types of measurements is obtained, while some discrepancies are
highlighted close to the bed and tentative explanations are given.
Keywords: Velocity profiles, Turbulent kinetic energy, Open channel flow, Inception of motion, Stability
parameters, Mobility parameters, Transport rate, UVP, ADVP, Gravel
1 INTRODUCTION
For evaluating the stability of stones under a fluid flow, the most widely used conceptual framework relies on the stability threshold concept (Buffington and Montgomery 1997). It assumes that the inception
of sediment motion occurs once the stability parameter, the ratio between the flow forces acting on the
stones and the stabilizing forces, exceeds a threshold value. The Shields stability parameter (Shields
1936), which is by far the most widely used, is based on the bed shear stress, which does not properly
take into account the turbulence fluctuations in the flow, except in the case of a uniform flow, while turbulent fluctuations are of primary importance in the mechanisms determining the stability of stones
(Dwivedi et al. 2012, Hoffmans 2012). Particles often get moved as a result of bursting flow motions, i.e.
the presence of turbulent fluctuations adjacent to the bed. This process is best captured by means of parameters characterizing explicitly the turbulence in the flow. Therefore, a new approach was introduced
recently. It quantifies the flow forces by means of a new set of parameters which combine explicitly the
velocity and turbulence distributions over a certain water depth above the riverbed (Hoan et al. 2011,
Hofland 2005). Although very promising results were already obtained, there is a need for more experimental verifications, supported by high quality turbulence measurements.
In this paper, as an onset for using the newly developed bed stability parameters, we report new experimental results involving profiles of velocity and turbulent kinetic energy, which are precisely the two inputs necessary to evaluate the new bed stability parameters. Experimental tests were performed and detailed under both quasi-uniform and non-uniform flow conditions. Velocity measurements were
conducted with two complementary devices: an ultrasonic velocimeter probe (UVP) and an acoustic
Doppler velocimeter profiler (ADVP). The results are compared and discuss in detail. A general
consistency between the two type of measurements is obtained, which makes them nonetheless highly com539

Finally some effects of the vertical step used to perform the ADVP measurements can be noticed in the
turbulent kinetic energy profiles, while they were not in the velocity profiles. This feature remained, despite several repetitions of the tests. This is a known issue of this instrument as acknowledged in literature
(Zedel and Hay 2011).
4.3 Velocity Spectra
To complement the comparison of the two measurement devices, a typical velocity spectra of the streamwise velocity component is represented in figure 5. The two spectra were derived from series recorded
with UVP and ADVP at 0.1h above the flume bed (figure 5(a)) and 0.4h (figure 5(b)), respectively, in the
same flow cross-section, for discharge of 18 l/s and a stone diameter of 8 mm.

(a)

(b)

Figure 5. Velocity spectra in configuration 1with stones of 8 mm in diameter at: (a) 0.1h and (b) 0.4h above the bed.

There is generally a good agreement between the slope and level of the spectra. They show a well defined
inertial subrange at frequencies below about 20 Hz. For ADVP probe, there is a noise floor close to the
Nyquist frequency of 50 Hz. The UVP probe fails to record structures with a frequency greater than 20
Hz. The slight change in-between the two instruments could be due to the intrusive character of the UVP
probe, especially near the bed where the velocity values are lower. This can explain the difference inbetween the turbulent kinetic energy profile (figure 4). In contrast at a level of 0.4h, figure 4 and figure
5(b) show consistency in-between the two series of measurements.
5 CONCLUSION
Velocity profiles and turbulent kinetic energy profiles were measured in two configurations (quasiuniform and smooth-to-rough transition) for two grain sizes. In configuration 1, where the flume bed is
entirely covered with stones, after 5m, in measurements window the flow is fully developed, the velocity
profiles have a stable shape, so a spatial-average can be done. Two measurement devices were used: UVP
and ADVP. The obtained results are consistent, so a final velocity profile can be constructed using data
close to the bottom recorded with ADVP and close to the flow surface recorded with UVP, respectively.
In contrast, turbulent kinetic energy profiles are not fully developed even in configuration 1, which means
that a longer distance should be considered. The UVP probe provides only the streamwise velocity component, which means that the computation of turbulent kinetic energy can not be done directly. Therefore,
Nezu’s coefficients were used, although they were initially developed for smooth uniform flow conditions. The results appear to be surprisingly good in this situation, even relatively close to the bed. Due to a
good agreement of turbulent kinetic energy profiles from ADVP and UVP in the upper layer, both instruments are consider to be complementary in the capture of a full profile of turbulent kinetic energy. In
contrast, discrepancies between UVP and ADVP are obtained close to the bottom, where ADVP meas543

urements are claimed more reliable. We believe this is due to its capacity of recording turbulent structures
with higher frequencies, but also due to more intrusive character of UVP measurement.
These results will support the use of recently develop turbulence-based bed stability parameters to
evaluate towards more advanced, truly process-based and predictive assessment, of riverbed stability.
NOTATION
d
u
u’
v’
w’
k
x
y
z

stone diameter
streamwise velocity component
velocity fluctuation in streamwise direction
velocity fluctuation in transversal (y) direction
velocity fluctuation in vertical (z) direction
turbulent kinetic energy
main axis of the flow
transversal axis of the flow
vertical axis of the flow
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ABSTRACT: When a granular bed is sheared by moderate fluid flows, grains form a moving granular
layer, known as bed load, which stays in contact with the fixed part of the bed. Although of importance
for many scientific domains, the displacement of individual grains in the moving bed is not well understood. This paper presents an experimental investigation on the motion of grains of a granular bed sheared
by a liquid flow. In our experiments, fully-developed turbulent water flows were imposed over a granular
bed of known granulometry. The tested conditions were close to incipient bed load, and therefore the
thickness of the bed-load layer was of the order of the grains diameter. Different tested conditions corresponded to different water flow rates. The water stream over the moving bed was measured by Particle
Image Velocimetry and the displacements of grains were filmed with a high-speed camera. The trajectories of individual grains were determined by post-processing the images, and the typical lengths and velocities were computed afterwards. Finally, the motion of grains was correlated to the water flow conditions, and the bed-load transport rate was estimated and compared with semi-empirical transport rate
equations.
Keywords: Sediment transport, Bed load, Water stream, Turbulent boundary layer
1 INTRODUCTION
Sediment transport by shear flows is frequently found in both nature and industry. When the shear forces
are moderate with respect to the grains weight, grains settle and a granular bed is formed. In this case, a
moving granular layer takes place in which the grains stay in contact with the fixed part of the granular
bed. This kind of transport, known as bed load, is present in the displacement of riverbeds, in the
transport of sand by wind, and in the transport of sand in petroleum pipelines. Although of importance for
many scientific domains, the displacement of individual grains within the moving bed is not well understood. The knowledge of the typical trajectory of individual grains is necessary for the correct predictions
of the bed-load transport rate and to fully understand the perturbation of the fluid flow by bed load (solely), known as “feedback effect” (Bagnold, 1941; Recking et al., 2008).
Bagnold (1941) studied the transport of sand in deserts and the dynamics of desert dunes. The author
showed that in the aeolian case individual grains effectuate ballistic flights whose length scale is many
times greater than the grain diameter. Given the large grain to fluid density ratio, bed load in air occurs
under high Reynolds numbers that correspond to hydraulic rough regimes. Therefore, the moving granular layer takes place in the overlap sublayer of the turbulent boundary layer (unperturbed). In liquids, given the small grain to fluid density ratio (around unity), bed load takes place under moderate Reynolds
numbers that correspond to hydraulic smooth or transitional regimes. In this case, the thickness of the
moving granular layer is of a few grain diameters, and therefore bed load occurs in regions that correspond to the viscous or the buffer sublayers of turbulent boundary layers.
In the past decades, many studies were devoted to bed load, e.g., Bagnold (1941), Meyer-Peter and
Müller (1948), Bagnold (1956), Lettau and Lettau (1978) and Charru et al. (2004). Charru et al. (2004)
presented an experimental work on the dynamics of a granular bed sheared by a viscous Couette flow in
laminar regime. The experimental results concerned the displacement of individual grains (velocities, du545

rations and lengths), and the surface density of the moving grains. For a given fluid shear stress (at a given flow rate) and an initially loosely packed bed, Charru et al. (2004) showed that the surface density of
moving grains decay while their velocity remains unchanged. They proposed that this decay is owed to an
increase in bed compactness (caused by the rearrangement of grains, known as armouring), causing then
an increase in the threshold shear rate for bed load. They found that the velocity of individual grains is
given by the shear rate times the grain diameter times a constant factor approximately equal to 0.1, and
that the duration of displacements is approximately 15 times the settling time (considered as the grain diameter divided by the settling velocity of a single grain). Charru et al. (2004) proposed that the mean displacement varies with the Shields number (presented next), and reported values between 1 and 5 times the
grain diameter (within the range of Shields number of their experiments).
Concerning the bed-load transport rate, there is no definite expression (Gomez and Church, 1989;
Nakato, 1990). From dimensional analysis, two dimensionless groups are necessary to determine the bedload transport rate. Usually, the dimensionless groups are chosen as the Shields number θ and the particle
Reynolds number Re* (Raudkivi, 1976). The Shields number is the ratio of the entraining to the resisting
forces and the particle Reynolds number is the Reynolds number of the fluid at the grain scale. They are
given by Eqs. (1) and (2), respectively.
𝜃 = 𝜏�(𝜌 − 𝜌)𝑔𝑑
𝑠
𝑅𝑒∗ =

(1)

𝑢∗ 𝑑�
𝜈

(2)

where τ is the shear stress caused by the fluid on the granular bed, d is the grain diameter, g is the gravitational acceleration, ν is the kinematic viscosity, ρ is the specific mass of the fluid and ρs is the specific
mass of the grain. In the case of two-dimensional turbulent boundary layers, the shear stress is 𝜏 = 𝜌𝑢∗2 ,
where u* is the shear velocity, and u is the mean velocity in the overlap region, given by:
1

𝑦
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where κ=0.41 is the von Kármán constant, y0 is the roughness length, u+=u/u* is a dimensionless velocity, y+=yu*/ν is the vertical distance normalized by the viscous length, and B is a constant. Equations (3)
and (4) are equivalent, Eq. (3) being generally employed for hydraulic rough regimes and Eq. (4) for hydraulic smooth regimes (for which B=5.5).
In the aeolian case, Bagnold (1941) showed that the presence of bed load changes the overlap layer of
turbulent boundary layers. This is known as “feedback effect” and is caused by the momentum transfer
from the air flow to the salting grains. Because the bed-load thickness in air is many times greater than
the grain diameter, the feedback effect is relatively easy to be quantified in the aeolian case (e.g., Rasmunsen et al., 2006; Bauer, 2004; Yang et al. 2007). The feedback effect also occurs in liquids, however,
given the small thickness of the moving layer and the small grain to fluid density ratio, it is lower than in
the aeolian case and difficult to be quantified.
Recently, Franklin et al. (2014) presented an experimental work on the feedback effect in liquids. The
authors measured the velocity profiles of turbulent liquid flows over moving granular beds in conditions
close to the incipient motion of grains. The experiments were performed in a horizontal channel of rectangular cross-section, which is the same channel used in the present work (presented in next section).
The turbulent velocity profiles were measured by Particle Image Velocimetry at the vertical symmetry
plane of the channel, and the feedback effect was quantified. The experimental results showed a good
agreement between the water profiles over moving beds and the law of the wall in the region close to the
granular bed, indicating that the flow is in local equilibrium in this region. Also, although in the hydraulic
smooth regime, the bed-load effect on the water stream is the vertical displacement of the normalized velocity profiles. This means that the feedback effect in smooth regime is equivalent to a roughness length
increase in the rough regime. Franklin et al. (2014) reported values of shear velocity u*, roughness length
y0, and constant B measured for moving beds of different granulometries.
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2 EXPERIMENTAL DEVICE
The experimental device consisted of a water reservoir, a progressive pump, a flow straightener, a 5m
long transparent channel of rectangular cross section (160mm wide by 50mm high), a settling tank and a
return line. The flow straightener consisted of a divergent-convergent device filled with a porous media.
The channel test section was 1m long and started at 40 hydraulic diameters (3m) downstream of the channel inlet. At the channel's developing section a fixed granular bed was inserted, composed of glass
spheres glued on the surface of PVC plates, whose thickness was 7mm. In the test section, loose grains
were deposed and formed a loose granular bed whose thickness was 7mm. The fixed and granular beds
were of same granulometry. This assured a 3m entrance length of same granulometry and of same thickness as the loose bed. Downstream the test section, a 1m long section connected the test section exit to a
settling tank. A layout of the experimental device is presented in Fig. 1.

Figure 1. Scheme of the experimental loop: (a) side-view; (b) channel cross section (PIV tests); (c) channel cross section (tests
with the high-speed camera).

For the high-speed movies, the employed grains consisted of glass spheres with specific mass of ρs=2500
kg/m3 and size ranging from d = 400 μm to d = 600 μm, and it is assumed that the mean diameter was
d50=500 μm. In order to facilitate the post-treatment of images, 5 % of the granular bed consisted of black
glass spheres (of same granulometry and material). Prior to the tests, the loose granular bed was smoothed
and leveled, with the channel already filled up with water. Next, the water flow rates were established by
adjusting the pump's frequency.
For the experiments with Particle Image Velocimetry, flow rates of approximately 5, 5.5, 6, 6.5, 7 and
�≤
7.5 m3/h were employed. They correspond to cross-section mean velocities in the range 0.19𝑚/𝑠 ≤ 𝑈
�⁄𝜈 in the range 16000 < Re < 27000, where Hgap is the
0.30𝑚/𝑠 and to Reynolds number 𝑅𝑒 = 2𝐻𝑔𝑎𝑝 𝑈
distance from the granular bed to the top wall. These tests measured the water flows over the moving beds
and are described in detail in Franklin et al. (2014). For the experiments with high-speed camera, the flow
� ≤ 0.29𝑚/𝑠 and 16000 < Re
rates were of 4.8, 6.3, 6.5, 6.5 and 7.1 m3/h, corresponding to 0.19𝑚/𝑠 ≤ 𝑈
< 25000. These tests measured the displacement of the grains on the bed surface.
2.1 Water Stream

Particle Image Velocimetry was employed to obtain the instantaneous velocity fields of the water stream,
and the experiments are described in detail in Franklin et al. (2014). The light source was a dual cavity
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Nd:YAG Q-Switched laser, capable to emit at 2 x 130mJ, and its power was fixed to within 65% and 75%
of the maximum power to assure a good balance between image contrasts and undesirable reflection from
the granular bed. Suspension of particulate already present in tap water together with hollow glass spheres
of 10 μm and specific gravity S.G .= 1.05 were employed as seeding particles. The PIV images were captured by a CCD (charge coupled device) camera acquiring pairs of frames at 4 Hz with a spatial resolution
of 2048 px x 2048 px. The total field was around 75 mm x 75 mm. The computations were made with interrogation areas of 8px x 8px and 50 % of overlap, which corresponds to 512 x 512 interrogation areas
and 0.14 mm x 0.14 mm of spatial resolution.
2.2 Granular Flow
A high-speed CCD camera was employed to obtain the displacements of grains. For our tests, the camera
frequency was set between 80 Hz and 400 Hz with a spatial resolution of 1280 px x 1024 px. The total
field was between 832 mm2 and 3250 mm2 and a makro-planar lens of 50 mm focal distance was used. For
all the tests, the number of acquired images was 1415.
The trajectories and velocities of individual grains were determined by post-processing the images
with the Motion Studio software as well as with MatLab. For each test, the trajectories of grains were determined by identifying and following the black spheres in all the movie frames. The quasi-instantaneous
velocities were then determined by multiplying the inter-frame displacements of individual grains by the
camera frequency.
3 EXPERIMENTAL RESULTS
3.1 Water Stream
Franklin et al. (2014) measured water flow profiles over moving beds whose grains consisted of glass
spheres with ρs=2500 kg/m3 and classified in two populations. One of these populations had its size ranging from d = 300 μm to d = 425 μm, and it was assumed that d50=363 μm. For granular beds of this
granulometry, three series of tests were performed by increasing in steps the water flow rate (from the
value corresponding to the bed-load threshold) and performing PIV measurements for each step. The
shear velocity u*, the particle Reynolds number Re*, the Shields number θ, and the mean cross-section ve� for each water flow rate Q are shown in Tab. 1.
locity 𝑈
�, shear velocity u*, particle Reynolds number Re*, and Shields
Table 1. Water flow rate Q, mean cross-section velocity 𝑈
number θ for the water stream over a moving granular bed (Franklin et al., 2014).
Q (m3/h)
5.3
5.8
6.1
6.8
5.3
5.9
6.3

� (m/s)
𝑈
0.21
0.23
0.25
0.27
0.21
0.24
0.25

u* (m/s)
0.0130
0.0136
0.0145
0.0171
0.0133
0.0149
0.0145

Re*
5
5
5
6
5
5
5

θ
0.03
0.03
0.04
0.05
0.03
0.04
0.04

Q (m3/h)
6.7
7.7
5.4
5.9
6.4
6.8
…

� (m/s)
𝑈
0.27
0.29
0.21
0.23
0.26
0.27
…

u* (m/s)
0.0168
0.0228
0.0126
0.0136
0.0153
0.0162
…

Re*
6
8
5
5
6
6
…

θ
0.05
0.10
0.03
0.03
0.04
0.05
…

3.2 Granular Flow
The moving granular bed was filmed with a high-speed camera and the trajectories of individual grains
were then determined by post-processing the images.
Figure 2(a) presents the x and y position components of a given glass sphere as function of time t, and
Fig. 2(b) presents the x and y velocity components of a given glass sphere as function of time t, both for Q
= 6.8 m3/h. In these figures, x and y are, respectively, the longitudinal and the transverse components of
the position vector, and vx and vy are, respectively, the longitudinal and the transverse components of the
velocity vector. The continuous and the dashed curves correspond to the x and y components, respectively.
Figure 2(a) shows that the displacement of individual grains is intermittent, with periods of acceleration, deceleration and at rest, which is corroborated by Fig. 2(b). For this water flow rate, the typical grain
displacement is ≈5d50.
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Figure 2. (a) Displacement of an individual grain. (b) Velocity of an individual grain. Q = 6.8 m3/h.
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The longitudinal displacement of each moving black sphere was computed as the distance traveled by the
sphere between periods at rest, and the mean longitudinal displacement Δx was determined by averaging
the longitudinal displacement of black spheres for each water flow rate. Therefore, Δx corresponds to the
typical longitudinal distance traveled by grains between periods at rest for a given water flow condition.
Table 2 shows Δx as well as the standard deviation of the longitudinal displacement of grains σΔx. The
mean longitudinal displacement normalized by the grain diameter Δxad = Δx/d50 is also shown in Tab. 2,
and it is seen to vary between 8.2 and 22.6.
Table 2. Water flow rates Q, mean longitudinal displacement of grains Δx, standard deviation of the longitudinal displacement σΔx, mean displacement velocity Ud, standard deviation of the longitudinal velocity σUd, normalized longitudinal displacement Δxad, normalized displacement time tdad, normalized mean displacement velocity Udad, number of
black spheres that crossed a transverse line during the total time of the movie NL and movie frequency f.
Q
(m3/h)
4.8
5.7
6.3
6.5
6.5
6.8
7.0
7.1
7.5
8.1

Δx
(mm)
4.1
5.6
9.4
9.9
5.8
6.9
7.4
11.3
8.8
6.5

σΔx
(mm)
2.0
3.8
3.7
4.3
2.3
1.7
4.8
5.7
5.3
3.6

Ud
(mm/s)
21.1
44.9
39.0
40.9
36.0
45.0
66.0
45.3
58.0
59.5

σUd
(mm/s)
2.7
14.3
8.0
7.4
8.0
13.9
15.1
11.2
19.1
16.4

Δxad

tdad

Udad

NL

8.2
11.2
16.8
19.8
11.6
13.8
14.8
22.6
17.6
13.0

28.7
18.3
35.0
35.4
23.7
22.5
16.5
36.9
22.3
15.9

0.33
0.48
0.35
0.33
0.29
0.30
0.39
0.25
0.28
0.25

18
5
124
78
27
30
47
250
30
74

f
Hz
50
200
90
90
200
200
120
150
400
300

The longitudinal velocity of moving grains was computed by considering only the periods for which each
black sphere was moving, i.e., the periods of acceleration and deceleration. The mean displacement velocity Ud was then obtained by averaging all the longitudinal velocities, for each water flow rate. It is presented in Tab. 2 together with the standard deviation of the longitudinal velocity, σUd.
The mean displacement velocity was normalized by the shear rate and the grain diameter Udad =
νUd(u*2d50)-1 and is shown in Tab. 2. In all tested conditions, Udad =ord(0.1) (where ord denotes order of
magnitude), in agreement with Charru et al. (2004). The mean displacement time was computed as td =
Δx/Ud, and it corresponds to the time taken by individual grains to travel the typical displacement distance
Δx at the typical displacement velocity Ud. The mean displacement time was normalized by the grain diameter and the settling velocity tdad = tdUs/d50, where Us is the settling velocity of a single grain. The
normalized displacement time is shown in Tab. 2. The settling velocity was computed by the Schiller-Naumann correlation (Clift et al., 2005). The computed values of tdad are between 15.9 and 36.9, in
agreement with Charru et al. (2004).
Based on the number of black spheres that crossed a given transverse line during the total time of the
movie NL and on the camera acquisition frequency f, both shown in Tab. 2, the volumetric bed-load
transport rate was estimated as QB =(160/Limage)(f/1415)(NL/0.05)πd503/6 and was normalized by the refer549

ence flow rate (Raudkivi, 1976) as ϕB = (QB /0.16)((S-1)g d503)-0.5, where S = ρs/ρ. Both QB and ϕB are
shown in Tab. 3.
The bed-load transport rate estimated from the displacement of individual grains (presented in Tab. 3)
is next compared with semi-empirical expressions. One of the most employed expressions is that of Meyer-Peter and Müller (1948), based on data from exhaustive experimental work, and for this reason it is
used here. This expression is given by ϕB = a(θ – θth)3/2 , where θth is the Shields number corresponding to
the threshold shear stress, a=8 if both form drag (due to ripples) and skin friction are considered, and a=4
if only the skin friction is considered (Wong and Parker, 2006). Ripples were absent in our tests, therefore
a=4 in the following. As shown by Charru et al. (2004), the threshold shear stress may grow during time
because of an increase in bed compactness. They proposed that the increase in bed compactness is caused
by the grains movement, so that, when close to incipient motion, it occurs faster under higher shear
stresses. Given the sequence in which the present tests were performed, the values of θth are expected to
vary with the water flow rate. For this reason, the values of θth were varied between 0.015 and 0.045,
which are values expected for loose beds. The corresponding values, varied in order to follow roughly the
Meyer-Peter and Müller (1948) expression, are presented in Tab. 3.
Table 3. Water flow rates Q, bed-load transport rate QB, Reynolds number Re, shear velocity u* , particle Reynolds number
Re*, Shields number θ, non-dimensional bed-load transport rate ϕB and estimated threshold Shields number θth.
Q (m3/h)
4.8
5.7
6.3
6.5
6.5
6.8
7.0
7.1
7.5
8.1

QB (m3/s)
0.02 x10-7
0.03 x10-7
0.25 x10-7
0.16 x10-7
0.25 x10-7
0.28 x10-7
0.14 x10-7
0.85 x10-7
0.30 x10-7
0.56 x10-7

Re
1.7x104
2.0x104
2.2 x104
2.3 x104
2.3 x104
2.4 x104
2.4 x104
2.5 x104
2.6 x104
2.8 x104

u* (m/s)
0.0112
0.0137
0.0149
0.0158
0.0158
0.0172
0.0183
0.0189
0.0201
0.0220

Re*
6
7
7
8
8
9
9
9
10
11

θ
0.017
0.026
0.030
0.034
0.034
0.040
0.046
0.049
0.055
0.066

ϕB
0.0003
0.0004
0.0037
0.0023
0.0036
0.0040
0.0021
0.0124
0.0044
0.0081

θth
0.015
0.020
0.020
0.025
0.030
0.030
0.030
0.030
0.045
0.045

Other expressions employed here are the ones proposed by Bagnold (1956) and by Lettau and Lettau
(1978). Bagnold (1956) proposed that ϕB = ηθ1/2(θ-θth) where η is given by η ≈ A(2/3 μs/CD)1/2. A is a constant that depends on the Reynolds number and is taken here as 5.5 (Bagnold, 1956), μs is the friction between grains, and CD is the drag factor for the grains. Lettau and Lettau (1978) proposed ϕB = χθ(θ-θth)1/2,
where χ=CL((S-1)gd)3/2ρ/g and CL is a constant to be adjusted and taken here as 12.
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Figure 3. (a) Dimensionless bed-load transport rate ϕB as function of Shields number θ. (b) Measured bed-load transport rate
(dimensionless) ϕB,exp as function of theoretical bed-load transport rate (dimensionless) ϕB,theo.
0
0

0.02

Figure 3(a) presents the dimensionless bed-load transport rate ϕB as function of the Shields number θ. The
asterisks, circles, squares and inverted triangles correspond to measured values of this study (computed
from individual grains), and to the Meyer-Peter and Müller (1948), Bagnold (1956) and Lettau and Lettau
(1978) expressions, respectively. Figure 3(b) presents the measured bed-load transport rate (dimensionless) ϕB,exp as function of the theoretical (semi-empirical expressions) bed-load transport rate (dimension550

less) ϕB,theo. The circles, squares and inverted triangles correspond to comparisons with the Meyer-Peter
and Müller (1948), Bagnold (1956) and Lettau and Lettau (1978) expressions, respectively. The experimentally determined bed-load transport rates are in good agreement with semi-empirical expressions proposed in the literature, corroborating the measurements for individual grains.
4 CONCLUSIONS
This paper was devoted to the trajectories of individual grains of a moving granular layer under a turbulent water flow. Experiments were performed in a closed conduit, where fully-developed turbulent water
flows were imposed over a granular bed of known granulometry. The water stream was measured by Particle Image Velocimetry (Franklin et al., 2014) and the displacements of grains were filmed with a highspeed camera. The trajectories and velocities of individual grains were determined by post-processing the
images and the shear stress caused by the fluid on the bed was estimated from the PIV data. The experimental results showed that individual grains have an intermittent motion, with periods of acceleration, deceleration and at rest. The typical traveled distances, displacement times and velocities were computed
based on the trajectories of individual grains. The bed-load transport rate was estimated on the basis of
the measured motions and correlated with water flow conditions. The experimentally determined bed-load
transport rates were compared with semi-empirical expressions proposed in the literature and they were
found to agree well.
NOTATION
ρ
ρs
S
g
u*

φΒ
φΒ,exp
φΒ,theo
τ

Q
QB
Re
Re*
θ
θth
Δx
Δxad
t
td
tdad
Ud
Udad
NL
f
σΔx
σUd
d
d50
u
u+
�
𝑈
y
ν
κ
y0
a
A
B
CL
CD

specific mass of the fluid
specific mass of grains
ratio of specific masses
gravity acceleration
shear velocity
dimensionless bed-load transport rate
dimensionless bed-load transport rate, measured
dimensionless bed-load transport rate, theoretical
shear stress caused by the fluid on the granular bed
water flow rate
bed-load transport rate
Reynolds number
particle Reynolds number
Shields number
threshold Shields number
mean longitudinal displacement of grains
normalized longitudinal displacement of grains
time
displacement time
normalized displacement time
mean displacement velocity
normalized displacement velocity
number of black spheres that crossed a transverse line during the total time of the movie
movie frequency
standard deviation of the longitudinal displacement
standard deviation of the longitudinal velocity
grain diameter
mean grain diameter
mean fluid velocity
normalized fluid velocity
mean cross-section velocity of the fluid
vertical coordinate
kinematic viscosity
von Kármán constant
roughness length
constant
constant
constant
constant
drag factor for the grains
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η
χ

Bagnold coefficient (Bagnold, 1956)
Lettau and Lettau coefficient (Lettau and Lettau, 1978)
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ABSTRACT: Morphodynamic processes in coastal areas are strongly influenced by tidal forcing. The
constant change in current velocities leads to a regular alternation of erosion and deposition of sediments.
To model the transport of these sediments under tidal conditions, it is important to describe the spatial and
temporal variation of the sediment with the appropriate level of detail. The soil model presented here
classifes the soil according to differences in sediment distribution. It is grouped in soil textures, which describe the sediment distribution according to the amounts of e.g. sand, silt and clay. In contrast to common morphodynamic models, an exchange layer is not used to describe transport processes, because the
information is stored in the layer stratigraphy. First results for a 1D-Z model with a depositional setting
are shown.
Keywords: Coastal morphodynamics, Stratigraphy, Sediment transport
1 INTRODUCTION
1.1 Characteristics of sediment transport in coastal areas
Morphodynamics in coastal areas is to a large part driven by the energy of the tide. Under the tidal influence current velocities in the estuaries are changing constantly, interrupted by brief periods of very low,
near zero velocities. Maximum velocities can go up to 2 m/s in the fairway, while being considerably
lower in shallow water regions like tidal flats or side arms. Since the hydrodynamic conditions are the
main driving force for sediment transport and morphodynamic processes, a periodic alternation of erosion
and deposition is common in tidally influenced coastal areas.
Therefore estuaries are a very dynamic and diverse system with regards to sediment distribution and
movement. In coastal areas and tidal flats fine sands are quite common and bedload transport plays an
important role (Albers, 2012). Inside the estuaries finer sediments transported in suspension are more
dominant. A common feature of most estuaries is the existence of a turbidity zone with sediment concentrations ranging from a few hundred mg/l up to a few g/l. These sediments are to a large part settling during slack water and are then resuspended. In all German estuaries this sequence happens twice a day.
Meanwhile tidal flats and side arms tend to be depositional zones due to the lower current velocities. Sediment is transported there in suspension but once it has settled in these areas, there is not sufficient energy
available to resuspend the full amount which leads to net deposition.
1.2 Development of a stratigraphy due to tidal forcing
This behaviour can lead to characteristic depositional patterns in areas with low currents and a high sediment supply. These patterns are called tidal rhythmites and have been found in many geological studies in
areas that still are or were under tidal influence. They are caused by different sediment distributions and
amounts being transported during different phases of the tidal cycle. Sediment cores with such a stratigraphy can provide information about the tidal characteristics during the time of deposition (Mazumder
2005).
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A
rhos
n
Nsed
Nlayer
ztop
z0

area of grid element [m²]
grain density [kg/m³]
porosity [/]
maximum number of sediment fractions [/]
maximum number of layers [/]
top elevation [m]
non-erodible horizon [m]
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2.2 Model settings and calibration
The default parameter settings in XBeach are primarily intended for the North Sea wave conditions off
the Dutch coast (Roelvink et al., 2009). The wave climate off Ghana differs significantly from the wave
climate in the North Sea, since the wave climate off the West-African coast is swell dominated (IMDC,
2013b).
Moreover, since the XBeach model was initially designed for relatively short simulations (hours, days)
during storm conditions, simulations over longer periods (weeks, months) may not be very accurate. Indeed, during calm and moderate wave conditions the beach erosion is overestimated by XBeach due to
the offshore sediment transport associated with long waves (van Thiel de Vries, 2009). van Thiel de Vries
(2009) hypothesizes that inner surf and swash zone sediment transports associated with long waves are
not properly simulated since the model misses some relevant physics in this case (e.g. long wave breaking, interactions with short waves in the swash zone). It was shown by van Rooijen (2011) that modelling
the short waves with the NLSW equations together with the long waves and using the combined intrawave Nielsen and Bagnold type transport model, onshore transport during calm or moderate wave conditions is better represented. However, doing this greatly increases the calculation time and therefore decreases the usability of the model in 2DH over longer periods.
Although not a full alternative, onshore sediment transport can be promoted in some areas of the beach
by increasing the onshore transport associated with non-linear short waves without influencing the calculation time too much. This is controlled by the parameters facAs and facSk, which represent calibration
factors for the time averaged flows due to wave asymmetry and skewness. These flows are a result of
non-linear wave behaviour in the shoaling, wave breaking, surf and swash zones. The factors applied to
skewness (facSk) and asymmetry (facAs) determines the magnitude and direction of the cross-shore net
sediment transport. Varying these factors therefore determines the predominant sediment transport direction (Pender and Karunarathna, 2013).
The parameter facSk influences the profile shape most in the shoaling and breaker zone: increasing
facSk increases the wave skewness which leads to mostly offshore sediment fluxes. On the other hand, facAs shapes the cross-shore profile more nearshore in the surf and swash zone (Roelvink, 2013): increasing facAs increases the wave asymmetry which leads to an increase of the onshore transport.
Another parameter which has influence on the beach profile is wetslp or the critical slope for which the
dune avalanching algorithm is triggered in the model when the beach is wet (saturated). A lower (higher)
value will cause a gentler (steeper) equilibrium slope of the bed in the swash zone and along the wet intertidal beach.
Splinter and Palmsten (2012) found that the wave dissipation model is also very important for the
modelling of erosion in XBeach. Two main wave dissipation models at the scale of wave groups exist
within XBeach, both formulated by Roelvink (1993). The wave dissipation is default proportional to H³/h
rather than H²/h in the alternative wave breaking model. The default is therefore a more intense dissipative wave breaking model in the nearshore zone.
To make the XBeach model applicable to the specific conditions of the area of this study, calibration
of these parameters is necessary. The calibration was performed with a 1DH cross-shore profile model of
a beach cross-section in the project area. The calibration was mainly based on the wave asymmetry/skewness parameters (i.e. facAs and facSk), the wave breaking module (i.e. parameter break) and
dune avalanching trigger parameter wetslp until a more or less stable beach profile was obtained under the
wave action over a year (Verheyen et al., 2014). The parameters were calibrated such that the beach retains as much as possible the original (measured) shape of the cross-shore profile. An overview of the calibrated parameters is given in Table 1.
Table 1. Main calibrated parameters of the XBeach model.
__________________________________________________
Parameter
Default
Calibrated
__________________________________________________
facSk [-]
0.10
0.10
facAs [-]
0.10
0.30
break [-]
Roelvink2
Roelvink1
wetslp
[-]
0.30
0.30
__________________________________________________

2.3 Model domain and bathymetry
The hindcast model domain is centred around the location of groynes A and B indicated in Figure 2. Both
seabed and land topography measurements are needed for the initial bathymetry of the hindcast model.
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The most important physical processes which caused the main morphological changes observed during
this period in the area around groynes A and B were identified by analysis of the numerical model results.
Analysis of the significant wave height, longshore currents, sediment transport and water levels shows
that important causes of the severe beach erosion east of the first groyne were found to be:
• A 2D bathymetric feature (i.e. a trough or bottom depression): it greatly influences the swell
waves (wave refraction, divergence/convergence) and causes a longshore sediment transport gradient leading to a local erosion hotspot.
• 2D topographical features (i.e. differences in beach crest height west and east from the first
groyne): this allows overwash to occur east more than west, causing the beach to retreat more in
the east.
Finally, a big advantage of a numerical model was exploited by modelling in parallel a second hindcast
model wherein no groynes were introduced. This showed that the beach west of groyne A has clearly
benefitted from the construction of the groynes, since the beach erosion was less with groynes than without for this area. It also showed that while the groynes have contributed to the severe erosion east of
groyne A, they are not the main cause of it.
NOTATION
D50
D90
h
H
Hm0
LAT
Tp

Median grain size (diameter) [µm]
90-percentile grain size (diameter) [µm]
Water depth [m]
Wave height [m]
Spectral significant wave height [m]
Lowest Astronomical Tide [m]
Peak wave period [s]
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ABSTRACT: Operation of the Three Gorges Project (TGP) has changed the hydrological regime of the
channel downstream. The flow sediment concentration in the middle reach of the Yangtze River will be
seriously unsaturated for a long period, and the recovery of the sediment concentration in the flow will
cause long distance erosion in the river channel. In this study, with about 60 years of prototype data, the
variation of the following aspects of the river after the operation of the TGP are analyzed, the analysis results show that, the annual runoff in the middle reach of the Yangtze River has no obvious trend of
change since the operation of the TGP, but the flow sediment concentration reduces significantly; the ratios of flow and sediment diversions via the three outlets only change slightly; it seems that the flow and
sediment allocation of the Yangtze River-Dongting Lake system has only relatively small effects on the
recovery of flow sediment concentration in the river. The annual sediment transport at all the hydrological
stations in the middle reach of the Yangtze River is much less than that before the TGP operation; the part
of sediment with d <0.125mm recovers slowly along the river, The main reason (for the insufficient recovery) is that there is little presence of sediment with the right size in the channel of the middle Yangtze
River; this is also the fundamental essence of the long distance erosion occurring in the river channel
downstream of the TGP. For the part of sediment with d>0.125mm, the recovery speed is relatively fast in
the river reach from Yichang to Jianli, and the concentration for this part of sediment recovers almost to
the saturation state at Jianli station. The main reason for the fast recovery is that the river channel downstream of the Shashi Station is mainly sandy river bed and there is rich presence of sediment with this size
in the bed; this also explains why the erosion occurs mainly in the Jingjiang River so far. Along with the
continually construction of cascade reservoirs upstream of the TGP, it is expected according to the current
river channel erosion that, if only the part of sediment with d>0.125mm is considered, the averaged annual erosion amount will be generally no more than 3.0×107 ton in the middle reach of the Yangtze river in
the future.
Keywords: Three Gorges Project, Middle reach of the Yangtze River, Recovery of sediment concentration, Sediment concentration, Long distance erosion, Sediment transport, Hydrological station, Channel
downstream of the TGP

1 INTRODUCTION
The middle reach of the Yangtze River, from Yichang to Hukou, is about 954km long, among which, the
347km river reach from Zhicheng to Chenglingji is called the well-known Jingjiang River (see Figure 1).
To the south of the Jingjiang River, three outlets (i.e. Songzi, Taiping and Ouchi), divert flow and sediment from the Yangtze River to the Dongting Lake. The Dongting Lake gathers further flow and sediment from its four main tributaries of Xiang River, Zi River, Yuan River and Li River, and then discharges the flow and sediment back into the Yangtze River at Chenglingji. The three Gorges Project (TGP)
began to operate in June 2003 with a storage level of 135m, then 156m in Sept. 2006, and 175m in Oct.
2010. After impoundment of the TGP, the reservoir has intercepted the large quantity of sediment; the
flow sediment concentration in the channel downstream of the TGP will be seriously unsaturated for a
long period, and the recovery of the sediment concentration in the flow will cause long distance erosion in
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the river channel. Scour of the river bed will pose a threat to the embankment stability, and impacts on the
flood control, water resources utilization, water environment, sustainable economic and social development as well. Therefore, analysis of sediment transport in the middle reach of the Yangtze River after operation of the TGP is very necessary.
Recognition on the sediment transport regularity in the channel downstream of the TGP generally have
referred to the reservoirs construction have been completed. The scour distance of river bed is closely related to the flow rate , sediment concentration and riverbed boundary condition (e.g. composition of bed,
bed gradient ratio). Qian (1987) and Xie (2002) thinked the long distance erosion in the downstream is
due to the sediment carrying capacity gradually decreased, the fundamental reason is the bed sediment
tapering,; Han (1987) analyzed the hydraulic conditions and the composition of river bed have effected on
scouring and silting of the grouping sediment, it shows that, under the hydraulic conditions changing little, the coarse particle proportion decreasing and the fine particles proportion increasing in river bed is the
main cause of the coarse particle deposition and fine particle erosion; Ii(2003) pointed out that, sediment
transportation capacity of each grain group size after the reservoir operation can’t exceed its original level
before the reservoir’s operation; Chen(2010) thinked, the main reason of the long distance scour in the
downstream is bed sediment supply poor, especially the fine sand supplies shortage. Although these results explained the general rules of sediment transportation in the channel downstream of the reservoir,
the results of sediment transportation in the channel downstream of TGP is less. Base on the measured data of Three Gorges Project application, the sediment transport in the middle reach of the Yangtze River
has systematically analyzed, the results can provide technical support for river regulation, planning , relationship between river and lake in the middle reaches of the Yangtze River.
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Figure 1. Sketch map of the middle Yangtze River.

2 ANALYSIS ON VARIATION OF WATER AND SEDIMENT LOAD IN THE MIDDLE REACH OF
THE YANGTZE
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Zhicheng is an important hydrological station in the Jingjiang River (see Figure 1). The variation of the
runoff and sediment concentration at Zhicheng Station is analyzed (see Figure 2).

0.5

1980 1985
Years

0.0
1990

1995

2000

2005

2010

Figure 2. Variation of annual runoff and annual averaged sediment concentration at Zhicheng station (1955-2011).

Figure 2 shows, the annual runoff is of no notable variation tendency during the last 60 years, but comparing with that before the TGP operation, the annual runoff is about 9.4% less after the operation of the
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TGP. The main reason is that there is not appear flood year and appear dry years in 2006,2011 after operation of the TGP. The average sediment concentration is also of no notable variation tendency at
Zhicheng station before 1990. The average sediment concentration is 1.21kg/m3 during 1955-1989, after
that it is in a decreasing tendency and the average number reduced to 0.925kg/m3during 1990-2002. comparing with that during 1955-1989, the number is about 23.3% less during 1990-2002; After impoundment of the TGP, the giant reservoir has intercepted the large quantity of sediment, and the average sediment concentration reduces drastically during 2003-2011 to 0.139kg/m3, which is about 84.9% less
comparing with that during 1955-1989.
Variations of the flow and sediment diversion via the three outlets (i.e. Songzi, Taiping and Ouchi)
from the Jingjiang River to the Dongting Lake are summarized in Fig 3, the ratios of flow and sediment
diversion is referred to the runoff and sediment discharge at Zhicheng Station. Under natural conditions
the ratios of flow and sediment diversion decreases gradually before 1990. Since the operation of the
TGP, except in 2006, 2011 in which the ratios had a significant reduction, the ratios have no clear trend of
unidirectional change for the other years in 2003~2011. It seems that the flow and sediment allocation of
the Yangtze River- Dongting Lake system has only relatively small effects on the recovery of flow sediment concentration in the river.
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Figure 3. Variations of the flow and sediment diversion via the three outlets from the Jingjiang River (1955-2011).

3 ANALYSIS OF SEDIMENT TRANSPORT IN THE MIDDLE REACH OF THE YANGTZE RIVER
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Operation of the TGP has changed the hydrological regime of the channel downstream, leading to change
of the sediment transport. The different grain size distribution of bed material in the middle reach of the
Yangtze River causes different recovery degree and recovery distance, variation of of grain size distribution of bed material in the middle reach of the Yangtze River are analyzed (see Figure4).
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Figure 4. Variation of grain size distribution of bed material along Yichang~Hankou reach.

Figure 4 shows that the part of sediment with d > 0.125mm is rich present and d < 0.125mm is relatively
little present in the Yichang -Chenglingji bed; this grain size distribution is also same in Chenglingji Hankou bed.
The average annual sediment discharge in the middle reach of the Yangtze River are counted for the
period before and after the TGP operation, respectively (see Figure5). The ratios of flow and sediment diversion are of no notable variation tendency after 1992.
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Figure 5. Average annual sediment discharge at hydrological stations in the middle Yangtze River before and after operation
of the TGP.
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Comparing with that before the TGP operation, the annual sediment discharge in the middle reach of the
Yangtze River reduces greatly after the TGP operation, and the sediment discharge is in an increasing
tendency along the river.
The changes of the part of sediment with d < 0.125mm and d > 0.125mm at the main hydrological stations in the middle reach of the Yangtze River are counted for the period before and after the TGP operation, respectively (see Figure 6).
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Figure 6. Comparison of the different fractions of suspended load in the middle reach of the Yangtze before and after operation of the TGP.

Comparing with that before the TGP operation, the part of sediment with d < 0.125mm reduces greatly
after the TGP operation. The part of sediment with d < 0.125mm is relatively little present in the middle
reach of the Yangtze River, so this part of sediment recovers slowly along the river, and the degree of recovery is far less than that before the operation. It seems that the main reason for the long distance erosion in the downstream channel is the poor supply of the sediment with d <0.125mm.
The part of sediment with d >0.125mm also reduces greatly after the TGP operation. The part of sediment with d >0.125mm is relatively rich present in the middle reach of the Yangtze River. The rate of
recovery is relatively fast in the river reach from Yichang to Jianli for the part of sediment with
d>0.125mm, and the sediment concentration recovers almost to the saturation state at the Jianli, Luoshan,
and Hankou stations.
The sediment proportions d >0.125mm and d <0.125mm at the main hydrological stations in the middle
reach of the Yangtze River are counted respectively for the period after the TGP operation (see Figure7).
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Figure 7. Sediment proportions of the two grain sizes in the middle Yangtze River after operation of the TGP.
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It can be seen from the figure that, the sediment proportion for the part of sediment with d >0.125mm is
much less than that part with d <0.125mm, especially at Yichang station, at which the part of sediment
with d >0.125mm has the smallest proportion. Yet, the part of sediment with this size is rich present in the
channel of the middle reach of the Yangtze River, thereforethe recovery speed is relatively fast in the river reach from Yichang to Jianli, and consequently the sediment proportion for this size increases significantly. Affected by the converge confluence of the Dongting Lake and the Han River, the sediment proportion with d >0.125mm declines to a certain degree at the Luoshan and Hankou stations.
4 DISCUSSION OF SEDIMENT TRANSPORT AFTER OPERATION OF THE THREE GORGES
PROJECT
Operation of the TGP has changed the hydrological regime of the channel downstream. The flow sediment concentration in the middle reach of the Yangtze River will be seriously unsaturated for a long period, and the recovery of the sediment concentration in the flow will cause long distance erosion in the river
channel. The river channel downstream of the Shashi Station is mainly sandy river bed and easy to suffer
from flow erosion. Since the operation of the TGP, the flow and sediment diversion via the three outlets
from the Jingjiang River to the Dongting Lake have no clear trend of unidirectional change in 2003-2011.
According to the research results so far, the flow and sediment diversion via the three outlets will maintain the original pattern in a certain long time in the future. in the next period of time.
The part of sediment with d >0.125mm is rich present in the middle reach of the Yangtze, therefore the
suspended load recovery rate is relatively fast in the river reach from Yichang to Jianli, and the concentration for this part of sediment recovers almost to the saturation state at Jianli station. This also explains
why the erosion occurs mainly in the Jingjiang River so far. The part of sediment with d <0.125mm is
relatively little present in the middle reach of the Yangtze, therefore the part of sediment with this size recovers slowly along the river, and the degree of recovery is far less than that before the operation. This is
also the fundamental essence of the long distance erosion occurring in the river channel downstream of
the TGP.
The cascade giant reservoirs, such as the Xiangjiaba, the Xiluodu, the Baihetan, and the Wudongde, is
under construction or planned to be constructed in the upper reach of the Yangtze. After their operation
the flow sediment concentration in the middle reach of the Yangtze River will be further unsaturated for a
longer period, and the recovery of the sediment concentration in the flow will cause longer distance erosion in the river channel. River bed longitudinal slope will become flat as time goes on, and the main erosion also will gradually move down. The part of sediment with d >0.125mm is rich present in the middle
reach of the Yangtze, and the concentration for this part of sediment is expected to be able to recover
almost to the saturation state. Along with the continually construction of the cascade reservoirs upstream
of the TGP, it is expected according to the current river channel erosion as observed at Jianli, Luoshan,
and Hankou stations, if only the part of sediment with d>0.125mm is considered, the averaged annual
erosion amount will be generally no more than 3.0×107 ton in the middle reach of the Yangtze river in the
future.
5 CONCLUSIONS
The annual runoff is of no notable variation tendency during the last 60 years in the Jingjiang River. The
average sediment concentration is of no notable variation tendency before 1990, however, decreased during 1990-2002; after the operation of the TGP, the average sediment concentration reduces drastically
during 2003-2011.
The flow and sediment diversion via the three outlets from the Jingjiang River decreases gradually before 1990; after the operation of the TGP, the ratios of flow and sediment diversion have no clear trend of
unidirectional change in 2003-2011.
The part of sediment with d <0.125mm is relatively little presence in the middle reach of the Yangtze
River, therefore this part of sediment recovers slowly along the river, and the degree of recovery is far
less than that before the operation. The part of sediment with d >0.125mm is relatively rich presence in
the middle reach of the Yangtze River. For this part of sediment, the recovery speed is relatively fast in
the river reach from Yichang to Jianli, and the concentration for this part of sediment recovers almost to
the saturation state at Jianli station.
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Along with the continually construction of cascade reservoirs upstream of the TGP, if only the part of
sediment with d>0.125mm is considered, the averaged annual erosion amount will be generally no more
than 3.0×107 ton in the middle reach of the Yangtze river in the future.
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ABSTRACT: In Tunisia, during the last two decades, the hilly Lakes occupy an important place in national strategies for water and soils Conservation (WSC). In addition to their role as protection of the environment, the hilly lakes appear as local reserves of water available for agriculture. Nevertheless these
hydraulic infrastructures are rather sensitive to sedimentation due to solid contributions. In Tunisia, water
erosion affects nearly 3 million hectares of agricultural land, and constitutes a threat to the sustainability
of these hilly reserves. 26 hilly lakes are distributed in the Tunisia central and the Ridge until the Cap
Bon. To conserve these reserves, we have research to find a simple and practical methodology which allows assessing the relative contribution of water erosion in sediment fluxes at the outlet of the small watersheds and to seek preferential links between the various explanatory attributes of sedimentation. To
achieve this aims, extract a typology of the sedimentation variability of 26 hilly Lakes, is required.
The main objective of this paper is to form different classes of hilly Lakes, by using statistical method,
and to define a representative lake of each class. Based on the correlation table, the correlations between
different variables are interpreted. Then three methods of analysis are used: the ACP; a descriptive analysis method to synthesize the most relevant information of the data, the hierarchical Classification to quantify the effect of the data in prioritizing different watersheds and the linear regression type 'Step wise' or
'Step by step' to finally get a relationship that expresses the parameters affecting the erosive process. By
crossing the different results we try to identify a typology of hilly Lakes and to explain the reasons for
such assemblies. The results deduct three classes. The first group is the less vulnerable to the silting risk
and is located on the southern and eastern borders West of the ridge and on the coastal plains. The lakes
of this group are characterized by a low rate of silting, a large drainage area, a low relief, hydrographic
network relatively hierarchical and an effect of precipitation and little intense runoff. A second group includes the most degraded environments cover almost the entire of the semi-arid zone of Central Tunisia.
This group have very abrasive potential watershed, explained by high flow coefficients related mainly to
higher erosive rainfall intensities associated with a moderate or accentuate topography, structure of soil
over marl and a drainage non occupied and unimproved surface. A third group extends share and other
sides north and south of the Ridge, has the catchment characterized by a moderate to high sedimentation
rate. The sedimentation rate is governed by a more or less marl soil structure and an intense hydrodynamic compounded by the steep slopes of these basins This study permitted to extract the preferential links
between the various explanatory attributes of siltation, and to develop a typology of the reservoir siltation
variability. Although the generated results have clarified the study of conditional factors of silting, it is
remarkable that this phenomenon remains as complex to the point that it cannot be apprehended by the integration of multiple attributes at the same time. This suggests not only the complexity of monitoring of
clogging of the hilly Lakes deductions, but also its non-linear character. In order to overcome such a
problem, the use of other non-parametric techniques, such as the application of artificial intelligence, is
recommended.
Keywords: Silting, Hilly Lake, Principal Components Analysis, Hierarchic Classification, Linear regression, Typology
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1 INTRODUCTION
Tunisia is among, in North Africa, the most affected by the seriousness of the problem of siltation, including its central part country. In fact, Central Tunisia, playing an important role in the hydrology of the
country is characterized by the extent of water erosion which generates a fairly high rate of filling (about
1.27%). Early studies of siltation of small reservoirs were emerged in 1993 with a network of hydrological observations and monitoring of small lakes in partnership between the Directorate General of District
Water Conservation and Soil and Research Institute Development to ensure better monitoring and control
of small lakes. Although these small artificial ponds are good sediment traps, their storage capacities are
also inexorably condemned to rapid filling, estimated at 5 tonnes / ha / year, resulting in a consequent reduction in their lifetime in the medium to long term (Boufaroua, 2006).
Since the sedimentation process is "temporal and spatial discontinuity", characterization and numerical
prediction or mapping of the phenomenon of siltation are imposed as a tool for decision support for rational management and sustainable water resources and soil. In this context, the use of statistical processing multi-varied proves to be an effective means, first, to define the critical between hydromorphological and anthropogenic factors and the sedimentation process interactions, and other part, for
the development of a typology of the spatial variability of siltation. It is in this prospective study is that
the contribution and the regionalization of siltation of 26 small lakes located in the semi-arid zone of Central Tunisia, using a multivariate parametric analysis (correlation matrix analysis principal component regression and hierarchical classification) revealed that the process of sedimentation and siltation.
The main objective of this paper is to form different classes of hilly Lakes, by using statistical method,
and to define a representative lake of each class. Based on the correlation table, the correlations between
different variables are interpreted. Then three methods of analysis are used: the ACP; a descriptive analysis method to synthesize the most relevant information of the data, the hierarchical Classification to quantify the effect of the data in prioritizing different watersheds and the linear regression type 'Step wise' or
'Step by step' to finally get a relationship that expresses the parameters affecting the erosive process.
2 MATERIALS & METHODS
2.1 Study area
The present study focuses on 26 hill lakes in Central Tunisia, along the Dorsal and Cap Bon area of great
contrasts on all scales (figure 1). The study area is a semi-arid mountainous region that extends from the
Algerian border in the West to the Cap Bon in the North-East. Implemented at the outlets of relatively
small mountainous catchments, these artificial reservoirs are affected by water erosion.
The climate of the study area is Mediterranean type characterized by dry summers followed by intense
autumn rainfall. The precipitation regime is very irregular and has an erratic distribution combining scarcity with tendency to fall in torrents. Annual rainfall gradient generally varies between 250 mm and 600
mm while mean annual temperature varies between 18 and 20°C. Indeed, the mountains of the dorsal
constitute a climatic barrier, where the South Eastern zones are drier than those of the North West.
We conclude from the morphometric study that the majority of sites of hill lakes developed in the
semi-arid ridges, mostly defined by topography and mountain terrain, generally have elongated shapes
with areas ranging from a few hectares to a few tens of kilometers square and moderated to high relief.
The land watershed consists mainly of farmland (Arboriculture, market gardening, cereal), representing 40-70 % of the area under the watershed. We also note the presence of forests in some regions especially in the Cap Bon and north of the Ridge with a rate up to 35%.
The predominance of climate irregularity, torrential flows, moderated to high relief, low densities of
vegetation cover and land overuse are all factors that promote soil erosion in our region. Then to reduce
this effect, it becomes necessary to implement erosion control facilities whose purpose is to reduce soil
loss and keep the soil in place. The density of such arrangements must not affect the good filling reservoirs. Physical factors in our study area are all in favor of an emphasis liquid intake and an acceleration of
the phenomenon of erosion.
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Class II: includes the lakes number 15, 19, 24, 20, 22, 26, 11, 17, 6 and 23, characterized by high
rate of sedimentation, high flow mostly associated with most high intensities erosive rainfall coupled to topography moderate or high.
Class III: includes the lakes number 10, 12, 5, 13, 18, 25, 7, 14 and 9, characterized by moderate
to high rate of sedimentation. This character is governed by an intense hydrodynamic aggravated
especially by the steep slopes of watersheds.

3.3 Characterization of siltation based on linear regression
After determining the affinities between the sedimentation and the dependent factors by the principal
component analysis and the subdivision into groups of the basins studied, another step statistics has been
affixed to better examine the effect of weighting of the axis of the PCA and settings that they characterize, a linear regression (or Step wise) has been applied to the pins from the principal component analysis
in function of the rate of siltation. In which we share the best regression to a variable, in order to watch if
the introduction of new explanatory variables does not justify the elimination of variables already introduced in the model. It stops when no variable brings sufficient reduction of residual variation.
The variables offering the best regressions are the index of slope (Gi) and the runoff coefficient (Rc).
The sedimentation rate is given by the following equation:
and N = 26)
Sr = 0,993 Rc + 0,466 Gi (With R2 = 0.78
Based on the coefficients from this equation, introducing a coefficient of determination if important to
the order of 78 %, it is demonstrated that the siltation rate is more sensitive to the fluctuation of the shape
of the watershed and the hydrographic network. In addition, it is by fate that the analysis of the general
trend of the siltation is due to natural effects and predominant anthropogenic the hydro-climatic conditions.
This shows that, as the has loosed Walling (1994), the variability of siltation rate depends on the variability of the factors which control the process of silting up (shape of the basin, the density of the hydrographic network, the status of the vegetation cover, nature of the soil, anthropogenic activities and hydroclimatic conditions).
The superposition of the different results of the multivariate analysis of hydrometric and hydrological
parameters of the study area, have allowed us to regionalize these 26 small lakes in 3 groups (Figure 5):
First group less vulnerable to the risk of silting locates on the southern and eastern borders of the West
Ridge and also on the coastal plains (square mark). It includes the lakes number 1, 3, 4, 5, 16, 21 and 25
which are characterized by a low rate of siltation, a large surface drainage, low relief drainage system relatively hierarchical and an effect of precipitation and runoff little intense . This class is also slightly affected by the various forms of erosion, due to the multiplication of the conservation of soil and water in
combination with continuous vegetation cover which contribute significantly to fold the abrasion rate of
these lakes. As such, some watersheds (as El Gouazine N°16) show the effectiveness of anti-erosion
benches;
A second group comprises the most degraded cover almost all the semi-arid zone of Central Tunisia
(triangle mark). This group includes the lakes number 6, 8, 13, 15, 17, 18, 19, 20, 22, 24 and 26. It is
characterized by abrasive potential, explained by high flow coefficients related especially at the highest
erosive rainfall intensities, moderate or severe topography, soil structure more marl and surface drainage
unoccupied and undeveloped. We deduce, therefore, that in this class, raises the erosion and sediment dynamics and yielding large quantities of soil particles to concentrate at a specific core of the Dorsal (case
watershed Sadine N°22). Therefore, this class must be taken as a priority area of intervention to fight
against the scourge of clogging.
A third group extends on either side of the North and South sides of the ridges, includes the lakes
number 2, 7, 9, 10, 11, 12, 14 and 23. It is characterized by moderate to high rate of sedimentation (circle
mark). This sedimentation rate is governed by a structure more or less marl soils and intense hydrodynamic compounded by the steep slopes. The evolution of surface exposed to the combined action of traditional farming practices, changes in land use (mechanized farming) and a very variable climate from
north to south, may strongly condition the flow, infiltration, erosion and therefore, sedimentation (case of
lake El Hnach N°14).
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Figure 5. Map of geographical location of 3 groups

4 CONCLUSION
A high spatial variation in area specific sediment yield among the 26 studied small dam reservoirs in Central Tunisia is observed. The average sediment yield is approximately of 15 t ha−1 y−1, which is relatively
high compared to African average values. Major factors affecting erosion and siltation were identified.
The analysis indicates that there are morphological catchment properties, land use, soil lithology that are
useful as aids to predict sedimentation rates. A single criterion cannot determine the erosion of soils on
little catchments in the Tunisian mountain range.
Multivariate statistical analyses were performed to assess the role of different catchment variables in
the sediment yield of reservoirs and to see the spatial distribution of reservoir sedimentation throughout
mountainous areas located in various hydro-climatic, geologic and geomorphologic zones. In the light of
these analyzes, it appears that the study area was divided into three areas of different abilities may siltation:
The first class is less vulnerable to the silting risk and is located on the southern and eastern borders,
west of the ridge and the coastal plains. The lakes of this group are characterized by a low rate of silting, a
large drainage area, a low relief, a relatively hierarchical hydrographic network and an effect of precipitation and little intense runoff.
A second class consists of the most degraded environments and cover almost the entire the semi-arid
zone of Central Tunisia. This class has a very abrasive potential watershed, explained by high flow coefficients related mainly to higher erosive rainfall intensities associated with a moderate or accentuate topography, structure of soil over marl and poor drainage and unimproved surface.
The third class exists in the north and south of the Ridge. The catchments of this class are characterized by a moderate to high sedimentation rate. The sedimentation rate is governed by a more or less marl
soil structure and an intense hydrodynamic compounded by the steep slopes of these basins.
Indeed, it turned out that the most degraded areas cover almost all of the semi-arid zone of Central Tunisia. The semi-arid environment is far from being a homogeneous whole geomorphological and bioclimatic. Although the results generated have clarified the study of conditional factors siltation, it is remarkable that this phenomenon remains as complex as it can only be understood by integrating multiple
attributes simultaneously. This suggests not only the complexity of monitoring clogging deductions hill
reservoirs, but also its non- linear character. To overcome such a problem, the use of other non-parametric
techniques, such as the application of artificial intelligence, is required.
NOTATION
Sr :
Rc :
Gi :
R² :

sedimentation rate
runoff coefficient
index of slope
correlation coefficient
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ABSTRACT: Despite the ubiquity of bed armoring in fluvial rivers, there is still large discrepancy between its simulations and observations. The main objective of the paper is to propose a more appropriate
method to simulate the armoring process and describe the temporal and spatial variation of bed material
composition. Based on former research, in sand riverbed, the mixing of bed material in the active layer is
mainly attributed to the sand wave movement. With this armoring mechanism, a kinetic equation concerning the mass fraction of certain particle is established on the basis of mass conservation principle. To
solve the equation, the parameters are either determined with former research or calibrated through a
flume experiment. A weighted implicit discretization method is subsequently adopted to solve the kinetic
equation. Once the simulation model is finished, a set of experiments were selected for further verification of the method. The results show that the simulations are well consistent with the experiment data,
which proves the equation makes a valid description of bed material composition in the active layer, and
is therefore available for bed scouring and armoring simulation.
Keywords: Armoring, Active layer, Sand wave, Bed composition
1 INTRODUCTION
Bed armoring phenomenon due to scouring process has been widely observed in alluvial rivers and extensive studies have been devoted to it (Lane 1934; Harrison 1950; Yin 1963; Gessler 1970; Little 1976; Karim 1983; Qin et al 1997,Reed 1998). Especially in the downstream of a water project where riverbed are
suffering long-term degradation, the finer sediment are entrained by flow, while the larger particles are
left on bed surface, the river bed are thus gradually coarsened , which is known as bed armoring process
(Yin 1963; Holly 1986; Karim 1986; chin 1994). Once the coarsening particles fail their incipient movement, an armoring layer is thus formed to protect riverbed from further scouring (Gessler 1970；Lee
1986). Since the scouring and armoring process is closely related to sediment routing and river morphology, studies on bed armoring mechanism is of vital importance and becomes a basic issue in sediment dynamics research as well as the common concern in engineering practice.
There has been varieties of research on armoring process. According to the different analysis method,
the existing research can be roughly divided into two categories: one is based on the flume experiments or
field observations (Lane 1953; Gessler 1968; Little 1976; Shen 1983; Chin 1994), offering description of
bed material composition under ultimate armoring state, usually the steady condition. The other researchers mainly focus on the numerical simulation method, (Xie 1959; Karim 1982、1986; Lee 1986; Holly
1986) aims to build the relationship between bed material composition and scouring intensity and develop
simulation model. Despite the various methods in different research, most of them introduce the concept
of “mixed layer” or “active layer” to describe armoring process (Karim 1982; Borah et al 1982; Lee 1986;
Holly 1986), and the active layer is often regarded as a layer of certain thickness under the bed surface,
where the bed materials are exchanged with the sediment in water column. Coupled with e concept is the
assumption that the bed materials are all well mixed and uniformly distributed. But recent research shows
that the armoring process initially occurs on the bed surface and gradually develops into the interior of the
active layer. (Wang 1992; Liu 2002) and with the bed material entrained away, they can be supplemented
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tuation terms, since the periodical movement of sand wave are the driven force of armoring process and
has the same timescales, we make the average in the range of [0, nT], separate the variables into two
parts, ρ、p can be regarded as constants, j is x in the stream wise direction and y in the vertical direction
therefor the above equation changes to:
′ 'y
′ x' ∂ f u
∂fu
∂f ∂fU x ∂fU y
+
+
=
−
−
∂t
∂x
∂y
∂x
∂y

(2)

The fluctuation terms can be expressed in the following way:

∂f
∂f
f ′u x' =
−ε bx
−ε by
, f ′u 'y =
∂x
∂y

(3)

𝜀𝑥, 𝜀𝑦 are respectively the longitudinal and vertical mixing coefficients due to the periodical movement. With
the origin of the coordinates located at the wave trough, the sediment movement in the vertical direction is the
periodical fluctuating movement of the sand wave, which means the average velocity becomes zero, and the
equation changes to:

∂ f ∂ fU x ∂  ∂ f  ∂  ∂ f 
+ =
ε bx
 + ε by

∂t
∂x
∂x 
∂x  ∂y 
∂y 

(4)

The transport rate (Wang 1988) of uniform bed material with diameter D in unit width in the active layer [0,y]
is
y

qb y = 1 − p ∫ U x dy

(5)

0

Sand wave movement is mainly caused by the drag force exerted on the sediment by the flow, which is maximum on the surface, and decreases inward, finally reaches zero when come across the bottom boundary,
Therefore the transport rate distribution decrease from top to bottom in the same way as the drag force. With
the total transport rate 𝑞𝑏 (𝐻) = 𝑞𝑏𝑡, and the preliminary trend analysis, the vertical transport rate distribution
can be assumed as the power function:

 y 
qb y = qbt 

 Hb 

m +1

(6)

m is a parameter with m ≥ 0, 𝐻𝑏 is the thickness of the active layer, since ∂t is the change of bed thickness due
to bed material movement, the bed form deformation equation is:

∂qbt
∂z
=−1 − p b
∂x
∂t

(7)

The original kinetic changes to:
m

∂f
∂f
∂  ∂ f  ∂  ∂ f  1 + m ∂zb  y 
+Ux =
 ε bx
 +  ε by
+

 f
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For the convenience of analysis, the parameters are changed into dimensionless form. Since the distance in the
stream wise direction where the bed material composition changes is far more than the wavelength of the sand
wave, the variation of the bed composition in the longitudinal direction is much less than in the vertical direction, the terms, the items in the x direction become inconsequential compared to other factors. After some
transformation and simplifications , the kinetic equation changes to :

∂ f U ∂ f ax ∂ 2 f
∂2 f
T ∂zb m
+ = 2
+
a
+1+ m
η f
y
2
2
∂τ n ∂ξ n ∂ξ
∂η
H b ∂t

(9)
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4 DISCRETIZATION THE KINETIC EQUATIONS
The kinetic Eq. (9) is a parabolic partial differential equation, we can only get the analytical solution in
limited simple conditions, and the numerical solutions can be obtained coupled with its boundary conditions. in this paper, we use the weighted implicit scheme to discrete the equation, since it’s unconditionally stable and has the second order accuracy
f
f jn +1 − f jn
θ
=
∆τ

n +1
j +1

−2f

n +1
j
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+f

n +1
j −1

2

+1−θ

f

n
j +1

n

−2f j + f
∆η

n
j −1

2

n

+ E n f jη mj

(10)

f Jn means the mass fraction in diameter 𝐷𝑖 among the bed materials in the layer η = jΔη and at the time

τ = nΔτ, 𝐸𝑛 can be deduced as
n

 1 + m ∂zb 
1 + m qbn − qbn0
E = 
 = −
L
1 − pVen
 Ve ∂t 
n

(11)

𝑉𝑒 = 𝐻𝑏⁄𝑇 can be regarded as characteristic “exchange velocity” according to former research (Wang 1992; Liu
2002). As Eq.(10) is kind of diffusion equation with source terms, to gain the numerical results, the initial and
boundary conditions should also be included. According to the bed material composition at t=0, the initial
condition can be expressed as:

τ 0,=
η f0
f=

(12)

While η = 0 means the bottom boundary of the active layer,

f = τ ,η= 0= fb

(13)

Atη = 1, which means y=H, the boundary condition can be defined according to the mass conservation in
the thin surface layer, the equation represents contrast between the scouring and supplementation of the
bed materials, the two key process affecting the variation of bed material composition. Since the experiments are confined so that only the bed load movement are taken into consideration, the exchange movement of suspended load are ignored, making ∂f⁄𝜕𝜂 ≈ 0 and 𝑞𝑏0 = 0 at η = 1. Since the effect of the suspended load occurs as boundary conditions and make no difference on the equation, the above results are
also widely applicable.
5 PARAMETERS DETERMINATION
The parameters are closely related to the flow and sediment transport intensity and should be determined
in advance. In the paper, the exchange velocity 𝑉𝑒 and periodic time interval T are calculated with the
empirical relationship in Liu’s research (2002), she made an experiment in a circular flume with the
length of 16m and adjustable slope, the vertical displacement velocity is regarded as the exchange velocity of the bed material. When the flow condition is in the low energy state condition, the exchange velocity
𝑉𝑒 increases with the increment of the shear stress θ*' , while the resistance reaches the transformation
state, the exchange velocity decreases as the shear stress increases. Based on the curve fitting with the observation data, Liu deduced the empirical formula, which are:
0.02e −0.00136 h / D50θ*'2.65 θ ' ≤ θ
Ve

k
*
=
'
−4 ' − 2.6
θ* > θ k
gD50  0.693 ×10 θ*


(14)

θ k = 0.212e0.000265 h / D

(15)

T = 865.1e0.00225 h / D50 D50 / gθ*'−1.8
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From the above figures, we can see the computational grain size distribution is well consistent with the
experiment results, which further proves that the former equations can efficiently demonstrate the kinematic and physical characteristic of the active layer in bed armoring simulation.
7 CONCLUSIONS
In this paper, we come up with a kinetic equation to simulate the temporal and spatial variation of bed
material composition in the active layer under scouring process. With its parameters determined though
flume experiment, a weighted implicit discretization method is used for the numerical solution and solutions are subsequently verified with some application examples. The comparison between the computational results and the experiment observations demonstrates that in fluvial rivers, the bed form movement,
mainly the sand wave, is the prime force that mix the sediment in the active layer. The periodical movement of sand waves makes the armoring process develop inward from the surface, and the interior finer
particles supplemented to the surface as well. Therefore the aforementioned method can better reveal the
nature of bed material variation during the scouring and armoring process. The results in the paper coupled with the previous research provide a theoretical solution to explain the significant i fluence of the
sand wave movement in non-equilibrium transport process.
We did not consider the concealing and exposure effects between the coarse and fine particles in the
aforementioned computation process, since research shows that the hiding factor always gives too large
hiding effect in small particles (Einstein and Chien 1953;Shen 1983). The equation offers a valid description of the gradation variation but is still unable to answer when the armoring process reach the equilibrium state, which will be analyzed in further research.
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ABSTRACT: In the present work a Boussinesq type hydrodynamic and morphodynamic model is applied
to simulate cross-shore coastal erosion during a storm surge event under extreme wave conditions. Non
linear wave transformation in the surf and swash zone is computed by a non-linear breaking wave model
based on the higher order Boussinesq equations for breaking and non breaking waves. The new transport
rate formula (involving unsteady aspects of the sand transport phenomenon) is adopted for estimating the
sheet flow sediment transport rates, as well as the bed load and suspended load over ripples. Suspended
sediment transport rate is incorporated by solving the depth-integrated transport equation for suspended
sediment. The model is applied to determine extreme beach erosion and coastal flooding due to storms in
Eressos beach (Lesbos island, Greece). Extreme values of wave height and period as well as sea level
rise are estimated using extreme value theory techniques. Marginal Extreme Generalized Value (GEV)
distributions are first fitted to wave height and storm surge extremes. The dependence structure between
wave height and storm surge extremes is modeled using a distribution from the family of Multivariate Extreme Value distributions (MVE), namely the simple bivariate logistic distribution function.
Keywords: Coastal erosion, Climate change, Coastal flooding, Nearshore numerical models, Extreme
value theory.
1 INTRODUCTION
During the recent decades there is a growing scientific interest in the development of reliable scenarios
(future projections) for the changes of the climate characteristics. Potential changes, both to atmospheric
circulation and several meteorological parameters would have significant impacts on local communities,
on the environment and ecosystems as they may adversely affect vital economic sectors such as agriculture and tourism.
The climate change is expressed on the open sea and the coastal zone through a number of impacts,
such as: sea level rise, increase of the frequency of extreme wind events, change of the annual winds frequency, more frequent storm surge events, higher waves, changes of the dominant wave direction,
stronger currents on the coastal zone etc. The above impacts, mainly due to a new sea level design and
higher waves attack, induce morphodynamic responses such as beach and dune erosion, inundation on
low-lying areas leading to increased flooding risk of the coastal zone.
Callaghan et al. (2008) performed a statistical simulation of extreme values of the wave climate in selected areas of the Australian coast using techniques of the univariate Extreme Value Theory. They developed a framework for determining coastal erosion hazard on sandy coastlines. This framework quantitatively reproduces the extreme beach erosion volumes obtained from field measurements at selected
coastal areas. However the developed framework is based on the simple beach erosion model of Kriebel
& Dean (1993). The structural function used to estimate the quantity of beach erosion is based on the
equilibrium profile concept, which is a quite simplified approach (excluding longshore bar formation). On
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the other hand, the response of a coastal area to future storm events can be evaluated by means of an advanced hydro-morphodynamic model such as the one developed by Karambas and Koutitas (2002) and
Karambas (2012). The model is based on the Boussinesq equations for nonlinear wave propagation in the
near shore area and can be used to estimate coastal erosion as well as flooding due to wave setup/runup
caused by extreme marine events.
In the present work a Boussinesq type hydrodynamics and morphodynamics model is applied to simulate cross-shore coastal erosion during a storm surge event under extreme wave conditions. The model is
applied to determine extreme beach erosion and coastal erosion hazard due to storms in Eressos beach
(Lesbos island, Greece). Extreme values of wave height and period as well as sea level rise are estimated
using extreme value theory techniques.
2 HYDRODYNAMIC AND SEDIMENT TRANSPORT MODEL
Near-shore wave propagation and coastal hydrodynamics are simulated by a Boussinesq nonlinear wave
model described in Karambas and Koutitas (2002) and Karambas et al. (2012).
The bed load transport (qsb) (including sheet flow sediment transport rate and suspended load over
ripples) is estimated with a quasi-steady, semi-empirical formulation, developed by Camenen, and Larson, ( 2007) for an oscillatory flow combined with a superimposed current:
qsb , wave

( s − 1) gd50

3

 θ 
=
an θ cw,net θ cw,m exp  −b cr 
 θ cw 

qsb ,current

( s − 1) gd50

3

 θ 
=
an θ c θ cw,m exp  −b cr 
 θ cw 

(1)

where s (= ρs/ρ) is the relative density between sediment (ρs) and water (ρ), g the acceleration due to gravity, d50 the median grain size, aw, an and b are empirical coefficients (Camenen and Larson 2007), θcw,m
and θcw the mean and maximum Shields parameters due to wave-current interaction, and θcr the critical
Shields parameter for the inception of transport. The net Shields parameter θcw,net is given by:
θcw,net = (1 − a pl ,b )θcw,on − (1 + a pl ,b )θcw,off

(2)

where θcw,on and θcw,off are the mean values of the instantaneous Shields parameter over the two half periods Twc and Twt (Tw = Twc + Twt, in which Tw is the wave period and αpl,b a coefficient for the phase-lag effects (Camenen and Larson 2007).
The Shields parameter is defined
by θcw, j 12 fcw U cw2 , j / [(s − 1) gd50 ] , with Ucw being the wave and current ve=
locity, fcw the friction coefficient taking into account wave and current interaction and the subscript j
should be replaced either by onshore or offshore. For sediment transport estimation, we use the corrected
near bottom Ucw (which incorporates the effects of undertow) instead of the instantaneous bottom velocity
uo.
Phase-lag effects in the sheet flow layer were included through a coefficient proposed by Camenen
and Larson (2007)
In order to incorporate the suspended sediment transport rate, the depth-integrated transport equation
for suspended sediment is solved. Here we adopt the transport equation proposed by Kobayashi and Tega
(2002):
∂ (hC ) ∂ (hCU s )
S − ws C
+
=
∂t
∂x

(3)

where C is the depth-averaged volumetric sediment concentration, Us is the horizontal sediment velocity,
S is the upward sediment suspension rate from the bottom and ws is the sediment fall velocity. The horizontal sediment velocity Us is assumed to be given by Us=(U-ws).
The suspension rate S per unit horizontal area is related to the wave energy dissipation (Kobayashi and
Tega, 2002):
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eB DB
SB =
;
ρg ( s − 1)h

S=
SB + S f ;

ef Df
Sf =
ρg ( s − 1)h

(4)

where DB is the energy dissipation rate due to wave breaking, Df is the energy dissipation rate due to bot3
tom friction (Df =0.5 ρ f U ), eB is the suspension efficiency for DB and ef is the suspension efficiency for
Df.
The suspended transport rate is estimated from:
qs=hCUs

(5)

The energy dissipation rate DB in the swash zone is estimated from the wave model by adopting the
mixing length hypothesis (Karambas, 2006).
The model had been validated against large scale experimental data for cross-shore profile evolution in
Karambas and Koutitas (2002), Karambas (2006) and Karambas et al. (2012).
3 ANALYSIS OF EXTREME MARINE EVENTS
The univariate Extreme Value Theory (EVT) includes models for block maxima and exceedances over
high thresholds (POT models). The first correspond to the family of GEV distributions (Generalized Extreme Value) including the Gumbel (Type Ι), the Fréchet (Type ΙΙ) and the Weibull (Type ΙΙΙ) distributions (Jenkinson, 1955). The cumulative distribution function of the GEV for ξ≠0 is given by the following formula (Coles, 2001):
G (x) =exp[-{1 + ξ

( x - µ ) -1/ξ
(x - µ)
} ], 1 + ξ
>0
σ
σ

(6)

where μ, σ>0 and ξ are the location, scale and shape parameters, respectively. The special case with ξ=0
corresponds to the Gumbel distribution function. Hence, estimation uncertainty is not artificially reduced,
because the selection of the most appropriate model is performed from the complete entity of extreme
value distributions, without having a priori to specify the most suitable distribution function. The parameters of the GEV distribution function can be estimated by means of the Maximum Likelihood Estimation
procedure (MLE).
Within a stationary context, the return level xp corresponding to a return period of 1/p, is the value that
is expected to be exceeded at least once every 1/p years and can be assessed by inverting Equation (6) for
a given exceedance probability, p (Coles, 2001):
σ
x p = µ - [1-{- log(1- p)}-ξ ]
ξ

(7)

The variance of the return level estimates can be assessed using the delta method:

(8)
Var ( x p ) ≈ ∇x p TV ∇x p
where V is the variance-covariance matrix of the maximum likelihood estimators of the parameters μ, σ
and ξ, while the delta function is also assessed at these estimates.
The family of GEV distributions is utilized in the present work to analyse extreme marine variables,
constituting the sources of coastal erosion. The model of Equation (6) is first fitted to the annual maxima
of significant wave height and storm surge data. The wave period is modelled by means of a conditional
GEV distribution function with parameters depending on the significant wave height estimates. The parameters μ and σ of the fitted distribution are modelled using empirical regression functions (Repko et al.
2004):
g ( H=
aH s + b
s )i

(9)

g ( H s )i = aH s 2 + bH s + c
g ( H s )i = aH s b
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where g(Hs)i correspond to the location (i=1) and scale (i=2) parameters and a, b, c are parameters to be
estimated. The shape parameter, ξ, of the GEV, which determines the tail behaviour of the distribution, is
considered constant.
The coastal hazards of flooding and erosion, as well as the failure of coastal structures are strongly associated with the wave conditions in the area of interest, as well as with sea water level. Extreme wave
conditions in the deep water (to eliminate the effects of water depth on these conditions) are usually correlated with high water levels, due to the dependence of both mechanisms on local weather conditions.
For this reason, it is recommended to estimate the joint probability distributions of extreme wave conditions with directions affecting the coastline and extreme storm surges. A simple bivariate model that is
commonly adopted to model the dependent pair of extreme wave heights and storm surges is the bivariate
logistic distribution function (Tawn, 1988):
=
G (x1 ,x2 ) exp[-(z11/ r + z21/ r ) r ]

(10)
where r is the dependence parameter (0 < r < 1). The variables Χ1, Χ2 correspond to pairs of significant
wave height (x1) and storm surge (x2). Full dependence is achieved in the limit when the dependence parameter r tends to zero, while independence is obtained when r=1. The extreme values of Χ1, Χ2 variables
follow the GEV distribution function (Equation (6)) and are transformed to marginal distributions of the
form G(xi)=exp(-zi) i=1,2 resulting in (Stephenson and Tawn, 2004):

z=i {1 + ξi

( x - μi ) -1/ ξi
}+
σi

(11)

where μi, σi, ξi are the parameters of the GEV distribution, estimated using the MLE procedure for the
variables of significant wave height and storm surge.
4 ANALYSIS OF DATA
The marine data utilized in the present work correspond to significant wave height, wave period and
storm surge simulations in the marine area of Eressos (Lesvos island, Greece). The wave data result from
a wave prediction model formulated for the Greek Seas, based on the wave model SWAN (Ris et al.
1999, Booij et al. 1999). Storm surge data result from a two dimensional model of hydrodynamic circulation for the Greek Seas (Krestenitis et al. 2011). The wave and the storm surge data cover a period of 150
years (1950-2099). The atmospheric forcing of the models consists of wind (wind velocity and direction)
and sea level pressure fields of the RCM (Regional Climate Model) model RegCM3 (Dickinson et al.
1989). The spatial resolution of the model is 10x10km. The future predictions of the model are based on
the A1B SRES emissions scenario (Jacob et al. 2007).
The time series of marine variables resulting from wave prediction or hydrodynamic circulation models forced by RCM models are often subject to bias. Bias corresponds to the error component of the model that does not depend on time (Haerter et al. 2011). This component imposes the processing of the data,
before using it to estimate the effects of climate change in any domain of application. In the present work,
the wave data used for bias correction of the significant wave height cover a period of ten years (20012010). This data result from the wave model WAM forced by the non-hydrostatic meteorological model
SKIRON with horizontal spatial resolution of 0.05x0.05 (Papadopoulos et al. 2002). To perform bias correction, the nonparametric quantile transform of Boé et al. (2007) is utilized in the present work.
Bias correction of the significant wave height data is followed by the splitting of the data in periods of
50 years, representing the periods of the present (1950-1999), the short-term (2000-2049) and the longterm future climate (2050-2099). The wave storm events directing to the coast of Eressos are then selected. These events are characterised by wave heights larger 1.5 m and duration more than 6 hours. The selection of wave storm events is followed by the selection of the annual maximum values of these events
and the adjustment of the GEV distribution function to these values. The model is also fitted to the annual
maxima of the storm surge data. Table 1 presents return level estimates (maximum likelihood estimates
and associated 95% confidence intervals) of significant wave height and storm surge, resulting from applying univariate extreme value analysis, for return periods of 50, 100, 200 and 500 years for the three
time periods considered in the present work.
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coast should be selected. Based on the combination selected, the respective wave period can be estimated
using the conditional GEV distribution function described in Section 3.The parameters μ and σ of the
conditional distribution are represented as exponential functions of the wave height estimates, because the
AIC values (Hurvich and Tsai, 1989) for this combination (last combination in Equation (9)) resulted to
be minimum.

Study area
Lesbos Island
AEGEAN SEA

Figure 2. Aegean Sea, Lesbos Island and case study area.

5 APPLICATION TO ERESSOS BEACH (LESBOS ISLAND, GREECE)
The hydro-morhodynamic model of paragraph 2 is applied to determine extreme beach erosion and
coastal flooding due to storms in Eressos beach (Figure 2). The extreme values of wave height and storm
surge are taken from Table 1 for return level 50 and 100 years in the period 2000-2049 (Hs=5.56
m/SS=0.44 m and Hs=5.87 m/SS=0.46 m respectively). During that period significant increase of extreme
wave height (of order of 14%) and storm surge is predicted (in comparison with the previous period
(1950-1999). The wave period is modelled by means of a conditional GEV distribution function with parameters depending on the significant wave height estimates.
The initial cross-shore profile is adopted according to filed measurements at January 2011 by Coastal
Morphodynamics team of Department of Marine Sciences of University of the Aegean. Two cross-shore
profiles are considered, from which the one includes the presence of a sea wall, located 2.5 m inshore the
shoreline.
The bed cross-shore evolution is presented in Figures 3 and 4. The beach retreat is predicted to be 11 m
for 50 years return period. Wave run up above sea level rise due to storm surge is 1.3 m. For 100 years return period the beach retreat is 12 m and run up 1.35 m. Given the significant erosion of the last 20 years
(of order of 30 m!) the above values are significant and explain the flooding of coastal area which occurs
1-2 times during the last winders. It is notice here that according to Karambas et al. (2008) the main reason of the significant erosion of the last 20 years occurred because of the increase of frequency of appearance of the S waves, that transport the sediment from the Eastern region of the coast to the Western region.
Additionally, in Figure 5, the bed morphology evolution in front of the sea wall is shown, for 50 years
return period. The scour is predicted to be about 40-50 cm and explain the failure of the sea wall that happens several times last years.
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Figure 3. Bed morphology evolution under extreme wave height and storm surge values (50 years return period, Hs=5.56 m
and SS=0.44 m).

Figure 4. Bed morphology evolution under extreme wave height and storm surge values (100 years return period, Hs=5.87 m
and SS=0.46 m).

Figure 5. Bed morphology evolution and scour in front of the sea wall under extreme wave height and storm surge values (50
years return period, Hs=5.56 m and SS=0.44 m).

6 CONCLUSIONS
The extreme meteorological events (i.e. high waves and storm surge) lead to morphodynamic changes in
the coastal zone, such as beach and dune erosion, inundation on low-lying areas leading to increased
flooding risk of the coastal zone. Civil Engineers need the help of extreme value theory techniques and
advanced mathematical models, in order to confront the above problems in coastal zone, by simulating
the climate change impacts on coastal flooding and erosion.
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ABSTRACT: Fluvial sediment transport literature is characterized by an abundance of studies comparing
sediment transport formulae, which calculate either the bed-material load (mainly for sand-bed rivers) or
the bed load (mainly for gravel-bed rivers). However, these studies exhibit different results and conclusions, exposing the insufficiency of the sediment transport formulae utilized for engineering projects. The
present paper shows the potential of machine learning in quantifying fluvial sediment transport by summarizing the work done by the authors in the recent past and complementing this review by presenting
new results from the support vector regression implementation. The generated models are robust and the
results are encouraging, given the complexity of the problem and the inevitable noise inclusion from the
field measurements, and superior to those of some of the well-known sediment transport formulae. The
conclusions of this study support that the regression scheme is of importance, since all the input combinations tested (based mainly on shear stress, or stream power, or unit stream power) generated similarly
good results, with respect to the machine learning technique employed, without having to set a threshold
for the initiation of motion, thus avoiding erroneous zero transport rate predictions.
Keywords: Artificial neural networks (ANNs), Adaptive-network-based fuzzy inference system (ANFIS),
Bed load, Bed-material load, Machine learning, Sediment transport, Support vector regression (SVR),
Symbolic regression (SR)
1 INTRODUCTION
Sediment transport rate in streams and rivers is very difficult to be quantified and it constitutes a problem
that challenges engineers, geomorphologists, and river scientists, since it is a prerequisite for numerous
studies such as river restoration, habitat maintenance, dam design, etc. Many sediment transport functions
have been proposed during the last years by several researchers based on different concepts and approaches; however, the generated results are, usually, in disagreement and may derive miscalculations of
several orders of magnitude (Gomez and Church, 1989; Yang, 2003). Subsequently, a deterministic model that obeys the laws of physics and could be potentially used with confidence remains elusive due to the
augmented complexity of the phenomenon and the large input data requirements.
Machine learning can provide solutions to problems where the actual knowledge of the physics and the
internal mechanisms of the problem are not fully understood, and given a good quality dataset that encompasses an adequate part of the parameter space, can eventually generate formulae that can be used for
future predictions. Witten et al. (2011) argued that certain classes of model syntax may be inappropriate
as a representation of a physical system and, subsequently, no single machine learning technique is appropriate to all data mining problems. Consequently, in this paper, four different machine learning techniques are implemented and their results are compared for their efficacy with some well-known sediment
transport functions from the literature. The utilized techniques are Artificial Neural Networks (ANNs),
Adaptive-Network-Based Fuzzy Inference System (ANFIS), Symbolic Regression (SR) based on Genetic
Programming, and Support Vector Regression (SVR). In addition, three different input combinations
based mainly on variables highly correlated with sediment transport, such as unit stream power, stream
power, and shear stress, are compared, without the need to set a criterion for the initiation of movement.
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This paper concerns bed-material load and bed load prediction in sand-bed and gravel-bed rivers, respectively, and summarizes the work done by the authors in the recent past (Kitsikoudis et al., 2014a;
2014b), complemented by new results from the SVR implementation. The results are encouraging, given
the complexity of the phenomenon and the noise that is implanted to the field measurements. Moreover, it
is shown that all the input combinations generate similarly good outputs, with respect to the data-driven
technique employed, accentuating the importance of the regression model.
2 SEDIMENT TRANSPORT
Sediment transport may exhibit several peculiarities, depending on the river under consideration. In sandbed rivers, the majority of the sediment load is transported as suspended load, which may either amplify
or damp turbulence, hence the flow resistance, depending on the relative magnitude of flow and sediment
transport variables (Squires and Eaton, 1990). In gravel-bed rivers, due to the coarser grain size, a significant portion of the sediment load moves as bed load, which is of major importance for geomorphologic
reasons. In addition to sorting by grain size across and along the streambed surface, gravel-beds tend to
also exhibit vertical sorting, wherein the surface of the streambed is coarser than the underlying, subsurface, material (Parker and Sutherland, 1990). This leads to different transport phases, depending on the intensity of the flow (Recking, 2010).
Parker and Anderson (1977) expressed the sediment transport rate as a function of five dimensionless
variables and derived the following relationship for equilibrium flow in an alluvial channel with a bed
comprising non-cohesive sediment:
�1 , �
C = f�X
X2 , Rep50 , R, σ�

(1)

where 𝐶 denotes a dimensionless variable expressing the sediment transport rate, 𝑋�1 and 𝑋�2 are dimensionless parameters closely tied to sediment transport, 𝜎 is the arithmetic standard deviation of the stream
bed grain size distribution, 𝑅𝑒𝑝50 denotes an explicit particle Reynolds number, and 𝑅 is the submerged
specific gravity of the sediment, which is usually 1.65 for the most common natural sediments in rivers,
and consequently it is omitted. The usage of 𝜎 in sand-bed rivers can be redundant (Kitsikoudis et al.,
2014a) due to the surface grain size relative uniformity. After an extensive trial-and-error procedure, the
𝑋�1 variable is replaced by Froude number, while for the 𝑋�2 variable, three dimensionless variables based
on unit stream power 𝑉𝑆, stream power 𝜔, and shear stress 𝜏, which are highly correlated with sediment
transport, will be tested in order to additionally facilitate a straightforward comparison of these variables,
since the regression models will be trained on the same data. Yang (1973) made unit stream power dimensionless by dividing the product 𝑉𝑆 to fall velocity. However, for the gravel-bed streams, the dimensionless variable used is the one shown in Eq. (5), because fall velocity calculation in poorly sorted gravel-bed can be further problematic. The variables employed are given in the following equations.
particle Reynolds number: Rep50 =
Froude number: 𝐹𝑟 =

𝑉

�𝑔𝐷

�Rgd50 d50

(2)

v

(3)

VS

dimensionless unit stream power = ω

(4)

s

dimensionless unit stream power utilized for gravel-bed rivers =
shear Reynolds number: Re* =

U* d50
v

dimensionless stream power: ω* =

ω

3⁄2

ρ�g�ρs ⁄ρ‐1�d50 �

dimensionless shear stress or Shields number: τ* = g�ρ

𝑉𝑆

�𝑔𝑑50

(5)
(6)
(7)

τ

s ‐ρ�d50

(8)

where, 𝑔 is the gravitational acceleration, 𝑑50 is the median grain diameter, 𝑣 is the water kinematic viscosity, 𝑉 is the mean flow velocity, 𝐷 is the mean flow depth, the product 𝑉𝑆 denotes unit stream power,
𝜔𝑠 is the particle fall velocity, 𝑈∗ = �𝑔𝑅ℎ 𝑆 is the shear velocity, 𝑅ℎ is the hydraulic radius, 𝑆 is the energy slope, 𝜔 = 𝜏𝑉 is the stream power, 𝜌 is the water density, 𝜌𝑠 is the sediment density, and 𝜏 = 𝜌𝑈∗2 is
the shear stress. Table 1 shows the input combinations utilized for each case.
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No threshold for the initiation of motion has been assigned to the input variables, since at flows of low
intensity, the possibility of movement becomes very small but never equals zero due to turbulence fluctuations (Lavelle and Mofjeld, 1987). As a result, there are no erroneous zero transport rate predictions.
Table 1. Input combinations
Sand-bed rivers
(a)
(b)
(c)

2/3,

Gravel-bed rivers

Re*,

Rep50 Fr,
VS/ωs
Rep502/3, Fr, ω*
Rep502/3, Fr, τ*

Rep50, σ, Fr, Re*, VS/(gd50)1/2
Rep50, σ, Fr, ω*
Rep50 σ, Fr, τ*

3 MACHINE LEARNING
The recorded observations of a system can be further analyzed in the search for the information they encode. Data mining aims at providing tools to facilitate the conversion of data into a number of forms, such
as equations, which can provide a better understanding of the process generating or producing these data,
and combined with the already available understanding of the physical processes result in improved predictive capability (Babovic, 2000). The data are usually divided into three sets. The training set trains the
model on the basis of a minimization criterion, which is usually a sum of errors between the computed
outputs and the actual measured data, and the validation set is used as a training stopping criterion to
avoid overfitting to the data. The testing set is used to evaluate the generated model and assess its generalization capability. Since the scope of this paper is to exhibit the results of the machine learning implementation, and due to the space limitations, no theoretical information of the implemented techniques is provided herein. The methodology followed for the ANNs, ANFIS, and SR is described in Kitsikoudis et al.
(2014a), along with the results for the bed-material load prediction in sand-bed rivers. The results for the
bed load prediction in gravel-bed rivers are obtained from Kitsikoudis et al. (2014b). The SVR implementation supplied this study with additional results for comparison, and the methodology followed is presented analytically in Iliadis et al. (2011). In SVR the aim is to determine a function that has at most ε deviation from the actual measurements, and at the same time is as flat as possible. The optimal parameters
for this SVR implementation are shown in Table 2, where C determines the trade-off between the flatness
of the generated function and the tolerated deviations, and γ defines the point where the empiric error is
related to complexity.
Table 2. Optimal parameters for the SVR implementation

Sand-bed rivers

(a)
(b)
(c)

C

1240
5
260

γ

0.11875
0.9
0.625

ε

0.125
0.00625
0.1625

Gravel-bed rivers

(a)
(b)
(c)

C

2.8
1.6
1.7

γ

2.8
9.2
9.2

ε

0.075
0.1125
0.11875

4 APPLICATIONS AND RESULTS
The employed data originate from reliable compilations, which have provided data for several comparison studies. Brownlie’s (1981a) compilation provided the bed-material load data for sand-bed rivers,
while an extensive field campaign in mountainous streams in Idaho (King et al., 2004, Kitsikoudis and
Hrissanthou, 2013; Kitsikoudis et al., 2014b) provided the data for the bed load study in gravel-bed rivers.
The optimal machine learning model configuration is considered to be the one that generates the better
results in the validation set. As a result, the testing set remains unused during the training process and the
predictive capability of the considered model is consequently assessed. The generated results 𝑃𝑖 compared
to the respective observed ones 𝑂𝑖 and to the mean observed value 𝑂� are evaluated on the basis of root
mean square error (𝑅𝑀𝑆𝐸),
2
∑N
i=1(Oi ‐Pi )

RMSE = �

(9)

N

mean absolute error (𝑀𝐴𝐸),
MAE =

∑N
i=1�Oi ‐Pi �
N

(10)
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Testing set

Validation set

Training set

Table 3. Performance evaluation of machine learning for bed-material load prediction in sand-bed rivers, in terms of ppm

ANN(a)
ANN(b)
ANN(c)
ANFIS(a)
ANFIS(b)
ANFIS(c)
SR(a)
SR(b)
SR(c)
SVR(a)
SVR(b)
SVR(c)
ANN(a)
ANN(b)
ANN(c)
ANFIS(a)
ANFIS(b)
ANFIS(c)
SR(a)
SR(b)
SR(c)
SVR(a)
SVR(b)
SVR(c)
ANN(a)
ANN(b)
ANN(c)
ANFIS(a)
ANFIS(b)
ANFIS(c)
SR(a)
SR(b)
SR(c)
SVR(a)
SVR(b)
SVR(c)
Ackers and White (1973)
Brownlie (1981b)
Engelund and Hansen (1967)
Karim and Kennedy (1990)
Molinas and Wu (2001)
Yang (1973)

𝑅𝑀𝑆𝐸
(ppm)
391.11
413.32
418.75
426.94
401.31
413.08
449.56
460.93
435.51
406.99
415.49
421.42
430.07
419.22
430.02
457.61
455.76
478.84
477.26
477.49
493.99
468.61
445.72
470.21
452.04
478.06
452.94
492.74
498.98
495.15
515.04
515.63
506.36
494.78
504.42
495.45
720.56
648.44
637.96
767.41
726.47
724.24

𝑀𝐴𝐸
(ppm)
212.54
219.36
228.82
229.84
222.57
222.60
242.12
246.94
235.52
221.87
218.48
231.72
230.99
222.30
229.06
236.59
238.01
247.33
251.95
247.09
258.03
244.40
225.83
242.67
207.87
234.57
219.73
235.89
244.87
240.15
250.63
248.62
248.32
240.61
242.25
239.54
359.40
322.17
336.12
383.88
387.76
396.81

𝑀𝑁𝐸
(%)
44.05
48.07
50.66
49.15
48.79
51.37
52.93
53.90
56.25
49.46
46.40
53.32
42.68
46.03
44.19
43.97
43.81
47.47
48.20
48.10
50.33
44.64
43.08
44.74
45.62
45.52
45.37
43.51
45.95
45.81
49.24
47.04
48.58
47.40
44.59
47.73
51.02
45.78
57.43
64.13
68.80
61.19

𝐶𝐸

0.787
0.762
0.756
0.746
0.776
0.762
0.718
0.704
0.736
0.769
0.759
0.753
0.722
0.736
0.722
0.685
0.688
0.655
0.657
0.657
0.633
0.670
0.701
0.668
0.755
0.726
0.754
0.709
0.701
0.706
0.682
0.681
0.693
0.706
0.695
0.706
0.381
0.496
0.522
0.294
0.367
0.371

𝐷𝑅0.5−2
(%)
85.99
81.77
81.57
82.15
82.34
81.19
79.27
78.89
78.12
81.77
81.00
83.88
81.61
81.61
81.61
81.61
80.46
78.16
77.01
79.31
78.16
83.91
79.89
83.91
79.77
80.35
80.92
80.92
80.92
78.61
78.03
80.92
77.46
80.35
79.19
76.88
57.56
68.79
67.07
62.43
58.38
42.20

𝐷𝑅0.25−4
(%)
98.46
96.74
96.74
97.70
97.50
97.50
96.55
96.55
96.16
97.50
97.12
96.74
98.28
97.70
98.28
96.55
95.98
94.83
94.25
94.83
94.25
97.13
95.40
96.55
95.95
96.53
98.27
97.11
97.69
97.11
97.69
97.69
96.53
96.53
97.11
97.11
90.12
94.22
91.62
90.75
91.33
72.25

mean normalized error (𝑀𝑁𝐸),
𝑀𝑁𝐸 =

100
𝑁

𝑂𝑖 −𝑃𝑖

∑𝑁
𝑖=1 �

𝑂𝑖

(11)

�

Nash and Sutcliffe (1970) coefficient of efficiency (𝐶𝐸),
∑N (O ‐Pi )2
� )2
i ‐O

(12)

i
CE = 1‐ ∑i=1
N (O
i=1

and discrepancy ratio (𝐷𝑅), which is the percentage of the calculated sediment transport rates that lie
within one half (or a quarter, or a tenth) and two (or four, or ten) times the respective measured sediment
transport rates. Additionally, models with simpler structure were preferred from complicated ones with
602

Testing set

Validation set

Training set

Table 4. Performance evaluation of machine learning for bed load prediction in gravel-bed rivers, in terms of kg/s/m

ANN(a)
ANN(b)
ANN(c)
ANFIS(a)
ANFIS(b)
ANFIS(c)
SR(a)
SR(b)
SR(c)
SVR(a)
SVR(b)
SVR(c)
ANN(a)
ANN(b)
ANN(c)
ANFIS(a)
ANFIS(b)
ANFIS(c)
SR(a)
SR(b)
SR(c)
SVR(a)
SVR(b)
SVR(c)
ANN(a)
ANN(b)
ANN(c)
ANFIS(a)
ANFIS(b)
ANFIS(c)
SR(a)
SR(b)
SR(c)
SVR(a)
SVR(b)
SVR(c)
Bagnold (1980)
Meyer-Peter and Mueller (1948)
Parker (1979)
Recking (2013)
Schoklitsch (1962)

𝑅𝑀𝑆𝐸
(kg/s/m)
0.0055
0.0063
0.0060
0.0053
0.0057
0.0056
0.0097
0.0090
0.0094
0.0062
0.0065
0.0062
0.0066
0.0068
0.0067
0.0063
0.0064
0.0065
0.0096
0.0089
0.0099
0.0067
0.0071
0.0067
0.0067
0.0068
0.0068
0.0068
0.0068
0.0070
0.0092
0.0098
0.0100
0.0071
0.0071
0.0072
0.0207
0.0157
4.276
0.0223
2.402

𝑀𝐴𝐸
(kg/s/m)
0.0021
0.0023
0.0022
0.0020
0.0021
0.0020
0.0033
0.0034
0.0034
0.0023
0.0023
0.0023
0.0026
0.0027
0.0026
0.0024
0.0025
0.0025
0.0033
0.0036
0.0037
0.0024
0.0025
0.0025
0.0027
0.0027
0.0028
0.0027
0.0027
0.0027
0.0035
0.0040
0.0040
0.0028
0.0028
0.0028
0.008
0.006
1.334
0.0098
1.518

𝑀𝑁𝐸
(%)
80.74
79.60
81.61
57.79
60.77
68.64
129.46
173.99
145.76
97.87
88.43
87.45
80.77
80.24
83.77
84.06
103.74
108.21
113.26
141.32
154.18
79.34
71.28
75.18
82.64
83.56
86.63
90.16
114.21
104.72
120.50
155.38
149.40
93.41
84.79
111.01
234.9
100
275957
965.48
570802

𝐶𝐸

0.840
0.793
0.812
0.855
0.833
0.835
0.506
0.578
0.542
0.799
0.780
0.798
0.800
0.788
0.791
0.816
0.812
0.807
0.569
0.637
0.548
0.792
0.768
0.794
0.779
0.777
0.774
0.777
0.777
0.765
0.594
0.536
0.511
0.756
0.753
0.747
-1.084
-0.195
-88655
-1.406
-27979

𝐷𝑅0.5−2
(%)
67.47
64.00
67.47
75.60
73.20
70.27
55.33
45.87
50.67
66.40
72.67
72.00
60.00
63.20
60.00
61.20
60.80
58.40
52.40
43.20
46.40
67.60
72.00
72.40
58.00
58.80
57.20
57.20
57.60
58.40
50.00
40.40
45.20
59.60
58.40
58.00
0
0
3.20
27.60
0

𝐷𝑅0.25−4
(%)
92.53
92.80
92.00
96.53
95.60
94.13
83.87
77.07
80.80
89.60
93.20
91.87
88.40
88.00
88.80
86.00
88.00
85.20
80.00
75.60
78.00
92.40
92.40
92.40
84.40
85.20
83.60
83.20
85.60
84.80
80.80
73.60
77.60
84.40
86.00
85.60
0
0
5.60
51.60
0

𝐷𝑅0.1−10
(%)
98.53
98.53
98.40
99.73
99.73
99.33
96.93
93.73
94.80
97.33
98.40
97.60
98.40
98.40
98.00
96.00
96.40
96.00
97.20
95.20
94.80
98.00
99.20
99.20
99.20
98.80
98.00
95.60
95.60
96.80
96.40
94.80
93.60
97.60
99.20
97.60
0.80
0
12.80
76.00
0

similar or even slightly better performance, according to the principle of parsimony. Tables 3 and 4 show
the results of the implementation of the aforementioned techniques in sand-bed and gravel-bed rivers, respectively, for all the input combinations of Table 1, and the results obtained from some well-known sediment transport functions for the test set data, from which can be inferred the superiority of machine
learning. Figures 1 and 2 depict the scatter plots between the measured and the respective calculated bedmaterial load in sand-bed rivers and bed load in gravel-bed rivers, respectively, for the test set data. All
three input combinations provide relatively equally good results, depending on the regression scheme utilized, despite the different physical meaning of these variables, namely the unit stream power, stream
power, and shear stress. Finally, it can be seen that ANNs perform better than the other techniques in
sand-bed rivers, while in gravel-bed rivers they produce similar results to ANFIS and SVR. SR generates
the least good results.
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(a) ANN for combination (a)

(b) ANN for combination (b)

(c) ANN for combination (c)

(d) ANFIS for combination (a)

(e) ANFIS for combination (b)

(f) ANFIS for combination (c)

(g) SR for combination (a)

(h) SR for combination (b)

(i) SR for combination (c)

(j) SVR for combination (a)

(k) SVR for combination (b)

(l) SVR for combination (c)

Figure 2. Scatter plots of the measured versus the respective machine learning calculated bed load in gravel-bed rivers, for the
test set, in kg/s/m.
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5 CONCLUSIONS
This study demonstrated the potential of machine learning in the context of bed-material load and bed
load prediction in sand-bed and gravel-bed rivers, respectively, based on several independent variables.
Four techniques have been utilized, with ANNs providing the better results, followed closely by ANFIS
and SVR, while SR provided the least good results. All these models performed significantly better than
some of the commonly used sediment transport formulae. Three different input combinations were used,
based mainly on unit stream power, stream power, and shear stress, and all of them provided similarly
good results, thus highlighting the importance of the regression scheme. Finally, the data-driven models
were able to predict sediment transport rates without the need to set a criterion for the initiation of sediment movement, hence avoiding erroneous zero transport predictions, a common problem of the bed load
quantification in gravel-bed rivers.
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Effects of Sediment Supply on Low-Flow Channel Formation
H. Miwa

National Institute of Technology, Maizuru College, Kyoto, Japan

ABSTRACT: Low-flow channels with pool and riffle sequences provide habitat for fish and vegetation
during inter-flood periods. In regard to appropriate sediment management for river environments, it is
important to investigate the effects of water discharge and sediment supply on the morphology of lowflow channels between floods. Such investigation can also provide information for investigating what
controls on water discharge and sediment supply are better for the maintenance of riparian habitat. In this
study, the effect of sediment supply on a low flow channel formation in alternate bars was investigated
using flume experiments and two-dimensional numerical simulations. By investing river bed variation in
detail, it was possible to clarify the formation process of emergent bars bounding a low-flow channel. The
characteristics of the longitudinal profiles of low-flow channels were also investigated.
Keywords: Alternate bar, Low-flow channel, Emergent bar, Degradation, Sediment supply, Riffle and
pool sequence, Numerical simulation
1 INTRODUCTION
Low-flow channels with pool and riffle sequences provide habitat for fish and vegetation during interflood periods. In regard to appropriate sediment management for river environments, it is important to investigate the effects of water discharge and sediment supply (both of which may be controlled by a dam
as a water release and a sediment flushing from reservoirs) on the morphology of low-flow channels between floods. Such investigation can also provide information for investigating what controls on water
discharge and sediment supply are better for the maintenance of riparian habitat. Many works on the river
morphology change have mainly treated effects of the water discharge. However, effect of the sediment
supply on the morphology change has not been always discussed.
Uchijima and Hayakawa (1987) investigated the low-flow channel formation and the local scour development caused by the alternate bar transformation under the low water discharge. Yuki et al. (1992)
examined the phenomena similar to Uchijima and Hayakawa, and discussed the low-flow channel variation. These researches are mainly the studies on riverbed variations due to the decrease of water discharge. In addition, Shimizu et al. (2004) calculated the formation process of a low-flow channel in the
bed with alternate bars under the dynamic equilibrium conditions through a numerical simulation. As
mentioned above, the low-flow channel formation under a low water discharge has been investigated by
some researchers. However, investigation on effects of sediment supply on the riverbed variation is not so
many. This is because relationships between the bed degradation-aggradation and the bed form transformation are complex. Michiue et al. (1995) examined the effect of the presence of a sediment supply on
the formation of low-flow channels under the double row bar formation conditions, and presented the
numerical simulation method of that formation. Miwa et al. (2004a, b) investigated the effect of a water
discharge on the low-flow channel deformation and the alternate bar formation in the uniform and the
non-uniform sediment bed, and discussed the widening process of streambed and properties of wavelength and height. Miwa et al. (2007) also discussed the effects of rotational degradation/aggradation of
riverbed caused by an imbalance between water and sediment discharge conditions on variation in alternate bar morphology. Takahata and Izumi (2011) performed the liner stability analysis incorporating
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weakly non-equilibrium process of bed aggradation/degradation by use of the WKBJ method in order to
clarify their effects. The analysis explained that riverbeds become stable and sand bars tend not to be
formed under degradation, and that riverbeds become unstable under aggradation.
In this study, we investigated a low-flow channel formation process in alternate bars under the conditions with and without sediment supply using flume experiments, and discussed the effect of the sediment
supply on that process. The two-dimensional numerical model was also applied to further investigate the
effects of sediment supply on river restoration. The simulation results were verified against the experimental results. By investigating river bed variation in detail, it was possible to clarify the formation processes of emergent bars bounding a low-flow channel. Effects of the sediment supply on the longitudinal
profiles of low-flow channels were also investigated.
2 FLUME EXPERIMENT (SET-UP AND PROCEDURE)
Experiments were conducted in a straight rectangular open channel with a length of 12 m, a width of 0.2
m and a depth of 0.3 m. Nearly uniform sediment was used in the experiments. The sediment has a mean
grain diameter dm of 0.110 cm, a geometric standard deviation σg (=(d84/d16)1/2, in which d84 and d16 are
the grain sizes for which 84 % and 16 % of the sediment is finer, respectively) of 1.22 and specific gravity σs of 2.65.
The sand bed was flattened with a scraper, and was set to a slope of 0.0167 (1/60) before commencing
experiment. At first, alternate bars were allowed to develop under the prescribed water discharge. The
sediment was externally fed into the flow at the upstream end of the channel in order to keep the average
bed level constant. After alternate bars had fully developed, water surface elevations were measured with
a water level sensor at intervals of 20 cm in the longitudinal direction of the channel just before stopping
the flow. Longitudinal profiles of the bed surface were measured with a laser sensor mounted on a selfpropelled carriage, at intervals of 1 cm in the transverse direction of the channel after stopping the flow.
The origin of the measurement (x=0) was set at a point of 3.65 m below the upstream of the channel; the
measuring reach was from x=0 m to 7.95 m.
We investigated the processes of the alternate bar deformation and the low-flow channel formation by
reducing the water discharge, next. Experiments were conducted with and without sediment supply. In the
experiment with sediment supply, the sediment was fed into the flow in order to keep dynamic equilibrium of the bed. The position and shape of an individual emergent bar and the direction of sediment
transport were sketched at any time during the experiment. The sediment discharge was specified by
catching the sediment at the downstream end of the channel every 5 minutes. Water surface elevations
and bed profiles were measured by the same as the above mentioned method. These measurements were
repeated during the experiment. The stable alternate bars are the initial bed form in this study, and the
origin of time is at the start of the experiment for the low-flow channel formation.
The experimental conditions for alternate bar development and low-flow channel formation are listed
in Table 1. In the table, Q = water discharge, QBin = sediment supply rate, hm = mean flow depth, Fr =
Froude number, τ* = dimensionless bed shear stress (= u*2/(σ/ρ -1)gdm, in which u* = shear velocity, σ =
sediment density, ρ = fluid density and g = gravity acceleration), L = mean wavelength, H = mean wave
height and T = duration time of experiment.
Table 1. Experimental Conditions.
_____________________________________________________________________________________
Status ________________________________________________________
Alternate bars
Low-flow channel
_____
____________________
hm
Fr
τ*
L
H
T
Q
QBin
T
Case
Q
QBin
3
3
3
3
/s)
(cm
/s)
(cm)
(cm)
(cm)
(min)
(cm
/s)
(cm
/s)
(min)
(cm
_______________________________________________________________ ____________________
US-1
800
200
1.18
1.00
0.104 71.9
1.51
56
300
50
590
1.50
57
300
0
575
US-0
800
200
1.16
1.02
0.102 63.2
_____________________________________________________________________________________

3 NUMERICAL SIMULATION
3.1 Outline of numerical model
A two-dimensional shallow water model (Miwa and Parker, 2012) is applied to the simulation in this
study. The outline of the model is described here. The continuity equation and the momentum equations
in Cartesian coordinates are
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where, M, N = discharge fluxes in x and y direction (M=uh, N=vh), u, v = velocity components in x and y
direction, h = water depth, zb = bed elevation, τbx, τby = bed shear stress components in x and y direction,
and − u ′ 2 , − u ′v ′ , − v ′ 2 = depth-averaged Reynolds stresses.
The bed shear stress components are written by using the velocity components with the following equations:

τ bx = τ b

u
2

u +v

2

, τ by = τ b

v

(4a,b)

2

u + v2

where τb = bed shear stress (= ρu*2). The shear velocity can be estimated by the Manning's equation.
The depth-averaged Reynolds stresses takes the following respective forms (e.g. Nagata et al., 2000);
 ∂u ∂v 
 ∂v  2
 ∂u  2
− u ′ 2 = 2ν t   − k , − u ′v′ = ν t  +  , − v′ 2 = 2ν t   − k
 ∂x  3
 ∂y ∂x 
 ∂y  3

νt =

κ
6

u* h , k = 2.07u*2

(5a,b,c)
(6a,b)

where νt = kinematic eddy viscosity, κ = Kármán constant (= 0.4) and k = depth averaged turbulent energy (Nezu and Nakagawa, 1993).
The continuity equation of sediment transport is

∂zb
1  ∂q Bx ∂q By

+
+
∂y
∂t 1 − λ  ∂z


 = 0


(7)

where λ = bed porosity and qBx, qBy = sediment transport rates per unit width in x and y direction, respectively. The Ashida & Michiue equation (1972) and Hasegawa equation (1983) for sediment transport are
employed in the model.
3.2 Numerical simulation methods
The governing equations are transformed into discrete forms with the finite volume method applied to
staggered grids in a generalized coordinate system, and solved by the Euler explicit method. The advection terms are discretized by the TVD-MacCormack method. Rectangular coordinates are used in the
simulation. The longitudinal grid size (∆x) is 0.1 m, and the lateral size (∆y) is 0.01 m. The time increment (∆t) is taken as 0.01 second for the flow calculation and as 0.1 second for the bed variation calculation. In the computation, the final bed profile of the experiment was used as the initial bed profile. The
water discharge and water level are given at the upstream and downstream boundaries, respectively. The
water discharge is given according to the following equation:

q
= 1+ aRn ( y, t )
qm

(8)

where q, qm = water discharge and mean water discharge per unit width, respectively, a = constant for
perturbation intensity, Rn(y,t) = normal random number N(0,1), y = transverse direction, t = time. Figure 1
shows examples of the generation of normal random numbers and the water discharge variation due to
perturbation. The constant (a) is taken as 0.1 in the simulation.
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ment supply rate. In Case US-0 without sediment supply, the bed degradation progresses gradually from
upstream. During the experiments, the degradation of the bed reaches approximately x = 500 cm. It was
found to be that the simulation results reproduced the tendencies of the experimental results except the
longitudinal profile between the initial and the t = 200 minutes and after in Case US-1.
4.2 Low-flow channel formation process
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Figure 4 shows the temporal changes in the bed topography and sediment path in the experiment. The datum level of the bed (x=0) is an average bed level of the initial alternate bars, and the degradation and aggradation are indicated by the positive and negative value, respectively. The parts enclosed by the solid
line indicate the emergent bar, and the arrow lines show the direction of sediment transport that was obtained from the experimental observation.
According to the experimental observation, the flow from the pool toward the bar-front was predominant after starting of the experiment, and the bar-front stretched to the downstream and the wavelength
increased. Although the riverbed had still been submerged at then, sediments were not transported on the
high area of the bed. These tendencies could be find in both Case US-1 and Case US-0. In Case US-1,
however, alternate bars begun to be deformed by the concentration of the flow due to the local scour, the
high areas of the bed emerged from the water surface (t=34 and 67 min.). After that, emergent bars appeared with deforming alternate bars, shallow low-flow channels were formed. Since the emergent bars
were eroded easily, the low-flow channels were shifted to the downstream. The further deformation of alternate bars was caused by this shift, and new emergent bars appeared. Therefore, the emergent bars were
unstable, and repeated appearance and disappearance. The low-flow channels fluctuated because of the
instability of the emergent bars. In Case US-0, the high areas of the bed had emerged from the water surface at 30 minutes after starting of the experiment. The increase of wavelength and the many emergent
bars could be identified at 63 minutes. In particular, the emergent bar (1) became stable due to the bed
degradation of the opposite side of its bar. The bed degradation progressed from the upstream with the
passage of time, simultaneously the low-flow channel there became stable. That is, a low-flow channel
was formed clearly by the stable emergent bar (1) and the newly formed emergent bar (2) at 195 minutes.
The low-flow channel became stable from the upstream gradually together with the bed degradation. On
the other hand, the emergent bars in the downstream repeated appearance and disappearance as well as
the case with the sediment supply, the low-flow channels fluctuated.
The simulation results of temporal changes in the bed topography and flow vectors are sown in Fig. 5.
The vector shows the depth averaged flow velocity. The unstable emergent bars and fluctuation of lowflow channel were found to be reproduced by the numerical simulation in Case US-1 and in the lower
reach of Case US-2. However, the wavelength of the low-flow channel in the upper reach of Case US-2
was shorter than that in the experiment. Sizes of emergent bars were also under-predicted. Therefore, the
observed formation of flow-flow channel could not always be reproduced by the simulation.
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Figure 4. Temporal changes in bed topography and sediment path in experiments.
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Figure 5. Temporal changes in bed topography and velocity vectors in simulation.

4.3 Longitudinal bed profile of low-flow channel
Figure 6 shows the temporal variations in longitudinal bed profile of low-flow channel. Shimizu et al.
showed that riffles with large head and pools with small slope were formed in the low-water course
through their numerical simulation. In the experiment, such riffle and pool sequence can be found in both
cases. In particular, the head becomes large and pool becomes long when the low-flow channel is stable
due to bed degradation (Case US-0). Such pool and riffle sequence can be observed in gravel bed rivers.
The simulation results cannot always explain such sequence in Case US-1, but they can show such sequence in Case US-0. However, the riffle head and pool size are relatively small compared with the experimental results.
5 CONCLUSIONS
The results obtained in this study are summarized as follows:
1. Low-flow channels develop as a consequence of the emergent bar formation which was caused by the
concentration of flow to the pools of alternate bars. In case that the river bed level did not change because of the sediment supply, the emergent bars were considerably unstable and repeated appearance
and disappearance. Then, the low-flow channels were shallow and fluctuated actively. On the other
hand, in case that the river bed degradation progressed because of the cutoff sediment supply, the
emergent bars were stable. Then, the deep and stable low-flow channels were formed.
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Figure 6. Temporal variations in longitudinal bed profile of low-flow channel.
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2. A riffle with a large head and a pool with a gentle gradient in gravel bed rivers were also found in lowflow channels which were shallow and fluctuated. Such riffle and pool sequence became stable in case
that low-flow channel was deep and stable by means of the river bed degradation.
3. An individual pool moved to the downstream when the riverbed level did not change, whereas it
stopped when the low-flow channel became stable.
4. The meandering wavelength of low-flow channel with river bed degradation was longer than that
without it.
5. The formation process of low-flow channels observed in the experiments was found to be reproduced
by the numerical simulation in both types of sediment supply. However, the meandering wavelength of
low-flow channel could not always be reproduced by the simulation.
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NOTATION
a
constant for perturbation intensity
d16, d84 grain sizes for which 16 % and 84 % of the sediment is finer
mean grain diameter
dm
Froude number
Fr
g
gravity acceleration
h
water depth
mean flow depth
hm
H
mean wave height
k
depth averaged turbulent energy
L
mean wavelength
M, N
discharge flux in x and y direction
bed-load sediment transport rates per unit width in x and y direction
qbx, qby
water discharge and mean water discharge per unit width
q, qm,
Q
water discharge
sediment supply rate
QBin
normal random number N(0,1)
Rn(y,t)
t
time
T
duration time of experiment
u, v
velocity components in x and y direction
shear velocity
u*
− u ′ 2 , − u ′v ′ , − v ′ 2
depth averaged Reynolds stresses
x, y
plane Cartesian coordinates
bed elevation
zb
κ
Kármán constant
bed porosity
λ
kinematic eddy viscosity
νt
fluid density
ρ
σ
sediment density
σg
geometric standard deviation (= (d84/d16)1/2)
σs
specific gravity
τb
bed shear stress
τbx, τby
bed shear stress components in x and y direction
τ*
dimensionless bed shear stress, and
angle of repose.
ψ
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ABSTRACT: Topographic changes of the river-mouth bar in the Yuragawa River are continuously activated by river and ocean currents and sea wave. The bar recently has the imbalance situation of its geometry, it may cause sedimentation problems. In order to avoid the problems, it is important to understand the characteristics of the topographic change of the river-mouth bar, and to propose a control
method of the bar geometry. In this study, variations in geometrical properties of the river-mouth bar are
analyzed on the basis of the hydrological data (river water discharge and sea wave height). As for the bar
control, the effectiveness of spur dikes, which can change the flow direction, for erosion of the bar was
evaluated by means of flume experiments. The two-dimensional numerical model (iRIC Project) is also
applied to further investigate the effect of spur dike on the bar control. Through this study, we clarify the
efficiency of sandbar control at the mouth of the river in the Yuragawa River.
Keywords: Yuragawa River, River-mouth bar, Topographic change, Field observation, Spur dike, Flume
experiment, Numerical simulation
1 INTRODUCTION
The Yuragawa River is located in the north of Kyoto Prefecture, the mid-west in Japan, as shown in
Fig.1. The origin of the river is Mikunidake situated on the borders of three prefectures of Kyoto, Fukui
and Shiga. The length of the river is 146 km, and the size of its basin is 1,880 km2. The Yuragawa river
system is one of the 109 Class A river systems in Japan. The Yuragawa River can be classified into three
reaches. In the upper reaches, V-shaped ravines and river terraces are developed. The width of river increases in the middle reaches and pools and riffles are developed in the main channel of the river. The
lower reaches consist of the valley plain, the stream flows along the long and narrow bottom of the mountains. Figure 2 shows the longitudinal bed profile of the lower and middle reaches of the Yuragawa River.
The average bed gradient around Fukuchiyama (37 km far from the river-mouth) in the middle reaches is
about 1/1,500, whereas the bed gradient in the lower reaches is approximately 1/6,000 to 1/8,000. Therefore, the length of tidal section of the river reaches over 20 km.
Topographic change of river-mouth consists of complicated interactions of river and marine forces. On
October 2004, a large part of the river-mouth bar was eroded by the flood flow of the typhoon No.23. After that, the river-mouth bar has developed on the right bank only, and the river-mouth channel has been
fixed along the left bank. This situation may cause some problems such as bank erosion, washout of bank
protection works and harmful effects on other coastal structures. Effects of water discharge during flood
periods on responses of the river-mouth bar are also not clarified. Therefore, the risk of high water level
caused by a river-mouth clogging is high. In order to avoid these problems and risk, it is important to understand the characteristics of the topographic change of the river-mouth bar and its cause, and to propose
a control method of the bar geometry.
In this study, the temporal variations in geometrical properties (e.g., bar area and shape) of the rivermouth bar were analyzed on the basis of the hydrological and topographical data in the Yuragawa River
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ABSTRACT: Flow and sediment transport in coastal areas and shelves can be affected by the presence of
benthic organisms. Depending on their feeding, sheltering and locomotion behavior, they may stabilize or
destabilize the sediment by altering the erodibility, the critical bed shear stress, roughness, mud content,
sediment aggregation and settling velocity. Near bed flow velocity and thereby bed shear stress can be
further affected by the shape of benthic organism, trucks, burrows and tubes. Biodeposition and resuspension as well as fecal pellet production affect sediment concentration in the water column. Such biological
effects have been often ignored in coastal and shelf-sea models or partly included only, i.e. in a very specific setup of a model or limited to only few different organisms. To overcome these limitations a generic
platform has been developed here, which allows formulation of biological effects of an unlimited number
of benthic organism provided that these effects have been already parameterized. This generic benthic geoecology model (GBGM) was coupled to the MOSSCO (MOdular System for Shelves and Coasts)
framework to study the biological effects of the bivalve Abra alba and microphytobenthos in the North
Sea. The coupled model was finally applied to a case study in the North Sea to evaluate the plausibility of
the model and of the framework. The first simulation results are successful: they show the expected amplification and attenuation of the sediment concentration in the water column caused by the benthos biological effect.
Keywords: Biological effects, Sediment transport, Abra alba, Microphytobenthos, MOSSCO
1 INTRODUCTION
Organisms living on or within the sea floor ranging from plants to animals are referred to as benthos (Lalli and Parsons 1997). Benthic animals living wholly or partly within the substrate are called “infauna”,
which include for example many clams and polychaetes. They are mostly abundant in subtidal regions
with soft substrates. “Epifauna” refers to animals living on or attached to the seafloor, including corals,
mussels, many starfishes and sponges. They are mainly present on hard substrates. In- and epifauna organisms larger than 1mm are referred to as “macrofauna” (Lalli und Parsons 1997). “Microphytobenthos”
refers to a group of microscopic plants; including diatoms, cyanobacteria, blue and green algae and dinoflagellates. All these benthos groups either by their presence or activity shape their physical microenvironments.
Benthos in particular significantly affects hydrodynamics and sediment transport . Benthic organisms
can either stabilize or destabilize sediments, depending on their feeding, sheltering and locomotion behavior. The erodibility of sediment can be notably modified by the mucus produced by benthic organisms
such as extracellular polymeric substances (EPS) secreted by microphytobenthos (Paterson 1997).
Erodibility can be affected by macrofauna, either through the modification of roughness, or by bioturbation. Bioturbation represents “all processes implying sediment particles displacements generated by
benthic organism in order to satisfy their vital needs (motion, protection from predators, feeding and excretion)” (Le Hir et al. 2007). Protrusion of benthic animals and macrophytes in the boundary layer
changes the bed roughness and thus bed shear stress (BSS). Roughness increases due to the organisms
themselves, or their tubes, tracks or burrows: protruding organisms can this way double the roughness of
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the sea bed (Nowell et al. 1981). In case of motile animals, the density of roughness elements from tracks
at the sea floor might be higher than the animals’ roughness (e.g. Hydrobia ulvae, Orvain 2002). Increase
of bed roughness from biogenic structures (e.g. body shape, tubes, or tracks) enhances bed shear stress
and potentially bed erosion. Wave and currents may be strongly damped due to dense occupation of biota
(Le Hir et al. 2007).
Moreover, feeding and locomotion of macrofauna alter sediment aggregation (Andersen and Pejrup
2011), but these effects can be highly seasonal (Le Hir et al. 2007). Production of fecal pallets and pseudo-feces by macrofauna results in aggregation of suspended particles, changing the settling velocity. Graf
and Rosenberg (1997) have shown that physical properties of marine sediments, such as porosity and
permeability can also be modified by benthic infauna.
For example, Macoma balthica is a bioturbating bivalve (clam) that lives a few centimeters below the
sediment surface while feeding on the sediment surface or suspended sediment in the water column
above. These bivalves inhabit generally intertidal areas with fine sediment (median particle diameter less
than 0.2 mm) and occur up to a water depth of 20 m in coastal areas in Europe and North America (Bachelet 1980; Kamermans et al. 1999, in Montserrat Trotsenburg 2011). Bioturbation is the consequence of
burrowing in sediment and deposit feeding (Andersen and Pejrup 2011). According to Widdows et al.
(1998, 2000, 2000), M. balthica causes an increase of the erosion rate of mudflats because of its bioturbation of surface sediments, the rate of which depends primarily on their density. They probably indirectly
affect erodibility by grazing on benthic diatoms, which otherwise would have a stabilizing effect on the
bed (Andersen and Pejrup 2011). Abra alba is a bivalave similar to M. balthica, which modifies sediment
aggregation by production of fecal pellets.
In this study, we propose a new model framework that enables to represent benthic biota effect within
sediment transport models. We here focus on stabilizing and destabilizing effects of benthic faunaon sediment erodibility. Using a novel coupling approach we investigate the effects of those two key species on
sediment dynamics in shallow marine waters.
2 MATHEMATICAL APPROACH
In the last 15 years, many process-based models have been developed, in which biological effects on the
sediment transport have been parameterized as forcing variables (e.g. Wood et al. 2002, Knaapen et al.
2003, Paarlberg et al. 2005) or biological processes have been modeled using differential equations
(François et al. 1997,2002, Orvain et al. 2003, Orvain 2005, Montserrat Trotsenburg 2011, Orvain et al.
2012). According to Le Hir et al. (2007), however, mathematical models for a direct coupling of physical
and biological processes, which include two-way feedbacks between biology and physics, do not exist
yet.
While the effect of microphytobenthos on the erosion threshold is correlated with Chl a, EPS or colloidal carbohydrates in the literature, such a relation could rarely be established for macrofauna. Hence,
there are different approaches available to model specific biological effects of individual species on particulate sediment transport parameters.
Knaapen et al. (2003) proposed a simple concept to include biological effects in morphological models. Bioturbation and biostabilization cause a reduction and increase of critical bed shear stress, respectively. To model these effects, the following relation is taken
𝜏𝑐 = 𝜏𝑐0 ∙ 𝑓𝑑 (𝑀) ∙ 𝑓𝑠 (𝑐𝑝 )

(1)

𝑓𝑠 (𝑐𝑝 ) = 1 + 0.08 ∙ 𝑐𝑝

(2)

where τc0 and τc are the critical bed shear stress without and with biological inﬂuence. The stabilization
function fs increases with increase in concentration of microphytobenthos cp, leading to higher critical bed
shear stress. The perturbation function fd decreases with increase of the abundance of organism, M, resulting in a lower critical bed shear stress. This approach assumes that the biological effect of each species
can be parameterized separately and used as a multiplication factor in the above equation. Based on the
Widdows et al. (2000) parametrization of the biostabilisation of microphytobenthos and the relation between bed stability and the density of M. balthica in the Humber estuary the following equations were derived for fs and fd by (Knaapen et al. 2003):
𝑓𝑑 (𝑀) = 0.0016 ∙ 𝑙𝑛(𝑀2 ) − 0.085 ∙ 𝑙𝑛(𝑀) + 1

(3)
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in which cp is the chlorophyll a concentration within the sediment (µg·g-1), and M is the dimensionless
density (ind./m2 ) of the bivalve. However, the validity range of the empirical equation of fs is likely rather
small because of a relatively small number of underlying observations.
Paarlberg et al. (2005) followed a similar approach as Knaapen et al. (2003), but included additionally
modification factors for erosion and bioturbation coefficients.
𝜀 𝑏𝑖𝑜 = 𝜀 0 ∙ 𝑔𝑑 (𝑀) ∙ 𝑔𝑠 (𝑐𝑝 )

(4)
(5)

𝑔𝑠 �𝑐𝑝 � = 1 − 0.018 ∙ 𝑐𝑝
𝑔𝑑 (𝑀) =

𝑏2 ∙𝛾

(6)

�𝑏2 +𝛾∙𝑏1𝑀 �𝐼

where εbio is the erosion coefficient for cohesive sediment in the Partheniades (1965) equation including
biological effects. The superscript 0 represents values without biological activities. gs and gd are stabilizing and destabilizing factors for the erosion coefficient, respectively. The latter factor was derived based
on data presented by Widdows et al. (2000). The data has been interpreted in the light of Eq. 1 and the
statistical relationships given Eq. 2, Eq. 3 and Eq. 5. The derivation of Eq. 6 is based on the assumption
that the biological effect reaches a maximum with increasing M., after which it remains constant. The
maximum biological erosion coefficient of 𝛾 = 6 × 10−7 ms−1 was estimated from data presented by
Widdows and Brinsley (2002). In Eq. 6, the erosion coefficient without biological influence (I) is equal to
4.68 × 10−8 ms −1 to scale the relationship, which is derived from Widdows et al. (2000). b1 = 0.995 and
b2 5.08× 10-8 ms-1 are both regression coefficient of an S-shaped fitting curve. It should be noted that few
data were applied to generate Eq. 5 and Eq. 6, thus the level of confidence is low. In the above-mentioned
model, feed-back interactions among organisms as well as sediment transport and bed level changes on
benthos community (i.e. abundance of species) have been neglected . Furthermore, direct biodeposition
and bioresuspension are not taken into account. It was deduced from the simulation results that biological
activities have a significant effect on the sediment transport and morphology.
3 CONCEPTUAL MODEL
The interaction of macrofauna and sediment transport is complex as described in the introduction. Interaction of different physical time scales from tidal to diurnal with various biological time scales make it difficult to model biological effects on erodibility (Le Hir et al. 2007). Moreover, it has to be kept in mind
that the erodibility of natural sediments is variable in space and time. Benthic biota is distributed nonuniformly, e.g. as patches. The effects of individual species on sediment erodibility may interact nonlinearly, which makes it very difficult to account for in sediment transport modeling. In addition to the spatial
variability, biological components undergo temporal (seasonal) variation.
As a starting point a uniform distribution of organisms with no interaction among individuals has been
considered in the present approach. It is assumed that the resultant biological effect of a benthos community on a specific sediment transport parameter, for example erodibility, can be either calculated by multiplication of the biological factor of each individual species according to Eq. 1 to Eq. 6 or for a community
of species with similar functional traits The so-calculated biological factor is then included in the corresponding equations such as Eq. 1 and Eq. 4. So far temporal variations of macrofauna communities have
not been included.
An object-oriented programming approach was applied to develop a flexible platform for the inclusion
of different species and their corresponding biological effects. To describe the biological effects of species within this platform, an object is first created from any of the three available generic classes,
macrofauna, microphytobenthos and macrophytes. The desired biological effects are then included in the
object structure as an object method (function). In this way an arbitrary number of species and biological
effects can be added to the platform by extending each of the above-mentioned generic classes with the
desired organism. A generic interface for macrofauna allows the superposition of individual macrofauna
organisms or the overall community effect on each sediment transport parameter, as shown in Fig. 1. For
example, A.alba is a subclass of macrofauna having two methods for calculating its effect on the critical
bed shear stress and erodibility according to Eq. 3 to Eq. 6. Other macrofauna species are generated in a
similar way and their effects are superimposed within the generic interface for macrofauna, provided that
proper parameterizations are available for individual species or ideally for a functional group of
macrofauna community. The above mentioned platform is neither limited to the number of species nor to
the number of sediment transport parameters.
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To account for benthos effects on the sediment transport, the above mentioned program was coupled to
the geological (bed) model of Delft3D (abridged version) via the modular coupling framework of
MOSSCO.This innovative modular framework integrates diverse models across physical domains from
benthic to atmospheric components and diverse processes within each domain (Lemmen et al., 2013;
Lemmen et al. 2014; Hofmeister et al. 2014). In the current 1D setup of MOSSCO, the hydrodynamic
model GOTM and sediment transport driver within FABM (Framework for Aquatic Biogeochemical
Models) were applied to model flow and sediment transport in addition to the Delft3D (abridged) and the
above-mentioned benthos model.

Figure 1. Structure of the generic modular benthic geoecology model within the MOSSCO framework

4 SIMULATION RESULTS - 1D CASE STUDY
The first case-study results of the model are presented in the following, which illustrates the contrasting
effects of sediment stabilization and destabilization by means of biological effects. The 1D test case allows verifying the functionality of the MOSSCO framework and more specifically to evaluate the plausibility of the generic benthic geoecological model. The 1D set-up represents hydrological and biological
conditions at a station about 15 km southeast of Helgoland in the German Bight on March 2013. The 1Dsetup includes the measured velocity profile, water level, macrofauna distribution and grain size analysis
of the bottom sediments. As atmospheric forcing data from Helgoland station were applied. According to
the measurements, the seabed comprises 30% cohesive sediment with a mean diameter of 27 µm and 70%
non-cohesive sand of 350 µm. The parameters used for the simulation of sediment transport are given in
table 1 (mean diameter, erosion parameters, settling velocity). The averaged water depth at the tidally influenced station has been measured to be about 26 m. Velocities range from 0 m/s to 1 m/s.
Table 1. Sediment parameterization
______________________________________________
Sediment
Cohesive
non-cohesive
______________________________________________
Critical bed
shear stress (Pa)
0.,17
0.19
2.0e-5
Erodibility (kgm-1s-1)
0.0003
0.013
Settling velocity(ms-1)
Critical shear stress
for
mud deposition *(Pa)
1000
_____________________________________________
* High value allows for permanent deposition

As can be seen from Fig. 2, the flow velocity follows the tidal sea level fluctuations during both ebb and
flood phases. The velocity range corresponds well to measured velocities, although differences of the location of maximum velocities occur. Measured velocities were used as initial values and depth-averaged
values as boundary condition.
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5 CONCLUSION
We developed a generic module for implementatig biological effects of benthic biota (micropythes and
macrofauna) on sediment transport. A deliberate number of organisms or functional groups within a
community and their biological effects can be generated from generic objects, provided that parameterizations for individual sediment transport parameters are available for each organism or functional group.
Therefore, our approach can be used as a library for biological effects on sediment transport. Coupling
this generic benthic geoecological model (GBGM) with the arising MOSSCO framework allowed us to
study the biological effects of a bivalve (Abra alba) and microphytobenthos on sediment dynamics. The
MOSSCO configuration comprised the coupling of GBGM with atmospheric, pelagic and benthic domains . Our first results in a 1D-setup applied to a site southeast of Helgoland (North Sea) reveal an overall qualtitative consistency. The simulations in particular represent plausible results for water current and
sediment transport. Expected biological effects on sediment concentration could be produced reasonably
for both organisms, confirming the sound functionality of GBGM and the coupling framework
(MOSSCO). Future model verification require simultaneous measurements of sediment fluxes, water
physics (turbulent), and activity of benthic biota.
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ABSTRACT: The topic in this study is river morphological changes in the last two and a half decades
since barrage construction. The major impacts imposed on morpho- and hydrodynamics in this reach are
reservoir formation behind the barrage and confluence of a major tributary. They have caused significant
regime shifts in morphodynamics and ecosystem such as development of an island in front of the tributary
confluence, thalweg migration from the left to right bank around the confluence, vegetation overgrowth
on emergent sandbars, erosion of the main channel and sedimentary deposit on the floodplain, loss of
spawning habitat for sweetfish, water depth decrease in the area of regatta course and so on. In order to
examine the mechanism of the historical changes in river morphology, a numerical analysis on hydrodynamic and sedimentation processes was carried out by using an open source software, the "iRIC". Characteristic geomorphological features mentioned above were well reproduced by the present analysis. Influence of the two major impacts, i.e. barrage impoundment and tributary confluence, on river
morphodynamics was discussed by performing a response analysis under two scenarios: no barrage and
no tributary confluence.
Keywords: River geomorphology, Sedimentation, 2D flow analysis, Ecological regime shift
1 INTRODUCTION
Restoration, channelization and discharge control for flood management and water use frequently brings
irreversible regime shifts in flow, fluvial and ecological systems, which sometimes causes degradation of
aquatic nature. Especially, the river management and restoration sometimes bring irreversible changes in
hydrodynamics, channel morphology, water quality, fluvial process and ecological structures of fauna and
flora. In many cases after construction of some river works, the quality of the river declined in the aspects
of flow conveyance capacity, water use, landscape, ecological services, etc.
The topic in this study is annual change of river morphology in a reach that is influenced by both barrage impoundment and confluence of a major tributary in Kako River, Hyogo, Japan. Two and a half decades have passed since the barrage construction (Kakogawa Barrage). In the meantime, the regime has
significantly shifted in river morphodynamics and ecosystem. The engineering and ecological issues in
this reach are growth of an island in front of the tributary confluence, thalweg migration from the left to
right bank near the confluence, vegetation overgrowth on emersed sandbars, erosion of the main channel
and sedimentary deposit on the floodplain, loss of spawning habitat for sweetfish or plecoglossus altivelis, decreasing depth of water area for regatta course and so on.
So far, extensive studies have been carried out in order to investigate hydrodynamic impacts of river
control structures such as weirs, barrages, dams on fluvial and ecological systems in rivers (Bokuniewicz
(1994), Ligon, Dietrich and Trush (1995), etc.). In the previous studies, many researchers focused their attention on impacts of morphological and sedimentological processes on fauna and flora in rivers from the
viewpoints of engineering, limnology and ecology (Gilvear (1999), Wheaton, Pasternack and Merz
(2004), etc.). Since the ecological structure predominantly depends on fluvial process, the key issue is
how to properly control streams and sedimentation for creating a sustainable river system (Sear (1994)).
In recent years, some preliminary studies have started for restoration of hydrosopheric environment under
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a concept of comprehensive sediment control (Sumi
and Kantoush (2010)). State of the art strategies were
proposed for active sediment controls such as sand
bypassing at dam, reservoir operation for flushing
sediment, sediment replenishment, gravel augmentation. The effect of these technologies on the river ecosystem was investigated in in-situ experiments (Kondolf and Minear (2004), Ock, Sumi and Takemon
(2013)). In addition, extensive field and numerical
studies were carried out regarding sedimentation
around confluence, which is another focal issue in this
study (Rice, Roy and Rhoads (2008)).
In order to discuss the mechanism of the historical
changes in river morphology as well as to examine
engineering countermeasures to minimize river environmental degradation, a numerical analysis on hydrodynamic and fluvial processes was carried out.
Flow and sedimentation caused by major flood events
which occurred during 1992-2011 were simulated by
an open source software "iRIC-Nays2D" (Jang and
Shimizu (2005)). The numerical results of river geomorphological changes in the last decades were compared with the field data. After identification of model
parameters, the influence of the two predominant impacts, i.e. the barrage backwater and tributary confluence, on river morphology was individually examined
by performing a response analysis under some scenarios of individual impact. The numerical model is expected to be a useful engineering tool supporting
management and restoration for creating a sustainable
river system.

Ohshima gauging
station (20.0km)

Sandbar formation at
the confluence before
barrage construction

Mino River
Upstream end of
test reach(18.0km)

B-B section
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Figure 1. Study area.
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was constructed at the downstream end of the reach
(b) 15.6km
for irrigation, city water and flood control in 1987.
Kako River is a first-class river stretching through the Figure 2. Historical changes of cross section profiles.
southern region of Hyogo Prefecture whose total
length and catchment area are 96km and 1,730km2,
respectively. The Ministry of Infrastructure, Transportation and Tourism, MLIT, is in charge of river management, which provides us datasets of geomorphology, hydrology and restoration works that are necessary
for the present study.
The major hydraulic impacts in this reach are the
barrage backwater and confluence of the left-bank
tributary, Mino River with catchment area of 304km2,
that perpendicularly joins the main stream at the
15.8km point.
In Figure 1 pictured before the barrage construction, a dynamic fluvial process is recognized with alternate sandbars and riffles and pools covered by sand
and gravel. They are typical geomorphological features developed in Segment 2.1. On the other hand, Figure 3. Initial bed profile (1991).
634

the river morphology underwent significant changes in the last two and a half decades since the barrage
construction in 1981, as follows.
• A large island grew and developed in front of the confluence at 15.6km. As a result the thalweg that
used to run close to the right-bank was shifted to the left bank shore.
• The structure of riffles and pool or meandering thalweg profile significantly changed; high amount of
sediments were deposited near the left-bank at 14.4km, while the main channel was eroded in front of
the right-bank.
3 NUMERICAL ANALYSIS OF FLOW AND SEDIMENTATION
3.1 Outline of the model
A hydrodynamic and fluvial analysis was carried out by using an open source software, the "iRIC (international River Interface Cooperative) Software", developed under a bilateral cooperation between the
USGS and the Foundation of Hokkaido River Disaster Prevention Research Center, Japan. The solver
used in this study is the "Nays2D" that is capable of analyzing unsteady two-dimensional river flows and
various scales of sedimentation processes. The analytical domain is a 6km long reach stretching from the
Kakogawa Barrage at 12.0km, through the confluence of Mino River at 15.8km and a major meandering
part around 17km to the straight reach at 18.0km.
Figure 3 shows the river bed profile that was surveyed in 1991. Since this is the first dataset after the
barrage construction, it was used as an initial condition in the present analysis. The computation duration
is between 1991 and 2012.
The downstream boundary is the cross section at the Kakogawa Barrage and the upstream boundary of
18.0km is placed at a cross section just upstream of the meandering reach. Discharges were given at the
upstream boundary of main stream and at the confluence of Mino River. The water level at the barrage
was given as a downstream boundary condition. Water levels and discharges were recorded at the two
stream gauging stations, Ohshima (20.0km) and Kunikane (14.2km), shown in Figure 1, which provides
individual discharges in Kako and Mino Rivers, respectively.
3.2 Determination of model parameters and computational conditions
A preliminary analysis was conducted in order to determine numerical parameters such as Manning's
roughness coefficient, grain size distribution of bed materials, length of the virtual approaching stretch,
start-up computation duration, etc.
Manning's roughness coefficient was given as n=0.028 for the main channel and n=0.055 for the
floodplain, respectively, which were identified by MLIT as the best fitting values to the historical flood
records. The threshold elevation separating the main channel and floodplain was determined from a numerical solution of water level for the average discharge of annual flood. This is approximately equivalent to a bank-full flow discharge in the main channel. The whole analytical domain was categorized into
main channel and floodplain by using the threshold elevation. Then, Manning's coefficient was assigned
to each computational mesh according to the two categories.
In order to give a well-developed velocity and sedimentation flux at the upstream boundary, a virtual
approaching stretch was connected to the upstream boundary.
Little difference was recognized in the numerical solution of sediment transport between the cases of
mixed grain size distribution and uniform grain size of 60% equivalent diameter. In other words, it was
confirmed that the uniform-size bed materials provide good approximation in describing fluvial process in
this reach. Therefore, uniform bed materials with diameter d60=0.0442m was assumed in the analysis. For
saving computational time, only flood events whose discharges exceeded a threshold discharge QC that
gave the critical bed shear stress were analyzed. Considering d60 of bed materials and the maximum water
depth of h=3.1m at the stream gauging station "Ohshima", the threshold discharge for critical bed shear
stress was determined to be QC=868(m3/s ）Thirty flood events with peak discharges ranging between
Qmax=868~5,250m3/s were selected in this manner and the hydrographs for Kako and Mino Rivers were
generated as the upstream boundary conditions.
Duration of the initial start-up computation was determined to be two hours after performing preliminary computations with varying start-up duration.
The sediment flux was given at the upstream boundary by computing a bed load transport under the
dynamic equilibrium state in the 0.6km long virtual approaching stretch. Wash load was not considered,
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since the sediment yield was scarce in this catchment. A general
coordinate system and computational grids were automatically
generated by using a module equipped in the iRIC. The computational grid is shown in Figure 4. The analysis started in 1991
when the cross-section survey was surveyed for the first time after the barrage construction and completed in 2013.
4 REPRODUCTION OF RIVER GEOMORPHOLOGY
River geomorphology in the test reach was surveyed in 1991,
1999 and 1994 by MLIT. As mentioned above, the dataset collected in 1991 (see Figure 3) was used as the initial condition of
bed profile. The numerical solutions were compared with the
field data in 1999 and 2004. In this study, two types of analyses, Figure 4. Computational grid.
i.e. the "middle-duration" analysis and a "long-duration" analysis,
were carried out as follows.
(i) Middle-duration analysis: The computation duration was divided into three terms; 1991~1999 (TermI), 1999~2004 (Term-II) and 2004 ~2012 (Term-III). The field data in 1991, 1999 and 2004 were individually given as the initial condition for each analysis.
(ii) Long-duration analysis: The analysis was performed throughout entire duration of 1991-2012. Only
the data obtained in 1991 was given as the initial condition.
In both of the analyses, the solutions were compared with the measurements in 1999 and 2004.
4.1 Middle-duration analysis
Since no field data is available for 2012, only the solutions for 1991~1999 (Term-I) and 1999~2004
(Term-II) are compared with the data. Figures 5 and 6 compared the simulated contour lines of river bed

(a) Measurement (1999)

(b) Analysis (1999)

Figure 5. Contours of river bed elevation in 1999 (middle-duration analysis: Term-I).

(a) Measurement (2004)

(b) Analysis (2004)

Figure 6. Contours of river bed elevation in 2004 (middle-duration analysis: Term-II).
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Figure 7. Spanwise profile of river bed at the cross sections in 1999 (middle-duration analysis: Term-I).
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Figure 8. Spanwise profile of river bed at the cross sections in 2004 (middle-duration analysis: Term-II).

profiles with the field data. Details are shown in spanwise profiles of the cross sections at 14.4km and
15.6km in Figures 7 and 8, respectively. Figures 5 and 7 show that the numerical solution in 1999 does
not correlate with the measurement, while the river bed profile in 2004 is well reproduced by the analysis
as shown in Figures 6 and 8. Note that sediment deposition near the left-bank and erosion in the main
channel at 14.4km observed in 1999 are not accurately described by the model. Around the confluence of
Mino River (15.6km), there is a certain discrepancy of thalweg structure between the analysis and measurement. On the other hand, the numerical solutions during Term-II (1999~2004) are shown in Figures 6
and 8 that provide a satisfactory agreement with the field data. The results suggest that the model performance in reproducing fluvial and geomorphological processes strongly depends on analytical accuracy
during the first term right after barrage construction. It is supposed that artificial perturbation must be
added to the initial bed profile, since it plays as a trigger to generate geomorphological changes.
4.2 Initial perturbation
In general, sedimentation phenomena are governed by both deterministic dynamics and stochastic disturbances. The former is strictly described by the governing equations of kinematics and dynamics. They
are, of course, involved in the present model. On the other hand, the latter is not generally taken into consideration in an ordinary hydrodynamic model, although there must be various natural disturbances in hydrological, hydrodynamic, geomorphological and fluvial processes.
Characteristic geomorphological changes observed in this reach are sediment deposition near the leftbank shore at 14.4km distance and development of an island and thalweg migration from the left- to rightbank around the confluence at 15.6km. The reach at 14,4km was used for a regatta course where the water
recently became shallower than the regatta draft. Focusing on the geomorphological features and referring
to the bed profile in 1999, a small perturbation is artificially added to the initial river bed profile in order
to improve the model's performance. As shown below, a small faction, φ, of perturbation is added to the
original bed elevation z0 at the cross section of 14.4km.

z ' = z0 + ( z1 − z0 )φ

(1)

where z': the modified bed elevation in 1991 with the additional perturbation, z0: the origical bed
elevation surveyed in 1991, z1: the bed elevation observed in 1999, φ = 0～1.0: fraction of the initial
perturbation. The perturbation is given one-mesh long ∆x ≒20m in the streamwise direction.
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φ=0.2
A response analysis was performed to examine sensitiviφ=0
φ=0.3
φ=0.05
ty of the solution on φ. Simulated bed profile at the cross
Measurement
φ=0.1
in1999
section of 14.4km are compared for three different values of
22
φ in Figure 9. Figure 10 shows contours of river bed
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elevation for φ=0.05 and 0.1, where the solution for the
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default value φ=0 is already shown in Figure 5(b). Figure
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5(a) is the field data that should be compared with Figure
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Distance from right bank (m)
After all, the long-duration analysis for 1991~2012 was
Figure 9. Response of bed profile at 14.0km in
carried out with the addintional perturbation of φ=0.05 to
1999 to the initial perturbation φ.
the river bed elevation at 14.4km and15.6km.

4.3 Long-duration analysis
Solutions of river geomorphology obtained by the long-duration analysis are shown in Figures 11 and 12.
They are contours of river bed elevation and cross section profile in 1999 and 2004, respectively. The
field data that should be compared with Figure 11 are shown in Figures 5(a) and 6(a).
Comparing between Figures 5 and 11(a) and between Figures 7 and 12(a), (b), the long-duration analysis shows better performance in reproducing geomorphology in 1999 than the middle-duration analysis.
By adding small perturbation only in a very short stretch, the model's performance is significantly improved. Regarding the result in 2004, the middle-duration analysis provides a slightly better agreement
with the field data than the long-duration analysis, since the measured bed profile in 1999 is given as an
initial condition in the middle-duration analysis. Nevertheless, characteristic features of geomorphology
such as sediment deposition at 14.4km, sandbar profiles and meandering structure of thalweg are well reproduced by the long-duration analysis. It is concluded that the present analysis is capable of describing
decades-long variation of river morphology, if an adequate perturbation is given.
5 IMPACTS OF BARRAGE BACKWATER AND CONFLUENCE ON GEOMORPHOLOGY
Focusing on the two major impacts, i.e. barrage construction and tributary confluence, how the two impacts individually affect river morphodynamics was investigated. A response analysis was conducted with
two scenarios, which were no barrage and no tributary confluence, respectively. The present situation
serves as a reference case in the response analysis. In the case of no barrage impoundment, the downstream boundary condition of water surface elevation was determined by assuming the hydraulic gradient
line to be parallel to the bed slope. The effect of the confluence was simulated by equating the tributary
discharge to zero. For both of the scenarios, the long-duration analysis was carried out during 1991~2012.
Figure 13(a) shows river bed elevation in 2012 in the case when the barrage is absent. Geomorphological
features such as alternate sandbars and meandering thalweg that were observed before the barrage con-

(a) φ=0.05

(b) φ=0.1

Figure 10. Response of river bed profile in 1999 to the initial perturbation φ. The solution in the case of φ=0.0 is
equivalent to the default solution in Figure 5(b).
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(a) 1999

(b) 2004

Figure 11. Contours of river bed elevation reproduced by the long-duration analysis. The results should be compared
to the field data shown in Figures 5(a) and 6(a), respectively.
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Figure 12. Comparison of the river bed profile between the field measurement and the long-duration analysis.

struction still remains in 2012. However, the shallow region produced in the left-bank shore at 14.4km
develops even when the barrage is absent. It is supposed that this sediment deposition area is a part of the
natural alternate sandbar and is generated independently of the barrage construction. Another shallow water appears at the right-bank shore at 13.6km in Figure 13(a), which corresponds to the sequence of the alternate sand bar.
Figure 13(b) represents river bed profile in 2012 when the tributary discharge is assumed to be zero.
The thalweg tends to migrate to the right-bank when the tributary is absent, while it is actually running
along the left-bank shore. The sandbar island stretches longer in this case compared to the prototype.
6 CONCLUDING REMARKS
A historical change of river morphology was analyzed by using a two-dimensional fluvial hydrodynamic
model. The test area is the middle-reach in Kako River stretching between 12.0-18.0km from the river
mouth, where thalweg and sandbar structures were significantly modified after barrage construction. The
major impacts on morphodynamics are the barrage backwater and confluence of the major left-bank tribu639

(a) No barrage backwater

(b) No confluence of Mino River

Figure 13. River bed elevation in 2012.

tary. Focus was placed on sediment deposition near the left-bank at 14.4km and development of sandbar
island and thalweg migration in front of the tributary confluence. As the first step, a preliminary analysis
of the middle-duration was conducted to examine the model's performance, where the total term 19912012 was divided into three terms, i.e. 1991-1999 and 1999-2004, to compare the numerical solution of
river bed profile with the field data. The solution during the first term, 1991-1999, provided poor results
of geomorphological change. On the other hand, the solution during the second term, 1999-2004, agreed
well with the results. Considering that some stochastic disturbance may play a predominant role in fluvial
process right after barrage construction, a small perturbation was added to the initial bed profile in order
to improve model performance. A better solution was obtained in this manner and the historical change of
geomorphology which occurred during 1991 to 2012 was successfully reproduced by the long-duration
analysis. A response analysis was also carried out to examine the individual impact of the barrage backwater and the tributary confluence on river morphology. The model could be a promising engineering tool
to simulate morphodynamics and ecology in rivers. Performance of river restoration can be numerically
examined in this manner and a proper strategy for river management can be proposed for recreating a sustainable river system.
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ABSTRACT: The monthly mean suspended sediment flux, then net deposition or erosion driven by shelf
circulation in the YECSs are attained via retrieval of remote sensing data, statistical analysis of historical
data, and numerical simulation of circulation velocity. Furthermore, five representative subareas are selected to quantify the annual mean circulation-driven accumulation rates. The results on deposition or
erosion manifest that during the summer half-year, significant deposition only occurs along the coast,
while during the winter half-year, significant deposition occurs not only along the coast, but also offshore
areas with water depth of deeper than 100 m, such as the SWCIM, which is acknowledged as the only
mid-shelf modern depocenter in the YECSs. The seasonal variability in net deposition or erosion of suspended sediment implies that riverine suspended sediment is stored inshore in summer and transported to
offshore in winter in the YECSs, which is consistent with the widely accepted viewpoint. The estimated
accumulation rates only driven by the shelf circulation at five subareas are 0.51 mm/yr in the SWCIM,
0.45 mm/yr at the cross-shelf pathway, 0.04 mm/yr in the CYSM, 3.62 mm/yr in the Changjiang Estuary,
and 3.83 mm/yr off the Zhejiang Coast, respectively, which agree with measured ones reasonably well.
Keywords: Seasonal transfer, Net accumulation, Suspended sediment, in the Yellow and East China Seas
1 INTRODUCTION
The Yellow and East China Seas (YECSs) are semi-enclosed wide shelf seas with seasonally variable hydrodynamic features, and relatively high suspended sediment concentration (SSC). On an annual basis,
these seas receive approximately 109 tons of terrigenous material from neighboring rivers but mostly from
the Changjiang and Huanghe rivers, and about 0.5×109 tons from coastal erosion at the Jiangsu coast of
the Old Hunghe delta (Milliman and Meade, 1983). The transportation of fine-grained sediments derived
from these rivers is controlled by estuarine processes, tidal currents, shelf circulation, and episodic
storm/typhoon events. Because of the large discharge (up to about 10% of the world’s river sediment
load) and complex sedimentation processes, the Yellow and East China Sea shelf has attracted many geological research projects, yielding a better understanding of sedimentary processes in this ancient epicontinental setting (Hu, 1984; Milliman et al., 1985a,b; Yang et al., 1992; Saito et al., 1995; Shi et al., 2003;
Lim et al., 2007; Liu et al., 2007; Yuan et al., 2008; Pang et al., 2011; Bian et al., 2013).
Surface sediments in shelf areas of the YECSs are dominated by fine-grained mud except for relict
sands on the middle and outer shelf zone (Lim et al., 2007). The most characteristic feature of the continental shelf is the existence of two isolated mud patches (>6-7 phi in mean grain size) associated with
coastal mud belts and open shelf mud patches, which are the Central Yellow Sea Mud (CYSM) and the
Southwestern Cheju Island Mud (SWCIM), located in deeper continental shelf areas of the YECSs. They
are formed by specific sedimentation mechanisms (i.e., a cyclonic gyre upwelling/downwelling processes) and consist mainly of clay-sized material finer than other deposits of the region (Hu, 1984; Shi et al.,
2003). Their sediments are considered to be derived primarily from the Huanghe or Changjiang Rivers, or
both, based on the circulation pattern in the central Yellow Sea and spatial distributions of various sedimentological, clay mineralogical, and geochemical attributes (Milliman et al., 1985a,b; Lim et al., 2006;
Liu et al., 2007). In comparison with the CYSM whose maximum accumulation rate is less than 2 mm/yr
643

and mean rate is about 1 mm/yr, the SWCIM is the only modern depocenter far from the coast or sediment source, due to its high accumulation rate of up to 5 mm/yr (Lim et al., 2007).
In this paper, the seasonal transfer and net accumulation of suspended sediment in the YECSs are explored by calculating the suspended sediment flux, which might provide the explanation on the formation
of distinctive modern depocenter SWCIM.
2 METHODS
2.1 The flux of total suspended sediment in the YECSs
Generally, the shelf circulation dominates the advection and long-term fate of suspended sediment in
shelf seas, whereas the wave action and tidal currents govern re-suspension and vertical diffusion. This
study would highlight the long-term transport and fate of suspended sediment in the YECSs, and pay attention to circulation-induced transport. The transport of suspended sediment could be expressed quantitatively as the suspended sediment flux (SSF).
The flux of total suspended sediment is calculated using the method established by Pang et al. (2011).
Firstly, the 3D suspended sediment concentration (SSC) is estimated by surface suspended sediment concentration inverted from SeaWiFS (Sea-Viewing Wide Field-of-View Sensor) ocean color remote sensing
data, and vertical distribution of suspended sediment concentration determined by statistical analysis of
historical observation data. Secondly, the 3D shelf circulation is numerically simulated. The 3D suspended sediment flux is eventually attained by the product of 3D SSC and circulation velocity. The seasonal
variability for both SSC and circulation in the YECSs is significant and one order of magnitude larger
than the inter-annual change, so all time series data have been processed into multi-year monthly mean
dataset, and the simulated circulation is climatological monthly mean.
The evaluation of SSF largely depends on the accuracy of simulated shelf circulation. Hence, in this
paper, the climatological monthly-mean circulation data in the YECSs simulated with ROMS (Regional
Ocean Modeling System), are provided by Yang (Yang et al., 2011), which are considered as the best
simulation results to be consistent with observations. In comparison with Pang et al. (2011)’s result, the
SSF in this study might be upgraded by enhancing the accuracy of simulated circulation with the substitution ROMS for the POM (Princeton Ocean Model).
The multi-year monthly mean SSF driven by the shelf circulation in the YECSs, excluding the wave
motions and tidal currents with short time scales (from seconds to hours), are attained via retrieval of
SeaWiFS remote sensing data, statistical analysis of historical SSC data, and 3D ROMS numerical simulation of circulation velocity. The horizontal resolution of the SSF is 5’ × 5’and the same as the ROMS
numerical simulation for circulation.
2.2 The deposition or erosion of suspended sediment in the YECSs
Based on the SSF, monthly mean net deposition or erosion could be computed. The monthly mean net
deposition (positive) or erosion (negative) at each model grid is defined as the sum of the differences of
SSF between two adjacent sections in the X (east-west) and Y (south-north) directions. For simplicity, the
horizontal resolution for net deposition or erosion is assumed as 1/4 degree, 15’× 15’, while the net deposition or erosion of suspended sediment are resolution-dependent, and more schemes on horizontal resolution should be tested.
Furthermore, five representative sedimentation areas with distinct hydrodynamic conditions and sediment characteristics, especially including the Central Yellow Sea Mud (CYSM) and the Southwestern
Cheju Island Mud (SWCIM), are selected to testify the validity of this paper’s approaches, and quantify
the annual mean accumulation rates by comparing with the measured ones derived from the previous
studies.
3 RESULTS
3.1 Monthly mean net deposition or erosion in the YECSs
The calculated results on deposition or erosion in the YECSs manifest that during the summer half-year
(from May to Oct.), significant deposition ( > 0.1 ton/s) only occurs along the coast, especially the Jiang644

su coast and Changjiang Estuary, while during the winter half-year (from Nov. to next Apr.), significant
deposition occurs not only along the coast, but also offshore areas with water depth of deeper than 100 m,
such as the Southwestern Cheju Island Mud (SWCIM), which is acknowledged as the only mid-shelf
modern depocenter in the YECSs.
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Figure 1. Monthly mean net deposition or erosion at each model grid in the YECSs, which is the sum of the differences of
SSF between two adjacent sections in X and Y directions. Red: deposition; blue: erosion (unit: ton/s; resolution:
15’× 15’).

The annual cycle in net deposition or erosion of suspended sediment in the YECSs is significant (shown
in Figure 1), from the minimum in May, then a slow increase only along the Jiangsu Coast and
Changjiang Estuary throughout the whole summer (June, July and August) and till September, in October
deposition occurring in other nearshore areas except the Jiangsu Coast and Changjiang Estuary, in November a little deposition appearing in the offshore area, such as the SWCIM (shown as the circle in Fig646

ure 1), then to the maximum in net deposition or erosion during the entire winter (December, next January
and February), in March and April a slow decline in the whole YECSs.
The January and July will be taken as representative months, respectively for winter and summer. In
January, net deposition or erosion of suspended sediment is the maximum due to the highest SSC and
strongest circulation driven by winter monsoon in the entire YECSs. The evident erosion, even larger than
1 ton/s occurs in the shallow water of less than 20m along the Jiangsu coast, Changjiang Estuary, and
Hangzhou bay. Then the net heavy deposition appears adjacent to these erosion areas with the maximum
deposition near the Zhoushan Islands (around the 30°N). The Yellow Sea (or Subei) Coastal Current with
high SSC flows southeastward along the Changjiang Bank, causing significant deposition extend eastward from the Jiangsu coast and Changjiang Estuary (shown as black arrow in January of Figure 1). The
isolated significant deposition (>0.1 ton/s) exists at the end of the Changjiang Bank, which almost coincides with the location of the SWCIM (shown as the circle in January of Figure 1). Furthermore, the
broad deposition areas along the coast are generally consistent with notable modern depocenters in the
YECSs, including the mud wedge off the southeast of Shandong Peninsula, the Southeastern Yellow Sea
Mud located off the southwestern coast of the South Korea, and the Zhejiang Coast Mud.
In July, net deposition or erosion of suspended sediment is small due to the low SSC and weak circulation in the entire YECSs, but not the minimum because of heavy sediment load discharged from the
Changjiang River in flood season. Hence, the heavy deposition only occurs at the Changjiang Estuary
with water depth of less than 20 m, and the light deposition also appears at the old Huanghe Estuary. The
annual cycle and seasonal variability in net deposition or erosion of suspended sediment imply that riverine suspended sediment is stored inshore in summer and transported to offshore in winter in the YECSs,
which is consistent with the widely accepted viewpoint by many researchers (Yang et al., 1992; Liu et al.,
2007; Yuan et al., 2008; Pang et al., 2011; Bian et al., 2013).
3.2 Five representative deposition areas

Figure 2. The location of five subareas and their annual accumulation rates (in red numbers) in the YECSs. The arrows show
the SSF vectors in January. The contour is the annual accumulation rate (mm/yr) described by Lim et al., 2007.

Five representative locations (2°×2°) are chosen as Figure 2, depending on their hydrodynamic conditions
and sediment characteristics. No.1: the SWCIM area, also known as East China Sea Cold Eddy Mud area
(31°-33°N, 125°-127°E), No.2: cross-shelf sediment transport pathway (32°-34°N, 123°-125°E), No.3:
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the center of the southern Yellow Sea, almost the same location as the Central Yellow Sea Mud (34°36°N, 122°-124°E), No.4: the Changjiang Estuary (30°-32°N, 122°-124°E), No.5: off the Zhejiang Coast
(28°-30°N, 122°-124°E).
The monthly mean net deposition of suspended sediment (See Table 1.) generated just by the circulation at five subareas implies the distinctive seasonal variation with high deposition in winter and low in
summer except for the Changjiang Estuary, which testify the above-mentioned viewpoint of riverine suspended sediment storing inshore in summer and transporting to offshore in winter in the YECSs, once
again.
The annual accumulation rates (Table 1 and red numbers in Figure 2) at five representative locations,
which is the sum of all seasons (unit: mm/yr), display that the high rates exist at the Changjiang Estuary
(No. 4 subarea, 3.62 mm/yr) and off the Zhejiang Coast (No. 5 subarea, 3.83 mm/yr) due to the abundant
sediment supply from the Changjiang River, the lowest rate being at the center of the southern Yellow
Sea (No. 3 subarea, 0.04 mm/yr) due to the far distance from the coast and almost no availability of sediment. Just a little sediment accumulates annually at the cross-shelf pathway (No. 2 subarea, 0.45 mm/yr),
which was defined firstly by Yuan et al. (2008). Additionally, the location of west boundary of No. 2 subarea which is near the suspended sediment sources, is crucial to calculating the net deposition, thereby the
accumulation rate at named as No. 2-1 subarea will be 0.11 mm/yr if the west boundary moves 10
minutes (about 10 nautical miles) eastward, whereas the rate at No. 2-2 subarea will greatly increase to
0.76 mm/yr if it moves 10 minutes westward. Although the East China Sea Cold Eddy Mud area
(SWCIM, No. 1 subarea) is farther away from the coast, and deeper than 100 m, its accumulation rate of
0.51 mm/yr is not the lowest. Furthermore the rate in the southwestern part of No. 1 subarea that is indicated as No. 1-1 subarea, even could reach to 1.52 mm/yr. During the winter half-year (from Nov. to next
Apr.), under the action of winter monsoon the re-suspended sediment derived from the old Huanghe Estuary is delivered by the Yellow Sea Coastal Current across the shelf, and subsequent routes to the No. 1
subarea, where the re-suspended sediment is caught and convergent by the East China Sea Cold eddy,
eventually deposited, causing relatively high accumulation rate in comparison with the Central Yellow
Sea Mud area (No. 3 subarea).
As shown in Figure 2, the estimated accumulation rates only driven by the shelf circulation in the
YECSs agree with the measured ones (presented in Lim et al., 2007) reasonably well. Nevertheless, the
discrepancy might be yielded by the inaccuracy in simulated circulation, and the other excluded dynamic
controlling factors, for example wave motion and tidal currents. The tidal current is generally regarded as
the dominant hydrodynamic factor, which controls sediment transport, especially in shallow waters, or inshore area.
Table 1. Monthly mean net deposition (ton/s) and annual accumulation rate (mm/yr) of suspended sediment at five representative locations in the YECSs.
No.
1
2
3
4
5
2-1
2-2
1-1
Jan.
2.55
6.90
-0.74
-0.62
24.47
2.59
8.52
1.84
Feb.
5.51
3.27
-0.33
15.29
28.16
0.33
4.97
4.60
Mar.
6.04
2.36
0.31
9.72
12.32
-0.28
4.59
4.53
Apr.
1.42
1.28
0.54
17.12
9.65
1.38
2.41
0.89
May
0.33
0.78
0.23
13.79
5.67
0.68
0.87
0.30
Jun.
-0.18
0.39
0.28
21.86
3.41
0.33
0.40
0.17
Jul.
-0.27
0.42
0.35
25.27
4.04
0.40
0.51
0.14
Aug.
-0.28
0.25
0.60
12.77
3.14
0.19
0.34
0.06
Sep.
0.02
0.61
0.58
5.31
10.45
0.38
0.81
0.09
Oct.
0.32
0.40
0.33
9.22
13.20
0.23
0.93
0.37
Nov.
1.60
0.78
0.01
4.87
17.62
-0.33
2.79
0.44
Dec.
3.56
1.12
-0.35
13.12
24.05
-1.46
3.90
2.02
Net deposit
20.6
18.6
1.8
147.7
156.2
4.4
31.0
15.5
Accumu0.51
0.45
0.04
3.62
3.83
0.11
0.76
1.52
rate
Note: The monthly mean net deposition during the winter half-year (from Nov. to next Apr.) in bold font.

648

4 CONCLUSIONS
The seasonal transfer and net accumulation of suspended sediment in the YECSs are explored by calculating the multi-year monthly mean SSF, then net deposition or erosion at each model grid. Furthermore,
five representative deposition areas with distinct hydrodynamic conditions and sediment characteristics,
especially including the CYSM and the SWCIM, are selected to quantify the annual mean circulationdriven accumulation rates.
The calculated results on deposition or erosion in the YECSs manifest that during the summer halfyear (from May to Oct.), significant deposition only occurs along the coast, especially the Jiangsu coast
and Changjiang Estuary, while during the winter half-year (from Nov. to next Apr.), significant deposition occurs not only along the coast, but also offshore areas with water depth of deeper than 100 m, such
as the SWCIM, which is acknowledged as the only mid-shelf modern depocenter in the YECSs. The annual cycle and seasonal variability in net deposition or erosion of suspended sediment imply that riverine
suspended sediment is stored inshore in summer and transported to offshore in winter in the YECSs,
which is consistent with the widely accepted viewpoint.
In January, net deposition or erosion of suspended sediment is the maximum due to the highest SSC
and strongest circulation driven by winter monsoon in the entire YECSs. The Yellow Sea Coastal Current
with high SSC flows southeastward along the Changjiang Bank, causing significant deposition to extend
eastward from the Jiangsu coast and Changjiang Estuary. The isolated significant deposition formed by
the convergency of the East China Sea Cold eddy exists at the end of the Changjiang Bank, which almost
coincides with the location of the SWCIM. Furthermore, the broad deposition areas along the coast are
generally consistent with other notable modern depocenters in the YECSs.
The estimated accumulation rates only driven by the shelf circulation at five representative deposition
areas in the YECSs are 0.51 mm/yr in the SWCIM area, 0.45 mm/yr at the cross-shelf pathway, 0.04
mm/yr in the CYSM area, 3.62 mm/yr in the Changjiang Estuary, and 3.83 mm/yr off the Zhejiang Coast,
respectively, which agree with the measured ones reasonably well.
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ABSTRACT: The mouth of the Elbe estuary is one of the most morphodynamic active regions in the
German Bight. Furthermore, the fairway in the mouth of the Elbe is a major gateway for container ships
connecting the harbor of Hamburg to the world. Hence it is important to investigate the effect of manmade measures in terms of the morphodynamic reaction.
Between 1950 - 1973 and 1975 - 1978 the training wall “Kugelbake” was constructed as a dam in the
mouth of the Elbe estuary. The reason was to prevent the delta-like opening of the Elbe estuary from developing a naturally formed “three channel” configuration.
After finishing the main dam for a length of about 10 km and several short transverse groins, morphological reactions have been observed in the vicinity. Amongst other reasons, the construction resulted in a
deepening of the main channel and the development of many scours around it. Many efforts are needed to
sustain the current configuration of the dam and the local bathymetry, which is mainly accomplished by
dumping of dredged material near the dam and repairing the rock-fill embankment.
Keywords: Morphodynamics, Training wall, Dam, Construction, Erosion, Sedimentation, Elbe estuary
1 INTRODUCTION
The mouth of the Elbe estuary is one of the most morphodynamic active regions in the German Bight.
The large morphological variability can be shown by the bathymetry of 1950 in contrast to 2012. Still in
the first half of the 20th century within the mouth of the Elbe estuary a multi trench system could be developed without restrictions. But the requirements of navigation (purposes?) initiating hydraulic engineering constructions in the late 1930 years to stabilize the navigation channels layout in horizontal and vertical alignment. After the 2nd world war the central construction – the training wall “Kugelbake”-, located
west of Cuxhaven, could be finished in 1978 in the actual configuration. Since 1968 the hydrodynamic
and morphodynamic response was clearly to be seen. The main navigation channel was stabilized, but on
the other hand an occurrence of scour systems in the surrounding of the construction was registered. Together with the naturally given high morphodynamic reality in the mouth of the Elbe it is a need to analyze the phenomena of the morphodynamic adaption process after the dam measurement in detail.
The present study compares hydro- and morphodynamic conditions before the construction was done
(1948-1950) and the situation after finishing the training wall “Kugelbake” building. Both states are analyzed and modelled with respect to the development of the different bathymetric conditions.
Process-based hydro-morphodynamic model studies have been done to demonstrate cause and consequences of the dam building in the past.
Moreover, as the functionality of the dam is still questioned today, process studies are performed in
representing a failure in the dam or the total removal of it at all.
In a first step the reasons and the natural consequences of the construction in 1950 are evaluated.
Therefore, a bathymetry was implemented which has been reconstructed from historic sea charts. Based
on this topography a numerical model is run to obtain the hydro- and morphodynamic conditions at that
time. Not least the morphodynamic results in comparison to the measured bathymetry changes over a
long adaption time (~ 65 years) are a good basis for validation / calibration purposes.
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The second step calculates the consequences of a failing of the dam; as a worst-case scenario the
whole dam will be removed. Will the adjacent tidal flats retreat and how will small trenches and channels
react after that event? A morphodynamic calculation will be carried out and the results will be presented.
The numerical basic concept for both approaches is to set up a morphodynamic-numerical model,
which comprises the tidally influenced area of the Elbe estuary and a seaward part of the German Bight
which is far away from the construction und investigation.
2 SITUATION IN 1950
2.1 Reasons for the dam construction
The reasons to build a training wall / dam in the mouth of the Elbe estuary are manifold. But the strongest
one was to concentrate the flood and ebb velocities in one tidal channel (fairway), because at that time
(1940 -1950) the bathymetric situation offers two matured channels. The training wall has a length of
about 10 kilometers together with several transverse groins.
2.1.1 Bathymetry situation
It is clearly to be seen, that at the location of the training wall in 1950 two tidal channels exist in combination with a centered sand bar (Mittelgrund) (Figure 1). This braided channel – bar situation tends to reduce the tidal velocity according to friction. For navigation reasons it is advised to generate and support a
single channel configuration which denoted higher velocities in the fairway and therefore a stable channel
condition.

Figure 1. Comparison of the bathymetry 1950 vs. 2012 in the mouth of the Elbe estuary

2.1.2 Hydrodynamic situation
The braided flow situation is represented by the maximum flood and ebb velocities in the neighborhood
of the dam on Figure 2. The velocities diverge around a centered sand bank in the middle of the fairway
(marked with a polygon in the last third of the dam).

Figure 2. max flood- and ebb velocity around the training wall with the bathymetry of 1950
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2.1.3 Morphological changes after the construction of the training wall
Between 1950 and 2012 considerable changes of the bathymetry within the opening of the Elbe estuary
take place. On Figure 3 it is apparent, that in 1950 there are two branches of the fairway which are cut off
by the construction of the training wall “Kugelbake”. In contrast to this, in 2012 the south-westerly part of
the two trenches faded away through sedimentation processes after the dam construction. The northeasterly part (in the fairway) expanded and deepened north of the training wall.

Figure 3. Measured bathymetry 1950 and 2012 and differences between 1950 and 2012

A morphodynamic simulation was done, applying DELFT3D/MOR. This simulation model comprises the
whole Elbe estuary from the weir in Geesthacht up to the seaward boundary near Helgoland. Seven sediment fractions are specified for the sediment transport and morphodynamic calculation and the distribution at the bottom. The vertical resolution of the model is represented by 10 layers (σ-layer). This investigation covers a time span of 420 tides.
The calculated sedimentation process south-east of the training wall is in concordance with the measured ones. The south-east tide gully is separated from the main channel in the north after the construction
of the training wall and in turn the flood- and ebb currents are minimized. This generates all in all an area
of sedimentation – or less erosion (see right panel on Figure 4, highlighted by an ellipsis). So, a basic
morphodynamic effect is reproduced by this morphodynamic model simulation.

Figure 4. Bathymetry changes 1950/2012 in comparison to a morphodynamic run over 420 tides

3 NOWADAY SITUATION
The present bathymetry (year 2012) offers a total different behavior in contrast to 1950, just before the
beginning of the dam construction. So, the effect of removing the training wall is not comparable to the
old situation.
For this investigation an actual bathymetry was used in a 3D-hydrodynamic model (DELFT3D-FLOW
[Lesser 2004]) and coupled with morphodynamic functionalities (DELFT3D-MOR). The sediment distri653

bution and composition at the bottom was taken from a sedimentological model utilizing a database
[Zeiler 2014]. The model simulation compasses 17 tidal cycles, from which the first 3 tides are used as a
shake down time for sediment transport and morphodynamic.
3.1 Bathymetry changes with / without training wall
In a worst case scenario the total construction of the training wall is removed at all in the numerical model. So, in the surrounding area there are still some changes in the southern trench expected and built into
the model (see Figure 5).

Figure 5. model bathymetry 2012 with / without training wall and difference between both situations

3.2 Hydrodynamic situation
In the present bathymetry only one deep fairway beneath the training wall exist; no separate branches
cross the dam. Regarding to this, the typical, maximum velocities follow the constraints of the fairway
(Figure 6). This is distinctly different to the situation in 1950 (Figure 2).

Figure 6. maximum flood and ebb velocities around the training wall with the bathymetry of 2012

3.3 Morphological reaction after dam failure
As a worst-case scenario of possible failure of the training wall it was assumed, that the whole construction is removed. Of course this is a strong modification of the bathymetry and as a result of this in the hy654

dro- and morphodynamic. The morphodynamic model results after 140 tidal cycles (14 tides with a morphodynamic acceleration factor of 10) show local / regional changes in the bathymetry in the surrounding
of the training wall (Figure 7).

Figure 7. Morphologic changes due to the removal of training wall „Kugelbake“ after 140 tides – mouth of Elbe estuary

The southern tidal gully is a connection trench to the main fairway (bathymetry see Figure 4). The reopening of this gully and the assumed deepening will be followed by the so increased tidal velocities. As a
result of this the model predicted local erosion in this area (Figure 8). Beside this, sedimentation occurs in
the deep fairway in front of the opening of the gully because of releasing the main flux in the fairway towards the gully. The sand bank “Mittelgrund”, where the training wall is embedded, remains in the position and some raising of the height (sedimentation).
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Figure 8. Morphologic changes due to the removal of training wall „Kugelbake“ after 140 tides – detail

4 CONCLUSION
This modelling concept is a first attempt to evaluate the sustainable impact / morphodynamic reactions after constructing a large dam in the branching mouth of an estuary. The dam comprises a length of about
10 km together with several groynes and is located directly beneath the fairway.
The different bathymetries, before and after the construction of the training wall, offers the potential to
identify the morphologic reaction in the vicinity of the dam over a long time (app 65 years).
The simulation of the morphological reaction after the construction of the dam, even for a smaller time
span than in nature, shows a comparable trend in the sedimentation and erosion patterns. This is a basic
step to demonstrate, that the morphodynamic simulation is capable to reproduce such effects, although
running for an obviously smaller time span.
Beyond that assuming a total failure of the dam structure the morphological response can be estimated
applying the same model strategy as before. One conclusion can be done, that the morphological reaction
at first is restricted to the direct surrounding area of the training wall.
Further investigations should focus on longer time spaces and more physical effects. This includes the
variation of fresh water discharge, the impact of waves, the influence of storm surges and the dredging
and dumping procedure for maintenance of the fairway.
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ABSTRACT: A numerical approximation for bed load sediment transport due to shallow-water flows is
studied. Flows over an erodible bed are solved by assuming that the dynamics of the bed load problem is
described by two mathematical models: the hydrodynamic model, represented by the depth integrated
shallow-water equations, and the morphological model: Exner equation. The model solves the coupled
shallow-water and Exner equations, with the interface fluxes evaluated by a Harten-Lax van Leer-Contact
(HLLC) approximate Riemann solver for hydrodynamic part and HLL scheme for morphological part.
The domain is discretized by triangular grid system which facilitates representing complex domains. A
special treatment of the source terms by surface gradient method makes the scheme stable and physically
balanced. The model employs Godunov- type finite volume algorithm, with second-order accuracy in
space and time. Spatial second-order accuracy is guaranteed by employing multidimensional gradient
reconstruction method; and predictor-corrector scheme is used to ensure a second-order accurate solution
in time. Finally, some numerical tests are presented to verify the applicability and accuracy of the
proposed numerical model.
Keywords: Sediment transport, Dam-break, Finite volume method, Coupled model, Approximate
Riemann Solvers

1 INTRODUCTION
The study of morphological flow is important in the field of water resources to understand the behavior of
sediment movement under different flow conditions. The level of risk posed by dam-breaks to the society,
economy and environment, makes it important to understand and study the underlying hydrodynamics
and morphological phenomena associated with dam-breaks. Understanding the water flow mechanism
and downstream bed evolution can help mitigate the damage.
As scouring and deposition are two major problems encountered by engineers, various numerical
models have been developed to understand these processes. Water reclamation projects and design of
hydraulic structures are rendered unreliable unless the assessment of scour pattern is carried out for them.
Due to lower costs and less computational time 2-dimensional numerical modelling is preferred over
laboratory experiments and 3-dimensional modelling, to give the quick insight into the sediment-transport
pattern.
In this paper the mathematical model of morphodynamics is based on shallow water equations and a
transport equation for sediment (Exner equation). The set of these equations could be modelled
numerically either by a coupled approach or by solving the hydrodynamic flow first to get the flow
velocity and then updating the sediment continuity equation. The former approach is used in case of rapid
flow variations, and the latter in case of slow flood propagation (Hudson et al., 2005; Liang, 2011). In this
paper a coupled finite volume scheme is employed to focus on two dimensional morphodynamics of
bedload transport in channels.
To solve coupled equations numerically on a triangular grid system in a single step, we employed a
cell-centered Godunov-type finite volume method. According to (Liu et al., 2008), 2-dimensional models
can give quick assessment of the scour pattern and relatively accurate maximum scour depth. The cell
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centered average state variables are extrapolated to the center of the interface by multidimensional
gradient reconstruction method proposed in (Jawahar and Kamath, 2000), to get second-order spatial
accuracy. Temporal second-order is achieved by employing predictor-corrector solution steps.
Approximate Riemann solvers (Toro) are used to compute the fluxes at cell interfaces. HLLC and HLL
schemes are employed for computation of hydrodynamic and morphological fluxes respectively.
The objective of this work is to develop a numerical model that can accurately predict channel scour,
and predict the position of hydraulic jump in case of dam-break flows without causing any discontinuities
in the solution.
2 GOVERNING EQUATIONS
2.1 Shallow water equations
The hydrodynamic component of the flow is modelled by non-linear shallow water equations, which in 2dimensions can be expressed as
∂
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where h, u, and v represent water surface elevation, velocity in x-direction, and velocity in y-direction
respectively. Sox, Soy are bed slope source terms, and Sfx and Sfy are friction terms in in x and y directions
respectively.
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where b is bed elevation and n is the Manning’s roughness coefficient.
2.2 Bed evolution equation
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where p, qsx , and qsy represent sediment porosity and sediment discharge in x and y directions respectively.
The sediment discharge in this study is approximated by Grass (Grass, 1981) equation.
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where c is related to the properties of sediment; for fine sand (selected in our study) it’s value is 3. A is a
constant varying between 0 and 1 representing the intensity of the interaction between flow and sediment
particles, with 1 standing for the strongest interaction. We chose A equal to 0.01 in our study for all test
cases.
2.3 Coupled Model
The equations for coupled numerical model are expressed as
∂U
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where U presents vector of conserved variables; fluxes in the x- and y-axes are represented by E and G
respectively; and S is a vector of source terms. In vector form Eq (6) can be expressed as
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For a control volume with area A and boundary Γ , Eq. (6) can be expressed in integral form as
∫
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where n is the unit outward normal, and F is a flux vector. When summed over all the edges m of the
control volume, Eq. (8) is expressed as
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where i is the index of cell under consideration, and lm is the length of interface. Solution is obtained in
two steps; the predictor step in which the solution advances by half a time step and fluxes are computed
locally is given as
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In corrector step the Approximate Riemann solvers are employed to calculate the fluxes at the interface
and solution is advanced to a full time step.
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Wave speeds used in flux calculation are approximated by eigenvalues of Jacobian matrix for flux
components shown in Eq. (7). Estimated eigenvalues and the procedure to calculate them is explained in
(Soares‐Frazão and Zech, 2011). Because of the explicit nature of the proposed scheme, the time step is
limited by CFL condition. Solid and open boundary conditions are applied at the side walls and
downstream boundary respectively.
3 TEST CASES
3.1 Sediment-Transport for Dam-Break Flow
We tested the validity of our model for experiments conducted at UCL Civil Engineering Department lab
Belgium (Spinewine and Zech, 2007). A flume of length 6 m, 0.25 m wide, and 0.70 m high was used in
experiments. The study considers an idealized dam-break over an erodible bed. A dam-break is simulated
by removing a thin gate in the middle of the flume. In our study we simulate the model for two cases
shown in Figure 1. The domain in all cases is discretized by 2-dimensional triangular mesh, and a CFL
number of 0.6 is considered. The values of calibration constant ( A ), sediment porosity (p), and
Manning’s coefficient (n) are selected equal to 0.01, 0.47, and 0.0165, respectively, in both cases.
As the initial conditions for case 1 and 2 the water depth upstream of the dam is equal to 0.35 and 0.25
respectively; for case 1, water depth and downstream of dam is 0.0, and 0.1 for case 2. Initial sediment
layer of thickness is equal to 0.125 for case 1 throughout the length of channel, while for case 2 the
sediment thickness is 0.1m higher upstream of the dam. Figure 1 shows the comparison of our results
with results in literature (Li and Duffy, 2011; Murillo and García-Navarro, 2010; Wu and Wang, 2007).
Hydraulic jump is formed on the site of dam-break due to greater rate of bed erosion. Present study shows
greater rate of bed erosion in both cases, while the position of hydraulic jump shows satisfactory
agreement with other results. The comparison in Figure 1 shows fairly good agreement, implying that the
proposed finite volume scheme is able to capture hydraulic jump and predict bed erosion for dam-break
flows.
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Case 2: Comparison between measured and
Case 1: Comparison between measured and
computed results at two time intervals
computed results at two time intervals
Figure 1. Laboratory Scale Dam-break Profiles for Two Cases Using Grass Formula

3.2 Field scale Dam-break test
In this test a river reach 50 km long, and 1 km wide is considered with a hypothetical wall in the middle
of the channel acting as a dam. This test has been previously performed by (Cao et al., 2004; Wu and
Wang, 2007) to check the bed erosion and hydrodynamics of flow under large-scale dam-break-flow.
Upstream and downstream water depths of 40 m and 2.0 m respectively, are taken as initial conditions.
The values of calibration constant ( A ), sediment porosity (p), and Manning’s coefficient (n) are equal to
0.01, 0.4, and 0.3, respectively. Figure 2 shows the water surface and bed profiles for the present study
and its comparison with the results of Cao et al. and Wu et al. after 2 min and 8 min of the dam-break.
Significant erosion is shown for field-scale dam-break flow. It can be observed from the figure that as the
hydraulic jump propagates downstream with time. The difference in comparisons can be attributed to the
different formulas of sediment-transport used in (Cao et al., 2004; Wu and Wang, 2007). The increased
bed erosion predicted by (Cao et al., 2004) shown in Figure 2 is attributed to the fact that no upper bound
was placed on entrainment function which results in over prediction of bed erosion (Wu and Wang, 2007).
Overall the comparison of our model results with other studies shows satisfactory agreement.

a) Flow & Bed profile after 2 min of dam-break

b) Flow & Bed profile after 8 min of dam-break

Figure 2. Field Scale Dam-break Flow Simulated with Grass Formula
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4 CONCLUSIONS
In this paper scour pattern of the bed under dam-break flows and the formation of hydraulic jump is
studied, to understand the wave behavior and bed-erosion pattern. Assessment of maximum water height
can help designing safety structures like dykes and banks to avoid flooding of adjacent flood plains. In all
cases, the bed friction and calibration constant (A), which represents the intensity of the interaction
between water and sediment particles, greatly influenced the stability and accuracy of the model,
computation time, and position of hydraulic jump. . We used a second-order finite-volume method of
Godunov type to solve the coupled system of shallow-water and Exner equations. The accuracy of the
model was tested for a number of benchmark tests highlighting the ability of the model to accurately
capture the position of hydraulic jump and magnitude of bed erosion. The observations show the
robustness, and efficiency of model under different conditions. The small differences with other studies
might be attributed to a number of sediment characteristics that were considered in more complex
transport formulas in other models. Overall satisfactory results were obtained for all tests.
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ABSTRACT: This research will focus on studying the hydraulic impacts such as erosion, sedimentation
and overtopping. For studying these impacts study area on the Nile River is determined between Esna
barrage and Naga Hammadi barrage 192 km, at the period from 1982 to 2005. Two main sets of data were
used in the analysis, includ the contour maps for the Nile River bed between Esna and Naga Hanmmadi
barrages for the year 1982 and 2005. Cross sections were deducted from these maps at space of 4 kilometers. These cross sections were used to compare the 1982 and 2005 cross sections in order to calculate
erosion and sedimentation quantities of 26 cross sections which are selected along the study reach. On the
other hand, cross sections of year 1982 were input to the numerical model GSTARS in order to predict
the flow stage corresponding to different discharges along the reach and sediment routing was performed.
Finally, 2005 cross sections were used to develop water surface profile and to map the overtopping areas
by future discharge of 4051m3/s using topographic maps. 16 sectors were affected by overtopping and it
could be noted that the total areas are 794.82 feddans were mapped the major areas are in river islands as
531 feddans are mapped.
Keywords: Morphology, Overtopping, Erosion and sedimentation
1 INTRODUCTION
The Nile River in Egypt consists of four reaches from Aswan to Cairo and bifurcates into Rosetta and
Damietta branches that discharge into the Mediterranean Sea.
There are five structures across the Nile River in Upper Egypt. They control the water levels and flow
for considerable upstream distance. These structures are:
• High Aswan Dam
• Esna Barrage
• Naga Hammadi Barrage
• Assiut Barrage
• Delta Barrage
The main function of these barrages is to raise the water level and to provide additional head to the irrigation canals that supply the cultivated areas in Upper Egypt.
The Ministry of Water Recourses and Irrigation (MWRI) is constructing new barrages to replace the
existing structures and to ensure the constant supply of water to the downstream. The new barrages incorporate as hydropower annex to utilize the natural resource of the Nile River for hydropower generation.
They also improve the navigation in the Nile River via new locks. On the other hand, for any new barrage
there are probable negative impacts such as:
Inundation of Agricultural land on river islands and areas adjacent to the river by overtopping
Impacts on river morphology by erosion and sedimentation
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2 OVERVIEW ON ESNA BARRAGE
It exists across the river. It was constructed in 1908, 170 km downstream of Aswan, and 61 km upstream
of Luxor to guarantee basin irrigation in the southern reaches of Upper Egypt.
The barrage is composed of 120 gates each 5.00 m in width separated by piers 2.0m thick to enable the
conversion of the surrounding area to a perennial irrigation regime.
The barrage was remodeled between 1945 and 1947 to increase the available head from 2.5m to 5.0m.
In 1994, the New Esna Barrage was constructed, 1.2 km downstream of the existing structure and the
objectives of the new Esna barrage were to:
Ensure improved water regulation for irrigation purposes
Avoid major repair works and maintenance on the old barrage
Maintain upstream water levels required for feeding both Asfoun and Kalabaya Canals without the requirement for pumping
Generate electric energy by utilizing the discharges and the corresponding heads on the barrage
Improve navigation facilities by constructing a new lock with large dimensions (160 x 17m)
Construct an alternative access road for the new barrage.
The power plant dimensions are 92 m long and 59.5 m wide, with six turbines and a maximum power
output (installed capacity) of 13 MW each. The water levels upstream of Esna barrage fluctuate between
79.50 m and 77.0 m during the year while the downstream levels fluctuate between 75.50 m and 74.60 m.
3 STUDY OBJECTIVES
The objectives of the present research are to:
Evaluate the erosion quantity in the reach two.
Compute the sedimentation quantity in the reach two.
Determine the overtopping and land overflow quantity in the reach two.
4 IMPLEMENTED MODEL (GSTARS 2.0)
The implemented mathematical model for this analysis is GSTARS 2.0 Model. It is developed by the U.S.
Bureau of Reclamation in 1998.
This model uses the flow pipes to simulate the effect of the two and three dimensional flow.
5 CAPABILITIES OF GSTARS 2.0
GSTARS could simulate generalized flow and sediment routing (U.S. Bureau of Reclamation, 1998).
GSTARS 2.0 solves the energy equation based on the standard step method for backwater computations.
The momentum equation is used for cases of change from subcritical to supercritical flow conditions.
It has a number of capabilities such as:
1. It has the proficiency of computing hydraulic parameters for open channels with fixed and movable bed boundaries.
2. It has the aptitude of computing water surface profiles for subcritical, super critical and mixed
type flows.
3. It has the capability of predicting and simulating hydraulic and sediment variations in longitudinal
and transverse directions.
4. It has the skill of predicting and simulating the change of alluvial channel profile and cross sectional geometry.
5. It has the competence of including special conditions such as channel side stability and erosion
limits.
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6 STUDY METHODOLOGY
To achieve the above objectives, a study methodology was set. The steps of this methodology were as follows:
Review the literature in the field of river engineering (i.e. morphological changes in the vicinity of structures in the rivers, impacts of barrages).
Accumulate data concerning the existing barrages (i.e. flow, topography, site conditions, socio - economic conditions, topographic so as contour maps, discharges so as water levels, cross sections, geometry,
locations and bed grain size distribution).
Analyze the accumulated data and represent them.
Calculate water surface profiles, upstream and downstream the barrage under different scenarios, using a
mathematical model.
Study the effect of sedimentation and erosion on a number of cross sections along the Nile River.
7 A. ASSEMBLYING REQUIRED DATA FOR GSTARS 2.0
Two main sets of data were assembled. The first set included the contour maps for the Nile River bed between Esna and Naga Hanmmadi barrages for the period 1982 and 2005. This data were produced by the
Nile Research Institute. Cross sections were deducted from these maps at space of 4 kilometers. These
cross sections were used for comparison purposes to calculate erosion and sedimentation quantity of 26
cross sections which are selected on the study reach. On the other hand, cross sections of 1982 were used
in the mathematical model GSTARS.2 as input data to predict the flow stage corresponding to different
discharges along the reach and sediment routing is performed. Cross sections of year 2005 were used to
develop water surface profile and calculate overtopped areas by future discharge of 4051 m3/s using topographic maps.
The second groups of data are water level at different gauging stations along the study reach and discharge downstream Esna Barrage of 10 days for the period from 1982 to 2005.
The discharge was measured at downstream Esna Barrage and the water level at downstream end (upstream Naga Hammadi Barrage) corresponds to minimum, average, and maximum water levels were used
as boundary conditions.
Finally, average grain size distributions for study reach are used.
7 B. THE CALIBRATION RESULTS FOR WATER LEVELS
The discharge released through Esna barrage during the period from 1982 to 2005 was ranged from 550
m3/s to 2830 m3/s. The model calibration includes two scenarios 1000 and 2500 m3/sec. The results of the
model were compared by the actual data. Figures (1) and (2) show that the computed water surface profile
of Gstars Model are close with the actual data.

Figure 1. water level calibration for a flow of 1000 m3/sec
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Figure 2. water level calibration for a flow of 2500 m3/sec

7 C. MODEL CALIBRATION FOR CROSS SECTIONS
The cross sections calibration is the second step of model calibration. The cross sections surveyed in 1982
used as an input file and compare the results of the model by the cross sections surveyed in 2005 to
make sure that the model gives acceptable results.
From literature review it can be found that three methods, for predicting bed-material load discharge, are
applicable to the Nile River and are widely accepted, (A. Moustafa and M. Aziz). These are AckersWhite (1973), Yang (1973) and Engluned and Hansen.
The method of Engluned and Hansen is used here. This method is based on the energy-balance concept.
Figures (3), (4), show some examples of the cross sections that are distributed along the reach under consideration. it is found that both the trend and values are very close. This means that the model could be
suitable for simulation.

Figure 3. Cross section calibration for GSTARS 2 (km 188 from Aswan)
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Figure 4. Cross section calibration for GSTARS 2 (km 264 from Aswan)

8 AREAS AFFECTED BY OVERTOPPING
To study the overtopping two sets of maps were used (i.e. contour maps for the Nile River bed between
Esna and Naga Hanmmadi barrages and the topographic maps). Cross sections were deduced from these
maps at 4.0 kilometers spacing's. These cross sections were used as input data to develop water surface
profile corresponding to a future discharge of 4051 m3/s in order to calculate and map the overtopping areas.
According to the water surface profile of 4051 m3/s, overtopping was detected. The study reach was
divided into sectors 4.0 km apart, 16 sectors were affected by overtopping and it could be noted that the
total areas are 794.82 feddans were mapped. The locations of affected sectors are shown on Figure (5).

Figure 5. location of sectors affected by overtopping

8.1 Land use of areas affected by overtopping
To study the land use features for areas affected by overtopping, satellite images by Google map and
topographic maps for study reach are used as shown in figure (6). Table (1) presents detailed description
for the affected areas by overtopping.
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Figure 6. River Island that were full overtopped
Table 1. Land use of affected areas by overtopping

9 SEDIMENTATION AND EROSION ANALYSIS
To study the impacts of erosion and sedimentation, two sets of maps were used (i.e. contour maps for year
1982 and the contour maps for year 2005). 26 cross sections were selected to study the erosion and sedimentation, Figure (7) Table (2).
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Figure 7. locations of cross sections that were affected by erosion and sedimentation
Table 2. erosion and sedimentation quantity for cross sections

10 IMPACTS OF VELOCITY DISTRIBUTION ON SEDIMENTATION AND EROSION
By studying the location of erosion and sedimentation, it was found that:
Degradation occurred at the downstream the hydraulic structure. (i.e. Esna Barrage) the velocity is ranged
between 0.57 to 0.77 m/s at discharge 1000 m3/s and 2500 m3/s respectively.
Aggradation would occur upstream the hydraulic structures (i.e. Naga Hammadi Barrage) the velocity is
ranged between 0.42 to 0.7 m/s at discharge 1000 m3/s and 2500 m3/s respectively.
The barrages disturbed the equilibrium of the stream due to velocity change Figure (8).
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Figure 8. velocity distributions along the study reach

11 IMPACTS OF BEND CURVATURE ON EROSION PROCESS
As a river curves to follow the terrain, silt carried in the current is deposited on the inner edge of the
curve due to the relatively slower currents. The current, at the outer edge of the curve, causes the river
bank to erode and tends to widen the river at this point. Silt deposited on the inner curve section builds up
to form a beach. The effect shifts the river very slowly in the direction of the eroded bank. Silt from the
eroded bank travels on to be deposited at the next curve and so the river starts to meander, Figure (9).
It is clear that the erosion could be on the right bank, Figure (10) so as on the left bank, Figure (11).

Figure 9. Impacts of bends on bank erosion

Figure 10. Impacts of bend curvature on bank erosion
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Figure 11. Impacts of bend curvature on bank erosion

12 CONCLUSIONS AND RECOMMENDATIONS
Based on the results of the present investigation, the following were concluded:
6. According to the water surface profile of 4051 m3/s (future discharge will be released from Esna
barrage) the affected areas by overtopping were detected.
7. As the study reach is divided into 4.0 km apart sectors, 16 sectors are affected by overtopping and
can be noted that the major areas are in river islands as 531 feddans are mapped.
8. The features of overtopping caused inundation for river islands, agriculture land and residential
zones.
9. The barrages disturbed the equilibrium of the stream causing aggradation in the downstream
reaches. This occurred at the upstream of the hydraulic structures due to velocity change. The
length of the aggradation will extend for 47.45 km Upstream Naga Hammadi Barrage. The total
volumes of sedimentation for the whole of the study reach equal 74.6 Million m3.
10. Degradation occurred due to the lack of sediment supply from upstream. The length of the degradation will extend for 38 km Downstream Esna Barrage. The total volumes of erosion for the
whole of the study reach equal 86.78 Million m3.
11. Due to the river a curve, the current is deposited the sediments along the inner edge of the curve
due to the relatively slow current.
12. The fast current at the outer edge of the curve eroded the river bank and tended to widen the river.
13. Silt deposited on the inner curve section builds up to form a beach.
14. The river shifted very slowly towards the direction of the eroded bank.
15. Silt from the eroded bank travels on to be deposited at the next curve and so the river starts to meander.
Also, some recommendations were given forward for future researches:
It is recommended to investigate the overtopping for study reach using different discharges with different
boundary conditions.
It is advised to study the impacts of future discharge (4051m3/s) on erosion and sedimentation process for
study reach using different time periods.
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Significant erosion occurs along most of Alexandria’s beaches as a result of sediment starvation, coastal
processes and sea level rise. The beach widths have gradually decreased due to the action of the waves
and currents. With time, some beaches have totally disappeared and the wave action has attacked the toe
of seawalls (Soliman and Reeve, 2007). Flooding problems have also appeared in these eroded areas affecting the traffic flow. In December 2003, the shoreline of Mandara beach (Alexandria city, Egypt) had
suffered serious erosion. The sand beach had disappeared is some areas, with waves scouring and undermining the road and seawall. Waves and sand also overtopped the broken seawall onto the Cornice
road.
There are many factors that have contributed to that severe Alexandria coastline erosion, including:
• Incident waves, storm events, and the phenomena of Sea Level Rise (SLR) (Frihy, 2003).
• Instability of northern delta coast due to the lack of Nile river sedimentation (Frihy et al. , 2010).
• Loss of a considerable part of the sand beach due to the enlargement of the Cornice road toward
the sea (El-Sharnouby and Soliman, 2011).
Several types of coastal structures had been used to protect Alexandria coastline during the last twenty
years. There was no certain strategic plan for the protection of Alexandria coastline and for that each zone
of Alexandria shoreline has been protected using different types of structures. These different types of
shore protection structures and methods are sand nourishment, revetment, groins, sea walls, emerged and
submerged breakwaters. More details of these types and their positive and negative effects can be found
in (El-Sharnouby and Soliman, 2010 and 2011) .
Conventional beach protection structures, such as groins, revetments and emerged breakwaters, are becoming increasingly unpopular, principally due to their adverse impact on beach amenity and aesthetic
considerations. In contrast, submerged structures are widely perceived as capable of providing the necessary beach protection without a loss of beach amenity or negative aesthetic impact (El-Sharnouby et al.,
2011). On the basis of the field observations, Lamberti et al., (2005) mentioned that submerged breakwater work effectively under different environmental conditions, providing the opportunity to protect beaches in the context of Integrated Coastal Management. Submerged Breakwaters present several advantages
with respect to conventional structures, not only concerning the visual impact (which, from the "beachuser’s" point of view is very important), but also in that they allow more wave overtopping, enhance the
water renovation rates in the sheltered area, and produce higher sediment transport rates. As a result, there
is increasing community pressure on coastal management authorities and government agencies to consider submerged structures for beach protection. The increasing popularity of submerged structures is also
due to a growing recognition that their bathymetry can be optimised to enhance local surfing conditions
(Ranasinghe et al., 2006).
In this paper, Summary of field observations of shoreline response to submerged structures reported in
the published literature are presented in section 2. Then, details of Alexandria submerged breakwater are
shown in section 3. Section 4 presents the field data and wave analysis used in the design of Alexandria
submerged breakwater. Discussion of the collected data and the analysis of the results of these investigations on the development of a predictive capability for shoreline response to submerged structures are illustrated in section 5. Finally, conclusion of the obtained results is identified in section 6.
2 LITERATURE REVIEW OF SUBMERGED BREAKWATERS
The most important objectives of submerged breakwater construction are as follows (Burcharth and Lamberti, 2004):
• Protection of land and infrastructure by prevention or reduction of coastal erosion.
• Improvement of recreational conditions.
• Minimizing impacts on cultural and natural heritage of the coastline.
• Minimizing and / or mitigating impacts of submerged breakwater on species, habitats and ecosystems.
• Enhancing natural living resources for food and recreation.
The review of the available published literature of submerged breakwaters is presented with the aim of
investigating the environmental and structural parameters governing shoreline response to submerged
structures, gleaned from the results of field, laboratory and numerical studies undertaken to date. Submerged structures constructed to date range from single, shore-parallel breakwaters to large, multifunctional surfing reefs with complex design configurations. Ranasinghe and Turner (2006) presented the
main features of the engineering projects involving ten submerged structures reported to date as summarized in Table 1. Alexandria submerged breakwater with three other sites has been added to their table,
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raising the number to fourteen submerged structures. It is of particular note that, of the fourteen submerged structures, net erosion was reported at seven of the sites. For convenience, the investigations described here are sub-divided into those associated with shore-parallel structures, multi-functional structures, and natural reefs, and are introduced in the chronological order of publication date.
Table 1. Features of the sites and the submerged coastal structures reported in the published literature. (B =length of structure, S =distance from undisturbed shoreline to structure, W=crest width, h =water depth at structure, hc=water depth
at crest of the structure, tanβ =bed slope in the vicinity of the structure), (Adopted from Ranasinghe and Turner,
2006).
Location

Reference

Structure

Shoreline

type

response

Douglass and

Single

USA

Weggel,
1987

breakwater
+2 end
groins

Keino-

Deguchi and

Single

Matsubara
Beach, Japan

Sawaragi,

breakwater

Lido di Ostia,
Italy (#1)
Lido di Ostia,
Italy (#2)
Lido di
Dante,
Italy
Marche, Italy

Palm
Beach,

Long shore
transport
rate

B (m)

S (m)

W (m)

h (m)

hc (m)

tan β

300

75

Not
reported

1

at
MLW

Not

20

4

(m3/year)

Delaware
Bay,

Niigata, Japan

Nourish.

Erosion

Erosion

Y

Y

Negligible

Not reported

80

85

reported
2m below

0.1

MLW

near shore

1986

and 0.03

Funakoshi

Single

et al.,

breakwater

but not

1994

+2 groins

quantified

Tomassicchio,

Single

1996

breakwater

Tomassicchio,

Single

1996

breakwater

Lamberti and
Mancinelli ,
1996

Single

Erosion

Erosion

Accretion

Accretion

N

Y

N

Y

Exists,

50,000

50,000

Negligible

540

Multiple

Mancinelli

segmented

, 1996

breakwaters

Dean et al.,

Single

Erosion

N

Negligible

20

8.5

3000

700

100

50

770

150

Not

100200

15

N

100,000

0.02

15

12

10-12

4

1.5 m
below

0.05

3-4

MSL
0.5 m
below

0.1

3

MSL
0.5 m
below

0.02

3

MSL
0.5 m
below

Not

MSL

Reported

0.7 m
below

0.04

reported

Erosion

offshore

MLW

breakwater

Lamberti and

400

1.5 m
below

1260

70

4.6

3

MLL
W
0.250.35 m
below
MLL
W
1.0 m
below

FL, USA
Vero
Beach,

1997

breakwater

Stauble et al.,

Segmented

Erosion

N

30,000

915

85

4.6

2.1-2.7

FL, USA

2000

Gold Coast,

Jackson et al.,

breakwater
Multifunction

Accretion

Y

500,000

350

100600

2

2-10

Australia
Mount
Reef,
Maunganui, New
Zealand
Pratte's
Reef, El
Segundo,
CA,USA

2002

surf reef

Black and
Mead, 2009

Multifunction
surf reef

Not reported

N

Not reported

80

-

90

3-3.5

0.5 m
Below
CD

0.02

Jackson and
Corbett, 2007

Multifunction
surf reef

Not reported

N

Not reported

56

30-40

3-12

1.8 m
(MLLW
)

-

0.05

0.02

MLW

Multifunction
surf reef

Accretion

N

Not reported

80

280

100

3-5

Alexandria

Mead et al.,
2010
El-Sharnouby
&

Segmented

Accretion

N

Not reported

2555

150300

36-46

2.5-8.5

Egypt

Soliman, 2010

breakwater

Boscombe
Reef, UK

0.03

0.5 m
Above
CD
0.5 m
below
MLW
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0.05
0.025

Table 4. The design water levels according to tide range, extreme water level and sea level rise.
Event

Operational

1 Year

50 Years

100 Years

EWL [m CD ]
SLR [m]

0.50
0

0.76
0.06

1.06
0.06

1.11
0.06

DWL [m CD ]

0.50

0.82

1.12

1.17

Table 5 presents the values of significant wave height, peak wave period and wave direction in water
depths 14, 10 and 6 m for 1, 50 and 100 years return period (El-Sharnouby et al., 2007).
Table 5. Values of significant wave height, peak wave period and wave direction in water depths 14, 10 and 6 m for 1, 50
and 100 years return period.
RP
(yr)

1
1
1
1
50
50
50
100
100
100
100
100
100

Hs
m.

-14 CD
Tp
sec.

Dir.
deg.

Wave Results
-10 CD
Hs
Tp
m.
sec.

1.4
3.6
6.0
4.6
6.2
6.5
6.2
2.6
6.7
7.0
6.9
5.6
5.1

4.6
10.3
11.1
10.3
12.6
14.6
13.2
6.2
14.0
16.1
15.0
13.0
12.5

255
282
299
321
282
299
321
255
289
298
321
331
352

1.2
3.2
5.0
4.4
4.6
5.5
5.4
2.4
5.4
5.9
5.7
5.3
4.6

4.6
10.3
11.1
10.3
12.6
14.6
13.2
6.2
14.0
16.1
15.0
13.0
12.5

Dir.
deg
.
261
286
300
317
287
299
318
262
288
299
318
326
338

Hs
M

-6 CD
Tp
sec.

Dir.
deg.

1.1
3.0
3.6
3.5
3.6
4.0
4.0
2.1
4.0
4.4
4.4
4.0
3.9

4.6
10.3
11.1
10.3
12.6
14.6
13.2
6.2
14.0
16.1
15.0
13.0
12.5

267
289
300
315
289
299
316
269
290
299
316
328
338

El-Sharnouby et al., (2007) calculated the wave heights after the construction of the submerged breakwater using Delft-3D numerical model. Transmission coefficients values (Kt) were calculated using the empirical formulae of Ghalayini et al., (2003); Friebel et al., (2000) and Seabrook and Hall, (1998). Values
of Kt were found to range from 0.31 to 0.6 for 1, 50 and 100 years return period and the values of wave
heights behind the breakwater during the summer session (May to October) will not exceed 0.55 meter.
5 FIELD OBSERVATIONS AND SHORELINE ANALYSIS:
The submerged breakwater system showed more efficiency during storm times than was anticipated by all
means of transmission analysis which has been conducted in the design phase. The water mass between
the submerged breakwater and the beach circulates well with very gentle and light waves even under
storm conditions. In December 27th, 2010, the submerged breakwater segment of 220 meters long, in 8.5
meters water depth and with 46 meters crest width (Figure 3) was hit by the highest wave recorded on Alexandria coastline in the last 50 years (7.0 meter wave height in deep water). The approaching high waves
were broken over the submerged breakwater with good transmission efficiency as can be seen from Figure 6. The adequate water area behind the breakwater contributed well in dissipating the transmitted energy. The shoreline and sea-wall remained safe along the 220 meters breakwater segment during all storms
with noticeable good quality of water on the leeside in summer time.
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ABSTRACT: A numerical study of the impact of different groyne layouts and shapes on the flow field as
well as morphodynamic and ecological conditions at the Danube River in Austria is presented. Two sections of the river, ranging between 3 and 4 km in length, served as study sites. In order to study their influence on hydrodynamics, morphodynamics and fluvial ecology, the parameters groyne length, groyne
spacing, base shape and crest elevation were varied within reasonable bounds in a 3D numerical model.
Moreover, the impact of groyne inclination was studied by investigating attracting, orthogonal and repelling groynes. It was found that an increase of the groyne length as well as a decrease of the groyne spacing lead to rising water levels. However, these measures also increase bedload transport rates, resulting in
river bed erosion. Exchange processes between river and groyne fields are reduced, thus increasing water
ages. In turn, sedimentation in the fairway is obtained by an increase of the groyne spacing and a reduction of the groyne length. This also corresponds to an increase of mass exchange between river and
groyne fields due to the occurrence of two gyres. Moreover, it was found that the highest sensitivity of all
groyne parameters in terms of morphodynamic processes is exhibited by the crest elevation. An optimization of the crest elevation is essential for achieving the aim of a dynamic equilibrium of the river bed.
Keywords: Numerical model, Sediment transport, Bed load, Groyne, Ecology, Danube River
1 INTRODUCTION
For centuries lateral structures in rivers have been used successfully mainly for the purpose of river training, in order to stabilize the river banks and to improve navigability where applicable. The first documented use of groynes in river engineering has been between 400 and 500 years before the present day
(e.g. Vierlingh, 1576), with Leonado da Vinci being among the first to apply it, at the river Arno
(Uijttewaal, 2005). Despite this long history of practical application, there is still relatively little
knowledge about the precise mechanisms that are governing three-dimensional hydrodynamics, morphodynamics and ecological processes in groyne fields and the adjacent regions of the river cross section.
Most river rehabilitation projects are therefore still carried out using a trial-and-error approach (Biron et
al., 2005).
In recent years, studies on groyne-induced processes have been conducted on idealized structures both
experimentally (e.g. Uijttewaal et al., 2001; Biron et al., 2005; Uijttewaal, 2005; Kang et al., 2011; Yossef
and de Vriend, 2011) and numerically (Ouillon and Dartus, 1997; Alauddin and Tsujimoto, 2012). Actual
field data of the Danube River were used for the calibration of a numerical particle tracing model in
Tritthart et al. (2009), presenting a framework to study retention times in groyne fields. In Sukhodolov
(2014) hydrodynamics and mixing processes in a river reach with groynes were studied in nature under
semi-controlled conditions. Lechner et al. (2014) investigated dispersal patterns of fish larvae in the Danube River, thereby comparing the ecological functioning of shoreline configurations involving groynes to
those without structural features. However, most studies so far considered only straight groynes in orthogonal or repelling layouts, since conventional wisdom holds that groynes need to guide the flow towards the center of the river in order to protect the river banks. Only in the past few years, alternative
groyne types were tested in practice. For example, innovative groyne types and the difference to orthogo685

for deliberately increasing morphodynamics along the river bank. This process was supported by the removal of the bank protection over a length of 1.2 km. Moreover, a guiding wall upstream of the groyne
array was lowered to increase dynamics during medium flow conditions. As an additional feature the bases of all four new groynes were lowered in order to provide a by-pass reach, intended for allowing juvenile fish to pass the section more easily and reduce sedimentation in the groyne fields.

Figure 2. Measures completed at the Witzelsdorf study site.

3 NUMERICAL MODELS
3.1 Hydrodynamic code RSim-3D
The three-dimensional hydrodynamic model RSim-3D (Tritthart, 2005) solves the Reynolds-averaged
Navier-Stokes equations on a mesh composed of arbitrary polyhedrons by means of the Finite Volume
method (Tritthart and Gutknecht, 2007). A second order upwind scheme is employed for the interpolation
of convective fluxes at cell boundaries. The coupling of pressure and velocity fields is performed by
means of the SIMPLE algorithm in a generalized formulation following Davidson (1996). Turbulence is
modelled using a standard two-equation k-ε closure (Launder and Spalding, 1974). The position of the
free water surface elevation is derived from the computed pressure field in an iterative process.
3.2 Sediment transport code iSed
The integrated sediment transport model iSed (Tritthart et al., 2011) is capable to be coupled with external 2D or 3D hydrodynamic codes which in turn provide water depths, flow velocities and bed shear
stresses as input for sediment transport and morphodynamics calculations. The model can handle different
computation mesh types, ranging from triangular or quadrilateral cells in 2D to hexahedral or polyhedral
cells in 3D. According to the actual processes occurring in sediment transport, suspended load and bed
load are calculated separately from each other, consequently allowing the user to calculate only the
transport process which is dominant for a specific application situation.
3.2.1 Bedload transport
The iSed model contains both uniform and non-uniform variants of the empirical transport equations by
Meyer-Peter and Müller (1948), Egiazaroff (1965) and van Rijn (1984). Hiding-exposure (HE) corrections are available for the non-uniform transport equations, ranging from the classical HE correction of
Einstein (1950) to the concept of calculating a representative diameter for every grain size fraction separately as introduced by Parker (1990). In this study, a non-uniform formulation of the transport equation
after Meyer-Peter and Müller (1948) was used together with the HE correction by Einstein (1950):

q s ,i = p i c MP


ρ s − ρ 3  d i
gd i 
ρ
 d ref




2


′
u*

− θ c , MP 
 ρs − ρ


gd i

ρ


3

α
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(1)

Herein, q s,i denotes the bed load transport capacity for fraction i, pi is the mass fraction occupied by
grain size i in the sediment mixture, c MP a constant ( c MP = 8.0 according to Meyer-Peter and Müller
(1948)), ρ s the sediment density, ρ the density of water, g the gravitational acceleration, d i the mean diameter of the sediment fraction i, d ref a reference diameter which is assumed to be equal to the mean diameter ( d ref = d m ), and u*′ the grain-related shear velocity.
Hiding and exposure is governed by the exponent α which must be calibrated for each study case and
takes values in the range of 0 to 1. The critical mobility parameter θ c,MP was determined as θ c,MP = 0.047
by Meyer-Peter and Müller (1948). Later works, however, proposed c MP = 5.0 and θ c,MP = 0.050
(Hunziker, 1995) or c MP = 4.93 and θ c,MP = 0.047 (Wong and Parker, 2006). In accordance with previous
experience at Austrian rivers (Habersack and Laronne, 2002), this study follows Hunziker’s (1995) recommendation as far as c MP = 5.0 is concerned, while treating θ c,MP as calibration parameter.
3.2.2 Suspended load transport
Transport of suspended sediment is calculated in 2D; if a three-dimensional flow field is provided by the
hydrodynamic code, it is depth-averaged for the purpose of suspended load calculations. The transport is
described by a two-dimensional equation of convection-diffusion type, which includes an exchange term
to account for the interaction with the river bed:

∂c ∂ (u1c ) ∂ (u 2 c ) ∂  ∂c  ∂ 
∂c 
 K t
 +
 K t
 + (sdep − sero )
+
+
=
∂t
∂x1
∂x2
∂x1  ∂x1  ∂x2  ∂x2 

(2)

In Equation (2), c denotes the suspended sediment concentration, ui the flow velocities in the corresponding coordinate directions xi, Kt the depth-averaged diffusion coefficient, and t the time. sdep is the deposition flux and sero the erosion flux with respect to the sediment layer at the river bed. The deposition flux is
calculated for every size fraction i according to van Rijn (1984), while the erosion flux follows the relation proposed by Garcia and Parker (1991). Equation (2) is solved using a Finite Volume technique for
arbitrary meshes, analogous to the solution algorithm used in the RSim-3D hydrodynamic model and detailed in Tritthart and Gutknecht (2007).
3.2.3 Morphodynamics
The evolution of the river bed elevation over time at every computation node follows the Exner equation:

(1 − n ) ∂z
p

i

∂t

+

∂qsi , x
∂x

+

∂qsi , y
∂y

= sdep , i − sero, i

(3)

In Equation (3), zi denotes the vertical change in the bed elevation due to sediment transport processes in
the fraction i; qsi,x and qsi,y represent the bedload transport rate, split into the coordinate directions x and y,
according to the direction of the near-bed flow vector. np is the pore content of the sediment. The exchange term on the right-hand side of Equation (3) represents the balance between deposition and erosion
flux due to suspended sediment transport and takes a value of zero if suspended sediment transport is not
relevant for bed evolution. The near-bed flow vector is corrected for the effect of a transverse sloping bed
following the relation proposed by Ikeda (1988). The Exner equation is solved applying the Finite Volume Method on a control volume surrounding the computation node, yielding the vertical bed level
changes for every grain size fraction.
3.2.4 Grain sorting
The iSed model employs an exchange layer concept, thus all mixing processes take place in the top sediment layer. The width of this layer, which according to experience is usually in the range of one to four
large gravels (i.e. d90 to 4 x d90), is a model calibration parameter and influences the coarsening and fining
of the bed sediment due to erosion and deposition, respectively. In case of erosion, sediment from lower
subsurface layers is added to the mixing layer; if deposition is taking place, the deposited material is added instead, consequently yielding a new grain size distribution by evaluating the sorting equation detailed
in Tritthart et al. (2011).
3.3 Model setup, calibration and validation
The digital terrain elevation model (DEM) used as basis for the study in Witzelsdorf was composed from
single-beam and multi-beam bathymetric measurements performed after finalizing the construction works
688

in February/March 2010. Single-beam data was available in a cross section distance of 25 to 50 m. Elevation data obtained from a LIDAR terrestrial scan performed also in February 2010 was used for completing the DEM in the bank zones. Four further DEMs for the purpose of calibration and validation of the
hydrodynamic and morphodynamic models were composed from bathymetric data measured in April
2009, August 2009, June 2010 and October 2011.
A computation mesh consisting of approximately 26.000 two-dimensional regions with mostly hexagonal base shapes was created, including mesh refinements near groyne structures and in bank zones. Following previous experience at the Danube River (e.g. Tritthart et al., 2009), a vertical mesh segmentation
of six layers was selected, resulting in a total of 156.000 cells for the study site Witzelsdorf. The calibration of the hydrodynamic model was performed using a catalogue of official water surface elevations published by the waterways authority (KWD 2010) and the results of flow velocity measurements by ADCP
technique. The result of the calibration process yielded a bed roughness value of ks = 0.03 m for the river
bed. The model was successfully validated using ADCP measurements at a discharge different from the
one used for calibration.
Six grab samples of river bed sediment were taken in October 2009; moreover, surface and subsurface
samples at three locations in the groyne fields were taken by hand. From this information, a sediment
cover for the iSed model was composed, separated in a surface layer of 0.20 m thickness and a subsurface
layer of 0.80 m. In the river bed, the Kriging interpolation method was applied in order to obtain a smooth
transition between the grain size distributions of the grab samples. The sampled grain size distributions of
the groyne fields and bank zones were directly assigned without further interpolation. Bedload and suspended load input were sampled qualitatively and quantitatively for three discharges during a measurement campaign from a vessel; from this information a sediment rating curve was constructed and used to
obtain the upstream boundary condition for the sediment transport model. As mentioned before, calibration and validation of the model were performed successfully using DEMs at different points in time.
In order to compare the different groyne variants, the sediment transport model was run in quasi-steady
calculation mode for each of the characteristic discharges RNQ, MQ and HSQ (see section 2) for a duration of 30 days.
4 GROYNE VARIANTS
After completion of the construction works at the Witzelsdorf study site, four attracting groynes in an approximate spacing of twice the groyne length, all equipped with lowered bases, constitute the status quo.
The numerical study considered the following variants different from the current status: (i) orthogonal
groyne layout, (ii) repelling groyne layout, (iii) groyne spacing of 1x the average groyne length, (iv)
groyne spacing of 3x the average groyne length, (v) length increase of groynes by 20%, (vi) length decrease of groynes by 20%, (vii) increase of crest elevation by 0.4 m. Fig. 3 provides a visualization of
these variants. In further computations, the effect of groynes without lowered bases and modifications of
the crest elevation of the upstream guiding wall (Fig. 2) were tested.

Figure 3: Schematic visualization of the groyne variants tested in the numerical study.
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5 RESULTS AND DISCUSSION
The groyne variants were assessed in terms of their effect on (a) the flow velocities in the fairway (center
area) of the river, (b) the shear stress patterns, (c) the water surface elevations, and (d) the resulting morphodynamic impact (sedimentation or erosion patterns at the river bed). In addition, as a proxy for the
ecological influence the changes of the flow field within the groyne fields were analyzed using particle
tracing methodology. For all parameters except the particle tracing analyses, maps of differences between
the variants and the status quo (in the following denoted as reference condition) were created. Due to
space constraints, only selected results can be presented in this paper, however the summary result Table
1 at the end of section 5 provides a synthesis of the results obtained.
5.1 Results of the respective groyne variants
5.1.1 Orthogonal and repelling groyne layouts
In general, groynes in orthogonal layout were found to lead to similar hydrodynamic and morphodynamic
characteristics as compared to the reference condition. Most parameters have a slight tendency to increase, which can be reasoned by the somewhat larger flow constriction that is caused by the rotation of
the groynes into orthogonal position while keeping their length constant. The largest influence is yielded
on the water surface elevation, which increases notably during mean flow conditions.
The results also showed that overall characteristics of repelling groynes as compared to attracting ones
are rather similar, besides the fact that lower flow velocities and shear stresses near the bank – which lead
to a stabilizing effect – give the groyne structure a different purpose than the one which was intended in
the project. Most notable though is a substantial reduction of water surface elevations during flood conditions, as compared to the reference condition.
5.1.2 Groyne spacing
A reduction of the groyne spacing to 1x the groyne length was found to yield a large increase in all hydrodynamic parameters – including water surface elevations – under all discharge conditions.
A local increase of flow velocities in the main channel during mean flow conditions (MQ) between 0.2
and 0.5 ms-1 leads to shear stress increases in the range of 2 to 5 Nm-2 (Fig. 4a). This in turn gives rise to
substantial erosive processes which are predicted by the morphodynamics code to be over 0.15 m larger
within 30 days of modelling time, compared with the reference condition (Fig. 4b). At the same time, sedimentation in the groyne fields was increasing.
An increase of the groyne spacing to 3x the groyne length was not found to exhibit any specific trend,
however in general the differences in hydrodynamic conditions are comparably small. At least for low
flow discharges bed level differences showed a tendency towards more sedimentation.

Figure 4: (a) Bed shear stress differences, (b) difference of differences (DoD) of bed level changes, between 1x average
groyne length and reference condition for MQ.

5.1.3 Groyne length
An increase of the groyne length by 20% was found to lead to an increase in flow velocities, bed shear
stresses and water surface elevations. This consequently results in larger erosion depths throughout the
study reach.
In turn, the hydrodynamic patterns of a groyne length decrease by 20% showed a general decrease of
flow velocities and bed shear stresses. Expectedly the morphodynamic simulations predicted larger sedimentation in the modelling domain, as compared to the reference condition.

690

5.1.4 Crest elevation
Particularly for mean flow conditions (MQ), an increase of the crest elevation by 0.4 m led to extraordinarily higher flow velocities and bed shear stresses, which exceeded those of all other variants.
Flow velocities increased between 0.1 and 0.2 ms-1 throughout most of the fairway within the study
site and bed shear stresses between 2 and 5 Nm-2 in the same area. (Fig. 5a). From the shear stress difference map it also becomes obvious that more flow is passing the groynes with elevated crests on both
sides, thus leading to a substantial increase in bank-near flow velocities and bed shear stress. Moreover,
also the water surface elevation increased by a large amount. The resulting differences in erosive processes are shown in Fig. 5b and amount to 0.10 – 0.15 m larger erosion in vast areas of the main channel.

Figure 5: (a) Bed shear stress differences, (b) difference of differences (DoD) of bed level changes, between increased crest
elevation and reference condition for MQ.

5.1.5 Ecological aspects
During low flow conditions, groyne fields in the reference condition exhibit one large gyre that is additionally propelled by the flow over the lowered groyne base. This pattern is visible for most variants, except for the single-spaced groyne layout, which often does not allow even a single gyre to form completely – thus increasing water ages – and the triple-spaced layout, which allows two counter-rotating gyres to
form. Hence, mass exchange between main river channel and groyne fields will be positively influenced
with rising groyne spacing.
5.2 Overall assessment
Table 1 summarizes the results of the hydrodynamic and morphodynamic computations. Therein, arrows
pointing upwards denote an increase of the parameter, while downward arrows indicate a decrease. The
number of arrows represents the magnitude of the increase or decrease of the parameter compared to the
reference condition. An arrow pointing in both directions indicates that both effects are present, while an
approximate-equal sign denotes parameters almost without effect. A minus sign is used if a variant does
not have any effect at all for a given discharge.
Table 1. Summary of the influence of the groyne variants on hydrodynamics and morphodynamics, compared to reference
_____________________________________________________________________________________
Flow velocity ________________
Bed shear stress
Water surface elev. _______________
Bed level change
________________
_________________

Groyne variants
RNQ MQ HSQ
RNQ MQ HSQ
RNQ MQ HSQ
RNQ MQ HSQ
_____________________________________________________________________________________
Orthogonal groynes
≈
↑
≈
↑
↑
↑
≈
↑↑
↓
≈
≈
≈
Attracting groynes
≈
↑
≈
≈
↑
↑
≈
↑
↓↓
≈
≈
↕
Spacing 1x length
↑↑↑ ↑↑↑ ↑↑
↑↑↑ ↑↑↑ ↑↑
↑↑ ↑↑↑ ↑
↓↓ ↓↓↓ ↓↓↓↓
Spacing 3x length
↕
↑
≈
↕
↑
↕
↕
↑
↓↓
↑↑
↓↓ ↕
Increased length
↑↑ ↑↑
≈
↑↑
↑↑
↑
↕
↑↑
≈
↓↓
↓
↓↓
Decreased length
↓
↓
≈
↓↓
↕
↓
↓
≈
↓↓
↑
↑
↑↑
Increased elevation
- ↑↑↑↑ ↑
- ↑↑↑↑ ↑
- ↑↑↑↑ ≈
↓↓↓ ↓↓
_____________________________________________________________________________________

6 CONCLUSIONS
Several different groyne variants were studied numerically and analyzed according to their influence on
hydrodynamics, morphodynamics and ecological criteria. It was found that an increase of the groyne
length as well as a decrease of the groyne spacing lead to rising water levels. However, these measures also result in river bed erosion and increasing water ages in groyne fields due to reduced exchange processes. In turn, sedimentation in the fairway is obtained by an increase of the groyne spacing and a reduction
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of the groyne length. This also corresponds to an increase of mass exchange between river and groyne
fields due to the occurrence of two gyres. Moreover, it was found that the highest sensitivity of all groyne
parameters in terms of morphodynamic processes is exhibited by the crest elevation. Thus, an optimization of the crest elevation is essential for achieving the aim of a dynamic equilibrium of the river bed.
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ABSTRACT: In the Asahi River, heavy rainfall from 12th typhoon (2011) had caused the river channel
blockade by sediment inflow due to slope failures and debris flows. These phenomena make large amount
of sediment discharge into the river shortly, and change the river channel characteristics, such as the
channel shapes, and grain size distributions. So, it is important to clarify the mechanism of sediment
transports including large amount of sediment supply for the river management. In this study, first, we
clarified points of slope failures and characteristic changes in river channel by large-scale sediment inflow using observed data and aerial photographs. In order to estimate the volume of sediment inflow, numerical analysis of slope failures and debris flows were made. Furthermore, we combined twodimensional flood flow model with river bed variation model and examined the sediment transport mechanism including the sediment supply in the Asahi River during the 2011 flood.
Keywords: Sediment inflow, Sediment transport, Debris flow, Slope failure, Numerical model, Stony-bed
river, Bed variation, Grain size distribution
1 INTRODUCTION
A heavy rainfall from 12th typhoon (2011) brought large-scale floods and slope failures in the Asahi River
basin. Sediment supply to the Asahi River due to slope failures changed channel shapes and grain size distributions of the river bed remarkably in the short period of time. Estimation of the amount of the sediment
supply of debris flows by slope failures and understanding of sediment transports during the flood are important for the river management.
The Asahi River is a stony-bed river with a wide range of grain-size distributions. In the Asahi River, a
sediment bypass tunnel is installed for a measure against turbid water of a dam reservoir, and the reservoir
sedimentation. Fukuda et al. (2012) investigated the recovery mechanism of riffles and pools and flushing
mechanism of reservoir sedimentation by using the two-dimensional flood flows and bed variation analysis
in stony-bed river (Osada et al. (2013)). However, sediment inflows from mountain streams were not considered in this model, because the flood discharge was relatively small compared with the 2011 flood.
The slope failures and debris flow simulation model to estimate sediment inflows from mountain
streams has been proposed by reserchers. For example, there are physically-based model of the SHETRAN
(Bathust (2002)) and the SERMOW-Ⅱ (Hirasawa et at. (2012)) and so on. Ichikawa (1999) calculated the
sediment runoff due to slope failures using by the kinematic wave-runoff model and slope failure model
considering an infinite length slope-stability analysis. And sediment inflows from mountain streams were
simulated by using debris flow equations which corresponded to each regime such as debris flow,
immature debris flow, and bed load (Takahashi (2001)). But, these researches have not considered enough
the relation between flood flows and large-scale sediment inflow, and applicability to the design of
structures for sedimentation. Therefore, it is important to clarify mutual relations of sediment transports in
river channel, mountain stream, dam reservoir and outlet structure.
The objectives of this study are to clarify the sediment transport mechanism based on observed data and
to develop the two-dimensional flood flows and river bed variation analysis model clarifying the
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Where, c: adhesive force , 𝜎: vertical stress of soil , u: pore-water pressure of soil , 𝜑: internal frictional
angle of soil, 𝛾𝑠𝑎𝑡 : saturated unit weight of soil, 𝛾𝑤 : unit weight of water, 𝛾𝑡 : wet unit weight of soil, D:
subsurface layer thickness, H: subsurface layer water depth.

3.2.2 Sediment inflow analysis model due to debris flow
The sediment inflows from mountain stream to the river channel was simulated by using debris flow
equations which corresponded to each regime such as stony debris flow, immature debris flow, and bed
load (Takahashi (2001)). The debris flow was calculated by one dimensional bed variation Equation (5)(7).
𝜕ℎ 𝜕𝑞
+
=𝑖
𝜕𝑡 𝜕𝑥
𝜕(𝑈𝑞)
𝜕(𝑧𝑏 + ℎ)
𝜏𝑏
𝜕ℎ
+𝛽
= 𝑔ℎ𝑠𝑖𝑛𝜃 − 𝑔ℎ
𝑐𝑜𝑠𝜃 −
𝜕𝑥
𝜕𝑥
𝜌𝑡
𝜕𝑡
𝜕(𝐶ℎ) 𝜕(𝐶𝑞)
+
= 𝑖𝐶∗
𝜕𝑡
𝜕𝑥

(5)

(6)

(7)

Where, i: erosion and deposition velocity of the bed, β: momentum correction coefficient, U: crosssectional average-flow velocity, g: acceleration of gravity, 𝑧𝑏 : bed level, 𝜏𝑏 : bed shear stress, 𝜌𝑡 =
𝜌(1 − 𝐶) + 𝜎𝐶, 𝜌: density of water, σ: density of soil, C: volume concentration of debris flow, 𝐶∗ : volume
concentration of sediment deposit.
The resistance laws in the river bed are given as follows:
For stony debris flow (when C ≥ 0.4𝐶∗ )
𝑑 2 2
𝐶∗ 1⁄3
𝜎
𝜏𝑏 = � � �� � − 1� � � 𝑈
ℎ
𝐶
8
For immature debris flow (when 0.01 < C < 0.4𝐶∗ )
𝜌𝑡
𝑑𝐿 2
𝜏𝑏 = �
� � � 𝑈2
0.49 ℎ
For bed load (when C ≤ 0.01 or h/d ≥ 30)
𝜌𝑔𝑛2
𝜏𝑏 = 1⁄3 𝑈 2
ℎ

(8)
(9)
(10)

Where, d: representative grain size of soil particle, n: manning roughness coefficient.
The erosion and deposition velocity of the bed and equilibrium concentration are given as follows:

For erosion of the bed (when C < 𝐶∗ )
𝐶∞ − 𝐶 𝑞
(11)
𝑖 = 𝛿𝑒
𝐶∗ − 𝐶∞ 𝑑
For deposition of the bed (when C ≥ 𝐶∗ )
𝐶∞ − 𝐶 𝑞
(12)
𝑖 = 𝛿𝑑
𝐶∗ ℎ
𝜌𝑡𝑎𝑛𝜃𝑤
𝐶∞ =
(13)
(𝜎 − 𝜌)(𝑡𝑎𝑛𝜑 − 𝑡𝑎𝑛𝜃𝑤 )
Where, 𝛿𝑒 : erosion velocity coefficient, 𝛿𝑑 : deposition velocity coefficient, 𝜃𝑤 : internal frictional angle.

3.2.3 Numerical analyse of slope failures and debris flows
In slope failure model, the slope unit data was created by 50m mesh based on 5.0m mesh data (Basic map
information by Geographical Information Authority of Japan). Moreover, the slope direction and gradient
were divided from the drainage paths in each mesh. The parameters of slope failure model are shown in table-1. Since the characteristics of soil such as adhesive force and an internal frictional angle were unknown, we set values used in other researches by slope failure model. The thickness of slope unit was assumed 0.6m in the Miya Valley and 0.2m in the Upstream Valley by the columnar section of soil in Mt.
Shakagatake.
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beach nourishments. Because of the complexity and variety of the physical processes involved at the site,
a process based time-dependent morphodynamic model XBeach is used to evaluate the longer term morphological evolution.
Due to the environmental conditions at the site, the profile behavior in the XBeach model did initially
not correspond well with observations. A 1DH XBeach model has been set up to evaluate cross-shore
profile evolution. A common observation is that the nearshore part of a profile adapts very quickly to
changes in the sediment balance and stays close to a dynamic equilibrium (Roelvink and Reniers, 2012).
Based on this observation, the parameter settings of the 1DH model have been calibrated to represent the
equilibrium profile on a medium term (one year) analysis. Such a longer term assessment of beach dynamics has also been tested by Pender et al. (2012) and goes beyond the normal short timescales for these
kind of applications. To incorporate a full range of forcing conditions, a full year climate including normal to lower extreme waves has been used in the 1DH model.
Furthermore, cross shore losses have been estimated to be important in the coastal area near Ghana,
but at this stage the profile model is not able to evaluate these processes
The results of this study have supported a more complex 2D hindcast analysis of the present groyne
system (Phase 1 in Figure 1) in Gruwez et al. (2014) and supported a forecast of the designed groyne system in the Phase 2 area (Figure 1).
2 MORPHOLOGICAL SYSTEM
2.1 Environmental conditions
The wave climate off the coast of Ghana is swell dominated with occasionally a minor wind sea component. Extreme wave conditions along the coast of Ghana (and most of Western Africa) are completely determined by extreme swell waves and not by extreme wind waves, since no long local wind storms occur
along the coast of Ghana (IMDC, 2013b). Peak wave directions of the present swell systems near the Ada
coast are between 170°N -210°N and induce locally a net West to East longshore sediment transport. The
nearshore significant wave height (at -10 m LAT) is between 1.0 m and 2.0 m for 75% of the time with
wave periods higher than 10.0 s for 80% of the time (IMDC, 2013b).
The water level variation along the coast of Ghana is dominated by the astronomical tide, since no long
local wind storms occur and wind induced (storm) surge is limited. At Ada the average tidal range is
about 1.0 m, mean sea level is about 1.15 m LAT.
Tidal and wind-induced currents are small compared to the ocean currents (Guinea current & countercurrent). Offshore Ada (-10 m LAT) currents are mainly oriented to the East and vary between 0.15 m/s
and 0.60 m/s (IMDC, 2013b). Nearshore the wave-induced longshore currents are dominant.
2.2 Sediment dynamics
Coastal erosion is a major threat to the whole of the West-African coast. Along the gulf of Ghana average
rates of coastal retreat are between one and two meters per year (UNESCO, 2012). In 2010, the Ghanaian
government decided to protect the coast in Ada, where the average rate of coastal retreat is locally, close
to the Volta river mouth, more than 6 m/year.
The net longshore transport on the coast of Ghana is mostly directed from West to East. Estimations in
IMDC (2010), based on the growth of the Volta and Keta sand spits, suggest net longshore transport rates
near Ada in the order of 0.4 to 0.8 Mm³/year. A transport gradient of 0.7 Mm³ over the project area is also
needed to explain the local erosion rates.
There is a large uncertainty about the fate of the sediment eroded by longshore transport. The evaluation and quantification of the causes of coastal erosion near Ada is hindered by the lack of reliable and
quantified data. But the sediment budget based on longshore transport rates does not account for the fact
that erosion is observed almost on the entire coast of Ghana and sediment is likely to be lost out of the
system by other sources. The most likely sources are (IMDC, 2013b):
• While the beach profiles mainly consist of coarse sand, occasional silt or clay layers are present.
Once eroded, these sediments are too fine to stay in the active profile and are lost seaward.
• The combination of fine sediments and very long swell waves, and consequently a very large closure depth. The closure depth has been estimated in IMDC (2010) with the classical formula of
Hallermeier between 6 and 8 m. Including the beach berm height of around 4m yields a profile
height of 10 to 12m. Based on the wave model results (IMDC, 2013b), closure depths up to 30 m
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seem possible when large swell waves and fine sediments are present. A large closure depth gives
accommodation space for large profile variation due to sea level rise.
• Overwash losses over beach berms or in lagoons, resulting in cross-shore losses landward. Also
wind transports beach material landwards.
• Beach mining activities, in particular extraction of coarser material (pebbles, beach sand). The extraction of the material can undermine the system sustainability. Beside the net resource extraction,
it may also weaken the cross-shore profile which will tend to develop a less steep slope.
The first three processes are related to cross-shore sediment dynamics, the last one is human-induced,
but all can be referred to as sediment losses since the sediment cannot contribute to beach accretion.
3 XBEACH MODEL
3.1 Description
XBeach is a two-dimensional numerical model for wave propagation, long waves and mean flow, sediment transport and morphological changes of the nearshore area, beaches, dunes and backbarrier during
storms (Roelvink et al., 2009). It is intended as a tool to assess the natural coastal response during timevarying storm and hurricane conditions, including dune erosion, overwash and breaching (Roelvink et al.,
2010). It is a public-domain model that has been developed with funding and support by the US Army
Corps of Engineers, by a consortium of UNESCO-IHE, Deltares (Delft Hydraulics), Delft University of
Technology and the University of Miami.
The (depth-averaged) XBeach model combines a wave action balance with the nonlinear shallow water equations (NLSW equations) to solve high and low frequency wave motions, respectively. This modeling concept is known as the surf beat approach.
The model consists of formulations for short wave envelope propagation, nonstationary shallow water
equations, sediment transport and bed update. Innovations include a newly developed time-dependent
wave action balance solver, which solves the wave refraction and allows variation of wave action in x, y,
time and over the directional space, and can be used to simulate the propagation and dissipation of wave
groups. An added advantage to this setup, compared to the existing surf beat (infragravity wave) model, is
that a separate wave model is not needed to predict the mean wave direction, and it allows different wave
groups to travel in different directions. Full wave-current interaction in the short wave group propagation
is included. A wave dissipation model is implemented for use in the nonstationary wave energy balance
(in other words, when the wave energy varies on the wave group timescale).
The Generalised Lagrangean Mean (GLM) approach was implemented to represent the depth-averaged
undertow and its effect on bed shear stresses and sediment transport, cf. Reniers et al. (2004). Quasi 3D
formulations are included as well as ground water flow through a porous medium.
Both Soulsby – Van Rijn and Van Thiel – Van Rijn sediment transport formulations have been included, which solve the 2DH advection-diffusion equation and produce total transport vectors, which can be
used to update the bathymetry. The pickup function following Reniers et al. (2004) was implemented. An
avalanching routine was implemented with separate criteria for critical slope at wet or dry points providing a smooth and robust solution for slumping of sand during dune erosion. The velocity used to compute
sediment transport includes a correction for onshore transport based on wave form parameters (asymmetry and skewness), effectively stabilizing the long term profile evolution.
Infiltration and exfiltration of water in the swash zone during the uprush and downrush can also be
modelled thanks to the inclusion of a groundwater model based on the Darcy law.
The model has been validated with a series of analytical, laboratory and field test cases. The model
performs well in different situations including dune erosion, overwash and breaching and these cases are
all modelled using a standard set of parameter settings (Roelvink et al., 2009).
3.2 Model setup
The 1DH profile model is built with a measured cross-shore profile at the phase 2 area (Figure 1) of Ada
beach from a survey in March 2012 (IMDC, 2013b). Figure 2 shows that the selected profile is representative for the Phase 2 area (Figure 1). And a sensitivity analysis indicated that the selected profile corresponds with an average longshore transport rate. The profile extends offshore to a depth of -15 m LAT,
the berm has a height of 5.7 m LAT. Based on sand samples taken on the beach, a grain size of D50 = 540
μm and D90 = 1200 μm have been applied.
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3.3 Model settings
The standard set of parameter settings in XBeach are primarily intended for environments similar to the
Dutch coast. In areas where the wave climate and beach properties (grain size, slopes, etc.) significantly
deviate from typical Dutch values, a calibration of some of these parameters is necessary, as is the case in
this study. The wave climate along the Ghanaian coast is swell dominated (IMDC, 2013b) and therefore
differs significantly from the wind sea dominated Dutch coasts. Also beach slopes are significantly steeper in Ghana (~1:10) compared to the Dutch coast (~1:60).
Moreover, since the XBeach model was initially designed for relatively short simulations (hours, days)
during storm conditions, simulations over longer periods (weeks, months) may not (yet) be very accurate.
Indeed, during calm and moderate wave conditions the beach erosion (retreat) is overestimated by
XBeach due to the offshore sediment transport associated with long waves (van Thiel de Vries, 2009).
Van Thiel de Vries (2009) hypothesizes that inner surf and swash zone sediment transports associated
with long waves are not properly simulated since the model misses some relevant physics in this case
(e.g. long wave breaking, interactions with short waves in the swash zone). It was shown by A. Van Rooijen (2011) that modelling the short waves with the NLSW equations together with the long waves and using the combined intra-wave Nielsen and Bagnold type transport model, onshore transport during calm or
moderate wave conditions is better represented. However, doing this greatly increases the calculation time
and therefore decreases the usability of the model in 2DH over longer periods. Although not a full alternative, onshore sediment transport can be promoted in some areas of the beach by increasing the onshore
transport associated with non-linear short waves without influencing the calculation time too much. This
is controlled by the parameters facAs and facSk, which represent calibration factors for the time averaged
flows due to wave asymmetry and skewness. These flows are a result of non-linear wave behavior in the
shoaling, wave breaking, surf and swash zones. The factors applied to skewness (facSk) and asymmetry
(facAs) determine the magnitude and direction of net sediment transport. Varying these factors therefore
determines the predominant sediment transport direction (Pender and Karunarathna, 2013).
The parameter facSk influences the profile shape most in the shoaling and breaker zone: increasing
facSk increases the wave skewness which leads to mostly offshore sediment fluxes. On the other hand, facAs shapes the cross-shore profile more nearshore in the surf and swash zone; increasing facAs increases
the wave asymmetry which leads to an increase of the onshore transport.
Another parameter which has influence on the beach profile is wetslp or the critical slope for which the
avalanching algorithm is triggered in the model when the beach is wet (saturated). A lower (higher) value
will cause a gentler (steeper) equilibrium slope of the bed in the swash zone and along the wet intertidal
beach.
Table 2. Parameter settings of reported simulations with the XBeach model.
_________________________________________________________________________________________
Parameter
Default
Calibrated
Calibrated (Superfast) GW01
GW02
_________________________________________________________________________________________

facSk [-]
0.10
0.10
0.10
0.10
0.10
facAs [-]
0.10
0.30
0.30
0.30
0.30
break [-]
Roelvink2
Roelvink1
Roelvink1
Roelvink1
Roelvink1
wetslp [-]
0.30
0.30
0.30
0.30
0.30
Groundwater [-]
no
no
no
yes
yes
kx [m/s]
0.01
0.005
Superfast [-]
no
no
yes
yes
yes
_________________________________________________________________________________________

Splinter and Palmsten (2012) found that the wave dissipation model is also important for the modelling of
erosion in XBeach. Two main wave dissipation models at the scale of wave groups exist within XBeach,
both formulated by Roelvink (1993). The wave dissipation is by default proportional to H3/h rather than
H2/h in the alternative wave breaking model. The default is therefore a more intense dissipative wave
breaking model in the nearshore zone.
Finally, infiltration and exfiltration during the wave runup and rundown on the beach can also have an
important effect on the morphodynamics in the swash zone, more so on coarse sand, as is the case in Ada,
and (especially) on gravel beaches. The infiltration during swash uprush causes weaker backwash flows.
It also has an influence on the overwash/runup level. The hydraulic conductivity K determines the permeability of the beach and is therefore dependent on the grain size D50. A value of 0.0031 m/s has been used
by Pender and Karunarathna (2013), for a D50 range of 250 μm – 500 μm.
Different parameter settings and model setups have been tested. Final model settings are presented below (Table 2).
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Further improvements in medium term modelling could be found in applying the groundwater module,
the Nielsen and Bagnold type transport model to stimulate the onshore transport, include sediment variation in the profile and include the wind impact on the upper part of the profile.
6 CONCLUSION
In coastal engineering, the longer term morphological evolution is an important aspect in coastal management, but modelling this is still a challenge. XBeach has been applied to evaluate medium term (one
year) profile evolution near Ada, Ghana. Using default settings is a valid option for conditions similar to
those for which the software is validated. In different environmental conditions the behavior might deviate significantly.
The coastal system in Ghana is characterized by large swell wave conditions and estimated to have
important cross-shore losses. Parameters known to impact the cross-shore transport that are examined are
wave asymmetry/skewness, dune avalanching triggers, the applied wave breaking module and groundwater modelling. Using the superfast model and applying a large morfac allow for feasible medium term calculation times.
It is demonstrated that by calibrating relevant parameters a reasonable profile evolution can be captured. Improvements are observed by using the groundwater module. Yet the profile model is not accurate
enough to study cross shore profile losses accurately, but a first step in this process has been made by
demonstrating the applicability of modelling medium term. The final calibrated parameter settings have
been used by other studies in the project.
The results presented in this paper support research in coastal sustainability by presenting the use of a
process based morphological model on a longer time scale and the governing parameters to apply it under
different conditions.
NOTATION
D50
D90
Hm0
K
LAT
Tp

Median grain size (diameter) [µm]
90-percentile grain size (diameter) [µm]
Spectral significant wave height [m]
Hydraulic conductivity [m/s]
Lowest Astronomical Tide [m]
Peak wave period [s]
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A Laboratory Study for Gravity Erosion of the Steep Loess Slopes
under Intense Rainfall
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ABSTRACT: Gravity erosion is a common and destructive phenomenon in mountainous areas throughout
the world, especially on the Loess Plateau of China. This study closely simulates the gravity erosion processes of 7 model slopes with different slope gradients and heights, and quantitatively observes the
amounts of collapse, landslide, and mudflow, respectively. Erosion data during rainfall event were calculated according to the videos caught by the Topography Meter. The experimental result is shown as follows: 1) The form of the gravity erosion was decided by the slope gradient of the gully wall. For the initial slope with same height but different gradient, when the slope became precipitous, the amount of
collapse might grow and the amount of landslide might decrease. 2) For the slopes with the same height,
the amount of collapse increased with the enlargement of the slope gradient, but the amounts of landslide
and the total gravity erosion were different. 3) For the slopes with the same slope gradient, the amount of
collapse increased with the enlargement of the slope height, but the amounts of landslide and the total
gravity erosion were different. 4) As the loess gully wall is eroding, the amount of gravity erosion was
jointly impacted by the water content and the landform.
Keywords: Slope landform, Landslide volume, Topography Meter, Laboratory test
1 INTRODUCTION
Gravity erosion, also referred as gravitational erosion or mass erosion, is a mass failure on steep slopes
caused by the self weight of the soil, in contrast to other erosions induced by the physical forces, e.g.
wind water. On the Loess Plateau of China, there are various types of gravity erosion, including landslide,
land avalanche, earth flow, creep, etc (Tang et al 2004). Gravity erosion usually takes place accompanied
with water erosion during rainfall events, while the mechanisms and dynamics are markedly different.
Therefore, to set up mechanical models for gravity erosion, water erosion included in the landslide must
be removed. Yet predicting just where and when a mass failure will occur is always a complicated issue.
No direct observation of the soil geotechnical parameters at failure moment for any specific site has ever
been recorded.
A variety of techniques have been used to estimate the gravity erosion, each with its own intrinsic limitations and uncertainties. Earlier approaches basically focused on the qualitative relationship between the
gravity erosion in the upper reach and the hyperconcentrated flow in the alluvial river (e.g., Wang et al.
1982). By integrating the complete response of the observation system, Hovius et al. (1997) found that
sediment discharge from the western Southern Alps was dominated by landslide-derived material. In recent years, remote sensing technologies, e.g. terrestrial laser scanning (Oppikofer et al. 2008), sonar bathymetry (Haflidason et al. 2005), radar altimetry (Velicogna and Wahr 2006), aerial photograph
(Whitehouse 1983; Martin et al. 2002), have been used to monitor soil erosion and geomorphic evolution.
But the fact is that it is very difficult to record the time-variable process with these technologies because
of the randomness of an individual landslide. A strain probe method was developed to continuously
measure the soil creep in situ and preestimate the volume of slope failure (Yamada, 1999; Iverson et al.
2000). The tracer element method is also a helpful approach (Wen et al. 2003). Despite all these, it is still
not possible to differentiate the soil volume of gravity erosion from water erosion.
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The volume of an individual mass failure was normally calculated by multiplying the slide area by the
slide thickness. Sattar et al. (2011) determined the dimensions of an eroded gully with a laser scanner, and
revealed the soil volume and the volume change in the landslide dam body. Many other studies on individual measurement of landslide area and soil volume for multiple slope failures in certain areas were also carried out (e.g., Whitehouse 1983; Derbyshire et al. 1995; Larsen and Torres-Sanchez 1998; Martin et
al. 2002; Haflidason et al. 2005; Guzzetti et al. 2009; Jaiswal et al. 2011).
The Loess Plateau is located in the upper and middle reaches of the Yellow River (Figure. 1), covering
a total area of 624,000 km2, and over 60% of the land is subjected to serious soil and water loss. Gravity
erosions are the major soil source for small watershed (Xue et al. 2009). Among them, small erosion
within seveal decimeters in depth occurs most frequently, and it has a huge influence on the sediment
yield for the river basin (Cai 1993). However, systematic observation, measurement, and experiment were
still absent due to the complexity of gravity erosion. Wang et al. (1982) and Zhang et al. (2006) have analyzed the runoff via actual measurements at the monitoring stations. The total amount of gravity erosion
was also calculated with geometry measurements (e.g., Ye 2004). Xu et al. (1999) has explored the collapse mechanism of a river bank and estimated the landslide volume according to the erosion scope during a model test.
Aiming at further investigate the occurrence mechanism of gravity erosion on the Loess Plateau, this
study set up a generalized model with various slope gradient and slope length in the laboratory. Integrated
behaviors on a small event were studied via a series of rainfall simulation experiments. Dynamic and
quantitative observations on the full course of gravity erosion were measured by the MX-2010-G Topography Meter invented by the authors of this paper (Zhao et al. 2011).
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Figure 1. A sketch map of the Loess Plateau of China.

2 EXPERIMENTAL SETUP AND METHODS
The experiments were conducted in the Joint Laboratory for Soil Erosion of Dalian University of Technology and Tsinghua University under closely controlled conditions. 7 groups of terrain were constructed,
each undergoing 6-10 rainfalls with a duration time of 30 min. The rain intensity was 2.0 mm/min, approximately identical to the Type A rainstorm on the Loess Plateau. The rainfall interval is 24 h. The experiment ceased when the slope gradually becomes lower and the erosion amount of rainfall reduced until
to a certain value. Then new landscape will be built for the next experiment. The simulated rainfall times
was determined by the extent of the fragmentation, probability of gravity erosion occurrence and water
content in the soil of the terrain.
The landscape simulator consisted of a rainfall simulator suspended above a flume containing the slope
model, as shown in Figure 2. Six lines of five sprayer-styled rainfall simulators were utilized to simulate
rainfall in the experimental plot covering 3.0×3.0 meters. A short and intense downpour, with an intensity
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of 2.0 mm/min and the duration of 30 min, was applied. The landscape was constructed using matrix loess collected from the Shunyi District, Beijing. The 50% diameter of soil particles, D50, was 52.2 µm,
and specific gravity, γs, was 2.56. An experimental model landscape, with the steep slope of 60 - 80o and
a gentle slope of 3o, was developed. Soil was prepared by hand patting to generate a ‘smooth’ roughness
to ensure a regular and original microrelief. 6 - 10 rainfalls were applied on the slope in turn. Roughly
equal interval, 12 hours or so, was kept after each rainfall. Then new landscape was built for the next experiment.
Dynamic variations of steep slopes were monitored by the Topography Meter under simulated rainfalls. Volume of an individual failure mass was assessed by comparing the failure block geometry just before and after the incident. The hardware components of a Topography Meter consist of a number of
regular devices: a video, a laser source, and a position device. A stripe pattern with equidistant horizontal
lines is generated by the laser source, and will be recorded by the camera with sighting direction perpendicular to the light pattern. Positioning marks are placed on the fixed position with same height. As the
slope terrain deforms over time, video of the changing process will be recorded and imported into the
computer to acquire snapshot images at particular time instances. Given depth in ArcGIS, the 3D geometric shape of the target surface can be computed accurately.
The laboratory calibration tests on the wooden brae show
that all the relative errors of the observed volumes were
within 10% for the five landform models with the total soil
volume of about 24,000 cm3 and slope gradients of 35 75o (Zhao et al., 2011). Subsequent slumps will continue
after the rainfall. Therefore, the total failure volume of a
rainfall was calculated by comparing the slope volume at
the end of the rainfall with that at the beginning of the next
rainfall.
The water content in the underlying surface was detected by a RR-1008 Water Monitor every 30 sec. 5 sensor
probes were embedded from the top down the model with
a vertical interval of 1/10 the total height, as illustrated in
Figure 2.
Three gravity erosions happened in the experiments in
form of landslide, collapse and mudslide. Since mudslide
has a relatively small amount, we will investigate the erosion of landslide and collapse only. The phenomenon that Figure 2. Schematic diagram of the model experirock soil on the slope moves down as a whole along a cerment. Key: 1 Rainfall simulator; 2 Topography Meter (i. Video with a collimator;
tain weak belt or surface is called landslide, while that
ii. Laser source); 3 Positioning marks； 4
rock soil suddenly topples, fragments and rolls down a
Model slope; 5 Equidistant horizontal
slope face is termed collapse. Mass movement, or original
projections; 6 Runoff pool.
lithology is a key characteristics of landslide.
3 RESULTS AND DISCUSSION
The effects of water content in the underlying surface, slope gradient and degree of landscape crushing on
the gravitational erosion were analyzed via comparing the previous erosion amounts on the same initial
landform, whereas the effect of slope gradient and slope height were analyzed via comparing the average
erosion amounts on the same initial landform.
3.1 Partial correlation analysis between gradient and height of the slope and gravitational erosion
Partial correlation analysis between total erosion amount, collapse amount, landslide amount of each rainfall and gradient and height of the slope was made on all the 48 rainfalls over different slope gradients
and slope heights, as shown in Table 1. All have passed the significance test. When the slop height was
set, the partial correlation coefficient of gravity erosion, land avalanche and slope gradient were 0.181
and 0.280 separately. This indicates that the event collapse amount and gravity erosion amount increased
with the slope gradient, especially the former. The coefficient of partial correlation between landslide and
slope gradient was -0.162, indicating that the landslide amount tended to reduce at the steep slope over
60º. On the other hand, when the slop gradient was set, the partial correlation coefficient of gravity ero711

sion, land avalanche, landslide and slop height were 0.162, 0.143 and 0.065. Landslide had the minimum
partial correlation coefficient, accounting for the less effect of slope height. Collapse had the maximum
partial correlation coefficient in both cases, illustrating the sensitivity of the variable. Detailed analysis
will be continued in the rainfall test.
Table 1. Partial correlation analysis of the slope height and gradient on the gravity erosion
Slope gradient

Variable
Gravity erosion
Land avalanche
Landslide

Relevance
0.181
0.280
-0.162

Slope height

significance
0.209
0.049
0.260

Relevance
0.162
0.143
0.065

significance
0.262
0.322
0.656

3.2 The effect of slope gradient on gravity erosion
The severity of slope has an important effect on gravity erosion. When the gradient continually increased,
gravity erosion will change from landslide to collapse. Table 2 displayed the average erosion amounts for
all rainfall events. Landslide is the main erosion for the relatively gentle slope of 60o, which erosion
amount accounts for 60.0~76.2%. In contrast, collapse becomes the predominate erosion for the steep
slope of 70 o and 80 o, making up 77.6~89.6% of the total erosion.

Gravity erosion /(103 3
m)
Ratio of the
collapse or
landslide to
the total /%

Initial
slope

Erosion
amount

Table 2. Relationship of the average landslide amount among the height and the slope gradient for all rainfall events on an initial landform
Erosion
Collapse (C)
Landslide (S)
Total (G)
style
Height (m)

1.0

1.5

1.0

1.5

1.0

1.5

60°

13.8

21.0

44.1

31.6

57.9

52.6

70°

24.1

68.6

2.8

15.8

26.9

84.3

80°

63.4

74.9

12.4

21.6

75.8

96.5

60°

23.8

40.0

76.2

60.0

——

——

70°

89.6

81.3

10.4

18.7

——

——

80°

83.7

77.6

16.3

22.4

——

——

60°
——
——
——
——
——
——
Increase as
70°
74.7
225.8
-93.7
-50.0
-53.6
60.3
the gradient
a/%
80°
163.4
9.3
342.2
37.1
182.0
14.5
60°
——
52.8
——
-28.4
——
-9.1
Increase as
70°
——
184.9
——
463.8
——
213.9
the height
b/%
80°
——
18.2
——
74.8
——
27.4
* Notes: Increase of the erosion as the slope gradient rose: a=(g2-g1)/g1×100%， where g1 is the amount of collapse, landslide,
or total gravity erosion for a certain landform, and g2 is the erosion amount of the landform with the same height but the slope
gradient increased 10o; increase of the erosion as the slope gradient rose: b=(g3-g1)/g1×100%， where g3 is the erosion amount
of the landform with the same gradient but the slope height increased 0.5 m.

For different initial landform, slope gradient affects the collapse amount most, whereas it has less effect
on landslide amount and total collapse amount. Slope height also has less effect on above parameters.
Taken the 1.0m landform in Table 2 as an example, when the initial gradient increased from 60° to 70°,
the collapse amount increased 74.7%, landslide amount decreased 93.7%, and the total erosion decreased
53.6%; while when the initial gradient increased from 70° to 80°, the collapse amount increased 163.4%,
landslide amount increased 342.2%, and the total erosion increased 182.0%.
For the same initial landform, the slope becomes more and gentler with rainfalls, which means landslide erosion increases and collapse erosion decreases. Table 2 reveals mass failure amount in rainfall
event. For the slope with an initial gradient over 60° and slope height of 1.0 m, collapse was the main
erosion for the 1-4 rainfalls, and landslide became crucial for the 5-7 rainfalls. While for the slope with an
initial slope height of 2.0 m, collapse was the main erosion for the 1-5 rainfalls, and landslide ranked first
for the 6-10 rainfalls. These phenomena reflected the important role of water erosion. In the first several
rainfalls, the slope is quite steep and upper soil mass is easy to collapse under the washing of the rain.
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While after some rainfalls, the slope becomes stable and the gradient turns gentle, which is benefit for the
landslide to take place. Especially for the relative gentle landform with a gradient of 60° and height of
1.0m, landslide is dominated in all the six rainfalls. These results is consistent with the remote-monitored
tests of Wang et al (2001).
In summary, on the steep slope, e.g. 70°~80° in our study, collapse is the leading erosion type, varied
sensitively with the slope gradient.
3.3 The effect of slope height on gravity erosion
Collapse is a high-speed movement of the soil mass cracked from the ground, dumped to the free surface,
and torn instantly from their parent. Therefore, the potential energy of a collapsed mass has a direct impact on the erosion amount. But the potential energy depends on the volume and height of the collapsed
mass; hence the effect of slope height on erosion is significant. In contrast, landslide is a soil slide under
gravity along the slope. Its potential energy was weakened by the friction of slope, so the influence of the
slope height is relatively small.
Table 2 lists the average erosion amount of rainfalls. It can be seen that collapse amount, landslide
amount and the total erosion amount all increases with the slope height. When the slope height increases
from 1.0m to 1.5m, the collapse amounts increase 52.8%, 184.9% and 18.2% on the landform of 60 o, 70o
and 80 o separately. But the landslide amount and the total erosion amount varied, e.g., they increased to
463.8% and 213.9% for the landform of 70 o, and decreased to28.4% and 9.1% for the landform of 60 o.
The test results approve that, the collapse amount is significantly affected by the slope height, whereas the
slope gradient and slope height has less effect on the landslide amount and the total erosion amount.
The effluence of slope height on erosion can be also obtained by comparing the erosion amount of every rainfall at the same slope gradient and different slope height. Table 2 exhibits the erosion amounts of
every rainfall at slope height of 1.0m, 1.5m and 2.0m and gradient of 70 o. It can be observed that the erosion amount of 1.5m landform is much larger than that of 1.0m, though the overall amount of all erosions
is approximately the same. But when the slope height is 2.0m, the increase in the total erosion amount is
quite significant. Especially for the 5th rainfall, the landslide amount and the total erosion amount reached
763.6×10-3m3 and 767.2×10-3m3, indicating the obvious increase in the danger of erosion.
3.4 The combined effect of water content in the underlying surface, gully density and slope gradient on
the gravity erosion
Water content in the slope and degree of crushing of the surface are also main natural factor for the stability of slope. In China, most landslides were aroused by the change of underground water arisen from rainfalls. The soil will absorb water to gain weight and expand volume, till the balance is destroyed to collapse or landslide. Therefore, water content is an internal factor to gravity erosion. The effect of degree of
crushing of the surface on gravity erosion is complicated. It was found in the previous experiments that
smooth and neat landform is highly-resistant to gravity erosion. Local water content may increase rapidly
and collapse when pit, hollow and erosion gully occurred on the slope. But when small erosion gully were
converged to a lateral erosion gully, where most rain will flow through, slump is difficult to happen on
both side of the slope due to the gully head control formed by erosion. When the erosion further continued, some slope will separate from the surface and caused gravity erosion.
Figure 3 depicts the three stages of gravity erosion after rainfalls. In the first stage, the slope is neat
and smooth, the water content is unsaturated, and the possibility of gravity erosion is very small. In the
second stage, water content in the underlying layer continued to rise, and the slope surface broke gradually resulting from interactions of gravity and water. Gravity erosion occurs frequently and the amount is
very large. In the third stage, the slope is relatively gentle, the breakage of the landform has reached a
limit, and water content approaches each other, in the range of 20.1%~32.0%. Erosion amount of every
rainfall gets small. In view of these, it can be concluded that the gravity erosion amount of every rainfall
is some contribution of water content, slope gradient, degree of surface crushing, etc.
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4 CONCLUSIONS
The following main conclusions were drawn from the present study:

(a) Slope height was 1.5m and gradiengt was
(b) Slope height was 1.0 m and gradiengt was
60°
80°
Figure 3. Water content and gravity erosion of each rainfall event on a landform.

1) The form of the gravity erosion was decided by the slope gradient of the gully wall. For the initial
slope with same height but different gradient, when the slope became precipitous, the amount of collapse might grow and the amount of landslide might decrease. Especially when the slope gradient was
between 70° and 80°, the amount of gravity erosion would be more sensitive to the slope gradient.
2) For the slopes with the same height, the amount of collapse increased with the enlargement of the slope
gradient, but the amounts of landslide and the total gravity erosion were different. For the slope with
the height of 1.0 m, when the slope gradient rose from 60° to 70°, the amounts of collapse, landslide,
and the total gravity increased 74.7%, -93.7%, and -53.6%, respectively. Nevertheless, when the slope
gradient rose from 70° to 80°, the amounts of collapse, landslide, and the total gravity increased
163.4%, 342.2%, and 182.0%, respectively.
3) For the slopes with the same slope gradient, the amount of collapse increased with the enlargement of
the slope height, but the amounts of landslide and the total gravity erosion were different. When the
slope height rose from 1.0m to 1.5m, for the slopes with the gradients of 60°, 70°, and 80°, the
amounts of collapse increased 52.8%, 184.9%, 18.2%, the amounts of collapse increased -28.4%,
463.8%, 74.8%, the amounts of collapse increased -9.1%, 213.9%, 27.4%, respectively.
4) As the loess gully wall is eroding, the amount of gravity erosion is jointly impacted by the water content and the landform. The latter includes the slope gradient, height, and broken degree, etc.
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Analysis of Some Common Theoretical and Empirical Relationships
between Settling Velocity of a Sediment Particle as a Function of
Particle Size and Water Temperature and Development of New
Empirical Nonlinear Regression Equations
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ABSTRACT: One of the most important problems in irrigation canals is sedimentation of floating particles which, in the long-run may inhibit the canal's flow debit. Up-to-date the sedimentation science argues
about the proper laws that govern the physics of the sedimentation process, namely, the settling velocity
vs of a particle in a fluid flow, which is very dependent on the interaction between the fluid (e.g. water)
and the sediment. Although the fundamental law describing this settling velocity, i.e. Stoke's law, has
been known for quite some time, many scientists have been working in this field since then to come up
with more precise descriptions of the sedimentation process. One essential key to do this properly is the
exact definition of the physical properties of the fluid (water) and of the solid particles. In this study, eight
related equations describing the settling velocity vs of a particle in a fluid have been studied and compared
to each other. More specifically, for each of these eight equations, vs as a function of the diameter ds of
the sedimentary particle has been computed for water temperature of 20oC. The range of ds from 0.005
cm to 1 cm has been divided into three separate categories. Polynomial regression models of second order
are fitted to the mean theoretical fall velocities in each diameter category using classical- and weighted
least squares, with the latter allowing to better incorporate the heteroscedastic errors into the model. Very
good model fits as indicated by R2 > 0.99, but more clearly, by low values of the AIC are obtained. Finally, to generalize the results to other temperatures, linear corrections to the regression predictors of the fall
velocities are proposed.
Keywords: Sediment transport, Fluid flow, Empirical equation, Settling velocity
1 INTRODUCTION
The fall velocity of sediment particles, also called the terminal or settlement or more often settling velocity is one of the most important particle characteristics in sediment transport studies and plays important
role for the understanding of suspension, deposition, mixing and other physical as well as chemical and
biological exchange processes. This settling velocity is directly related to the relative flow conditions existing between the sediment particle and the motion of the water. It depends in a certain form on the size,
shape, and the surface roughness of the particle and the viscosity of the fluid (Yang, 1996).
Owing to the fact that sediment transport in rivers is sensitive to the settling velocity of the sedimentary particles, many attempts to estimate the latter , starting with Stokes in (1851) and followed by,
among others, Oseen (1927), Rubby (1933), Rouse (1938), Zanke (1977), Yalin (1977), Hallermier
(1981), Dietrich (1982), Van Rijn (1989), Concharov [cited in Ibad-zadeh 1992], Julien (1995), Cheng
(1997), Brown and Lawler (2003) and She et al. (2005), who all developed empirical or semi-empirical
relations for estimating the settlement velocity of sediment particles. In a useful attempt, the US Interagency Committee on Water Resources (1957) summarized the data obtained by several researchers by
that time and published a graphical relation to estimate the drag coefficient which, subsequently, allows to
calculate the fall velocity (Vanoni, 1957).
More recently, Jimenez and Madsen (2003) presented a simple formula to calculate the fall velocity of
natural particles with grain sizes ranging between 0.063 and 1mm. these authors thencompared their formula with several other empirical formulas proposes by the references cited above and showed performed
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where CD= drag coefficient that is a function of Re and shape factor (Sf) - Sf = 0.7 for natural sediment
particles -, vs= fall velocity(cm/s), ρ = mass density of water, and A= projected area of particle in direction of the flow.

FW −
=
FB

4 3
π r (ρs − ρ ) g
3

(3)

where r = Particle radius, and ρs, ρ densities of sediment and water, respectively.
The fall velocity is then calculated from Eqs. 2 and 3:

8 g ( ρ s − ρ )π r 3 spherical particle
→
=
vs
3CD ρ A

vs

4 g ( ρs − ρ ) ds
3CD ρ

(4)

where, ds = 2r, the diameter of particle.
Once the drag coefficient has been determined, the fall velocity can be calculated. Stokes (1851) derived an expression for the drag force FD on a small spherical particle – with particle diameter ds equal to
or less than 1mm – for Re<<1 (sub-laminar or creeping flow) by solving the Navier-Stokes equations
(Graf, 1971) and came up with the famous Stokes' law:
Eq .2
=
FD 6 µπ rvs 
=
→ CD

24
Re

(5)

and putting this in Eq. 4 results in

=
vs g (Gs − 1)d s2 /18µ

(6)

where μ= the dynamic viscosity of the fluid (N·s/m²) and Gs =

ρs
ρ

is the specific gravity of soil ~ 2.65.

Both the density and the dynamic (i.e. also the kinematic viscosity ν=μ/ρ) of water are functions of the
temperature (Streeter and Wylie, 1985). The kinematic viscosity is calculated by (Yang, 1996).
1.792 ×10−6
v=
1 + 0.0337T + 0.000221T 2

(7)

where T= temperature in oC. The range of variations of these water characteristics is shown in Table 1.
Table 1. Water characteristics
T (oC)

ρ (kg/m3)

μ (N-s/m)2

ν (m2/s)

0

999.8

1.781 * 10-3

1.785 * 10-6

10

999.7

1.307 * 10-3

1.306 * 10-6

20

998.2

1.002 * 10-3

1.003 * 10-6

30

995.7

0.798 * 10-3

0.800 * 10-6

40

992.2

0.653 * 10-3

0.658 * 10-6

3 EMPIRICAL EQUATIONS FOR THE FALL VELOCITY
As stated in the previous section, Stokes law is valid only for a small range of particle sizes and sublaminar flow (Re<<1). When Re is greater than 1, no explicit closed relationship exists anymore, so that
one must rely on one of the many empirical formulae established over more than a century by the various
researchers referenced in the introduction. Among these we analyze further in this study the experimental
relationships for the fall velocity as listed in Table 2. The range of particle diameters investigated in the
following is 0.005 to 1 cm and the shape factor Sf - defined as Sf = c/(ab)1/2 , where a,b,c, are the major
axis of an equivalent ellipsoid, i.e. Sf = 1 for a spherical particle - has been fixed to 0.7, i.e. the value recommended by Wu and Wang (2006), as discussed earlier.
Once the fall velocity vs has been calculated for all particles diameters ds for an individual water temperature, the mean fall velocity 𝑥̅ for each ds obtained with the eight relationships is computed. To account for the often large differences in the theoretical predictions by some of the formulae, outlier data is
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determined by a Boxplot method and subsequently eliminated in the classical least squares polynomial
regression.
Table 2. Experimental relationships for fall velocities in water as a function of particle size and water viscosity
Author

Equation

Stokes (1851)

vs = g(Gs-1)ds2 / 18 ν Re<< 1

Rubby (1933)

vs = F [ds g(Gs-1)]0.5
F = [ 2/3 + (36ν2/ g(Gs-1) ds3) ] 0.5 – [36ν2/ g(Gs-1) ds3]
ds > 0.02 cm

Zanke (1977)

vs = (10 ν / ds) [(1+ 0.01 g(Gs-1) ds3/ ν2)0.5 – 1]
0.1mm ≤ ds ≤ 1mm

Cheng (1984)

vs = ( ν / ds ) [ (25+1.2D*2)0.5 - 5 ]1.5
D* = ds [g(Gs-1) / ν2]1/3

Van Rijn (1989)

ds < 0.01 cm
vs = g(Gs-1)ds2 / 18 ν
vs = 1.1 (g(Gs-1) ds)0.5
ds ≥ 0.1 cm
vs = (10 ν / ds) [ ( 1 + 0.01 D*3)0.5 – 1 ] 0.01≤ ds < 0.1 cm

Zhang (1989)

vs = [(13.95 ν/ ds)2+ 1.09g(Gs-1) ds]0.5 – 13.95 ν/ ds

Julien (1995)

vs = (8 ν / ds) [(1 + (0.222 g(Gs-1) ds3) / 16ν2)0.5 – 1]

Soulsbey (1999)

vs = (10.36 ν / ds) [(1 + (0.156 g(Gs-1) ds3 ) / 16ν2)0.5 – 1]

D*= dimensionless particle coefficient

4 DATA ANALYSIS
4.1 Boxplot outlier test
In a boxplot, introduced by Tukey (1977), the main elements are the median, the lower quartile (Q1) and
the upper quartile (Q3). The boxplot contains a central line (median) and extends from Q1 to Q3. Cutoff
points, known as fences, lie at 1.5 (Q3-Q1) below the lower quartile and above the upper quartile define
the lower and upper limit of fences, LIF and UIF, respectively, i.e.

LIF =
Q1 − 1.5IQR,UIF =
Q3 + 1.5IQR

(8)

where the inter quartile range IQR is equal to Q3-Q1. In the present study, when using ordinary least
squares regression, 37 data points (equal to 5% of the total data) have been eliminated by the outlier test.
4.2 Least Squares (LS) and Weighted Least Squares (WLS) regression methods
The goal is to fit the theoretical predictions of the various Stoke’s formulae for the fall velocities v (=y) as
a function of the particle diameter d (=x) by more generally usable simple polynomials of order two:

yi =β 0 + β1 xi + β 2 xi2 + ε i

(9)

This equation can be written in matrix notation as
=
y Xβ +ε

(10)

where X is an N x 3 predictor matrix whose three columns consist of (1, xi 2, xi3) (i = 1,..,N), β is the vector
of unknowns and ε is a random error vector, assumed to be normally distributed, with expectation E(ε)=0
and a variance matrix ψ = Vσ2, where V is a diagonal matrix (i.e., the errors are uncorrelated) and σ2 is an
unknown common variance. This means that ε~𝑁(0, 𝑉𝜎 2 ). Such an error distribution is called heteroscedasdic (Beck and Arnold, 1977) and this is often not taken care of in regular least squares. In such a case,
the classical least squares estimator (see Eq. 15, later) is then not any more a BLUE (best linear unbiasted
estimator), i.e. not optimal (Beck and Arnold, 1977).
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In fact, the general linear model (10) for the unknown parameters β is solved by a least-squares approach (Draper and Smith, 1998). However, because of the heteroscedasticity, ordinary least squares is
not valid, so that the maximum likelihood estimation (MLE) method must be applied (DeGroot and
Schervish, 2002). In MLE the probability density function f(β,Y), i.e. the likelihood function L(β,Y) , is
maximized or, more conveniently, its logarithm is ln f(β,Y) = ln L(β,Y) is minimized. For the estimation
problem (10) and the statistical assumptions ln L(β,Y) can be written as (Beck and Arnold, 1977):

1
ln L( β , Y ) =ln f ( β , Y ) =−  N ln(2π ) + ln ψ + S ML 
2

(11)

where SML is the function to be minimized by the linear model:

S ML =
(Y − X β )T ψ −1 (Y − X β )

(12)

As the first two terms in Eq. (11) are constant, its minimization is equivalent to minimizing Eq. (12)
which results in the general heteroscedastic ML least squares estimator:

bMLE = ( X Tψ −1 X ) −1 X Tψ −1Y

(13)

or, with ψ = Vσ2 , in the so-called weighted least squares estimator:

bWLS = ( X T V −1 X ) −1 X T V −1Y

(14)

wherefore the elements of the diagonal matrix V-1 are associated with the weights wi of the observations.
For the case that the weights wi are equal (=1), Eq. (14) becomes the ordinary least squares estimator:

bLS = ( X T X ) −1 X T Y

(15)

Both weighted (WLS) and ordinary (LS) least squares fitting will be applied to the means 𝑥̅𝑖 of the fall
velocities predicted by the various Stokes formulae (usually seven or eight) in Table 1. For WLS the
weights 𝑤𝑖 are set to 𝑤𝑖 = 1/𝑠𝑖2 , where 𝑠𝑖2 are standardized variances of the mean velocities, estimated
∑𝑛 (𝑥𝑖𝑗 −𝑥̅ 𝑖 )2

/𝑥̅𝑖2 , and n is the number of formulae used to compute the mean 𝑥̅𝑖 of a velocity.
by 𝑠𝑖2 = 𝑗=1
𝑛−1
The WLS- and LS- fitting models have been programmed in the R® statistical environment. For the selection of the optimal polynomial model, as well as for the comparison of the two model approaches, the
coefficient of determination R2 – which often does not work well for heteroscedastic models (Beck and
Arnold, 1977) – and the Akaike’s information criterion (AIC) (Akaike, 1974) are used. AIC is defined as
(16)

AIC
= 2k − 2 ln L

where k is the number of estimated parameters in the model and ln L is as above. By minimizing the AIC,
models with more parameters which always result in better fit, i.e. smaller residuals, are penalized.
Once the polynomial coefficients have been determinded by the two least squares methods, 90% - con𝑝𝑟𝑒𝑑
fidence intervals for the predictors 𝑦𝑖
are computed by (Draper and Smith, 1998)
(17)

CI =
yipred ± t0.05, N −( k −1) ∗ s 2 xiT ( X T V −1 X ) −1 xi

where xi denotes the predictand, and s2 = 𝑆𝑀𝐿 /(𝑁 − 𝑘) is the residual variance of the model fit.
As it was not possible to fit the whole the diameter range 0.005 cm<ds ≤1cm of the various Stoke formulae by one polynomial curve, the regressions were carried out for three separate diameter categories 0.005cm ≤ds≤ 0.01cm, 0.01cm<ds≤ 0.1cm and 0.1cm<ds ≤1cm-. Moreover, since the fall velocity depends
on the water temperature (Interagency Committee, 1957), all regressions are done for the reference temperature of 20oC. After that, the regressed velocities are linearly corrected for other temperatures.
5 RESULTS AND DISCUSSION
For 20oC water temperature, the fall velocities as a function of the particle diameter are calculated by the
eight relations given in Table 1, wherefore the specific formula restrictions as noted in the table have been
respected, so that for some diameters the fall velocity could not be calculated by all eight relations. Next,
iutlier velocity data for a particular diameter are determined by the Boxplot test (Eq, 8) and thus eliminated from the subsequent regression analysis.
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The left panels of Fig. 2 show the fall velocity points generated in this way for the three particle size
categories, as discussed. For each category the mean data for each particle size has been calculated and a
regression line is fitted to this mean data by LS and WLS where, moreover, the constant term 𝛽0 in Eq.
(9) has been omitted in the least squares regression.

Figure 2. Left panels: Empirically computed velocities (Table 1) for the three diameter categories. Right panels: Mean velocities with +- standard deviation segment, regression curve and 90% confidence lines for the corresponding categories.
Table 3. Statistical results of LS- and WLS polynomial regression model for fall velocities for T=20oC
Diameter interval
0.005cm ≤ ds ≤ 0.01cm
0.01cm < ds ≤ 0.1cm
0.1cm < ds ≤ 1cm

Method

Equation
vs= b1 ds + b2 ds2

LS
WLS
LS
WLS
LS
WLS

R2

AIC

sd(b1)

sd (b2)

vs= 8.32 ds + 6583 ds2

0.99

- 20.68

3.74

443.0

vs= 8.53 ds + 6544

ds2

0.99

-20.93

3.63

416.7

vs= 158 ds - 415.9

ds2

0.99

-1.84

3.70

45.55

vs= 163 ds - 473.5

ds2

0.99

-8.74

2.21

31.17

vs= 78.0 ds - 39.36

ds2

0.99

40.91

3.98

4.90

vs= 84.8 ds - 47 .45

ds2

0.99

45.71

4.41

5.84
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The results of the polynomial regression analysis are summarized in Table 3. Based on the values of R2
which, as mentioned is not always a good indicator of the goodness of a regression fit, and better, the
AIC, the best polynomial is highlighted for each diameter category. Also indicated are the standard-errors
of the two estimated regressors 𝑏1 and 𝑏2 . The corresponding p- values indicate that these regressors are
statistically significant, particularly, for the second and third diameter groups which encompass more data
than the first one. Table 3 indicates also that for the first two diameter categories WLS provides better
results than LS, whereas for the last category the opposite is true. However the differences appear to be
only minor. The selected polynomial regression lines are shown, together with the lower and upper
confidence lines (Eq. 17), in the right panels of Fig. 2. Also plotted are the error bars, indicating the
standardized (normalized) standard deviations si of the mean fall velocities, i.e. the predictors.

Figure 3. Left panels: Regression residuals for the three diameter classes. Right panels: Corresponding normal Q-Q plots.

One can notice that these are becoming steadily larger with increasing particle diameter or fall velocity,
i.e. heteroscedasticiy is clearly present in the data.
For further model verification residual plots and Q-Q normal plots are shown in Fig. 3. The residual
plots, namely that of the largest diameter category, shows variations which might be further evidence for
the heteroscedasticiy , with E(ε) = 0, but with no specific trend. The Q-Q plots indicate that the assumption of normally distributed errors ε~𝑁(0, 𝑉𝜎 2 ) is true. Thus, the theoretical statistical properties of the
MLE, namely, unbiasedness and minimum variance (Draper and Smith, 1998) appear to be guaranteed.
As the previous regression analyses of the fall velocity have only been carried out for a water temperature of 20oC, corrections for other temperatures have been done by a linear adjustment. More specifically,
for temperatures T other than 20oC, the fall velocity 𝑣𝑠𝑇 is calculated by
T
v=
vs20 +v
s

(18)

where 𝑣𝑠20 is the velocity for 20oC water temperature and ∆v is the correction coefficient, which is computed from the difference of the theoretical mean velocity (Table 1), with the corresponding temperature
T, and of the 20oC- regression predictor (Table 3).
The results obtained for ∆v as a function of the particle diameter are listed in Table 4 for temperatures
T= 0, 20, 30 and 40oC. Values for other temperatures may be estimated by linear interpolation.
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Table 4. Fall velocity correction coefficient ∆v as a function of the particle diameter for different temperatures.
ds(cm)

T=0oC

T=10oC

T=30oC

T=40oC

ds(cm)

T=0oC

T=10oC

T=30oC

T=40oC

0.005

-0.09

-0.05

0.05

0.09

0.09

-0.75

-0.31

0.22

0.37

0.006

-0.12

-0.07

0.07

0.15

0.1

-0.61

-0.25

0.17

0.3

0.008

-0.22

-0.11

0.1

0.23

0.2

-0.39

-0.16

0.11

0.19

0.01

-0.3

-0.16

0.17

0.33

0.3

-0.3

-0.12

0.08

0.15

0.02

-1.01

-0.44

0.36

0.65

0.4

-0.25

-0.1

0.07

0.12

0.03

-1.06

-0.46

0.36

0.65

0.5

-0.21

-0.09

0.06

0.11

0.04

-1.06

-0.45

0.34

0.6

0.6

-0.19

-0.08

0.05

0.09

0.05

-1

-0.42

0.31

0.54

0.7

-0.17

-0.07

0.05

0.09

0.06

-0.94

-0.39

0.28

0.49

0.8

-0.16

-0.06

0.05

0.08

0.07

-0.87

-0.36

0.25

0.44

0.9

-0.15

-0.06

0.04

0.07

0.08

-0.81

-0.33

0.23

0.41

1

-0.14

-0.06

0.04

0.07

6 CONCLUSIONS
The analysis of sediment transport in river engineering problems, such as sedimentation in river courses,
morphological changes of river banks, designing the settling basins of water conveyance networks, and
sedimentation of dam reservoirs, needs suitable relations to estimate the fall velocity vs of sediment particles. This fall velocity of a particle in a fluid is computed from a force equilibrium, i.e. in which the sum
of the gravity-, buoyancy- and fluid drag force are equal to zero. The fall velocity depends on the density
and viscosity of the fluid, and the density, size (diameter ds), shape, and surface texture of the particle.
In this study eight of the most important relations developed over a period of more than a century for
the fall velocity for a range of particle sizes have been evaluated. A mean fall velocity from these proposed relationships is computed and these have been used, after elimination of outliers by a boxplot
method, to develop new, but simple, second order polynomial equations for vs (ds). Both, classical least
squares and a maximum likelihood method have been employed, wherefore the latter allows the incorporation of the heteroscedascity of the model errors by a weighted least squares approach, so that the estimator should theoretically be more reliable. For both methods, very good adjustments of the “observed”
mean velocities by the polynomial regressions are obtained, as measured by R2 of 0.99, but more distinctly, by low values of the AIC. We advocate to use these regression equations in future applications of sediment transport as discussed above, as they truly represent a distillation of the many historical, sometimes
confusing, empirical relationships between settling velocity and particle size.
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ABSTRACT: The effect of the shape inside the chamber of an oscillating water column (OWC), integrated to a bottom fixed breakwater on its efficiency is considered. For this study, an oscillating column device with four different bottom profiles (flat bottom, bottom with a slope of 1:1 and 1:1.5 and circular arc
bottom of radius 300mm) were taken up for investigation. The models were installed in a water depth, d
of 0.5m and subjected to random waves with peak period varying from 1s to 3s thus, covering steepness,
Hm0/Lp ranging between 0.014 and 0.062 and relative water depth, d/Lp from 0.078 to 0.330. For each of
the four models as stated above, exposed to random waves, the variations of its hydrodynamic efficiency,
wave amplification and other spectral characteristics like spectral moment, and are studied and the results
are presented as a function of relative water depth for the range of Hm0/d from 0.1010 to 0.1564. From the
hydrodynamic efficiency, the circular arc bottom profile is found to have maximum hydrodynamic efficiency compared to the other bottom profiles considered. The OWC gives a better performance in the low
frequency than in high frequency.
Keywords: Random waves, Wave amplification, Hydrodynamic efficiency, Wave energy, OWC
1 INTRODUCTION
Of the different sources from tides, current, wind and waves, there has been tremendous progress in research and development of wave energy and offshore wind energy devices/concepts as they are considered to be clean energy. In the case of wave energy conversion, an interface device, Wave Energy Converter (WEC) is needed to convert energy in the waves to mechanical energy prior to its conversion into
electric energy. Numerous concepts have been proposed; with power rating ranging from a few Watts to
mega Watts. An OWC device consists of a vertical caisson having an opening on the wave beaten side
and an air chamber above the water surface. The dynamic pressure under the ocean wave near the opening causes flow oscillations inside the air chamber. The rise of water inside the chamber compresses the
air to develop pneumatic power. Thus, it can cause air flow at high velocity through a duct that can rotate
a turbine on its path. In the second phase, as the water falls down creates a vacuum in the chamber which
absorbs air through the duct. Thus, a bi-axial air turbine placed in the duct can convert the cyclic pneumatic power into unidirectional movement of turbine for generating electricity. Malmo and Reitan (1985)
observed that the natural frequency of an OWC system mainly depends on the front lip depth. McIver and
Evans (1988) showed that the response of OWC system depends on magnitude of the dynamic pressure
and its excitation period. Zheng et al., (1989) found out that flared harbour walls enhanced the efficiency
compared to the rectangular walls. Front wall submergence (a), chamber length (b) and water depth (h)
were considered to be key parameters by Evans and Porter (1995). It was observed that for smaller values
of b/h, the fluid behaves like a rigid body inside the OWC chamber. It was also observed that for larger
values of a/h, the efficiency band was narrowing. The lip wall thickness was not considered in the study.
Thiruvenkatasamy and Neelamani (1997) by varying center spacing (S) between adjacent units have reported that the optimized spacing ratio (S/b) is 3. It was also observed that the increase in wave steepness
(H/L) caused a decrease in efficiency and for a/A (ratio of air hole area (a) to plan area (A)) greater than
0.81, there was a significant reduction in energy absorption capacity of the device. Thomas et al., (2007)
observed through their experimental study that the thickness of the front wall did not have any influence
on energy conversion capacity of the device. Sundar et al., (2010) presented a comprehensive review on
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novel approaches that can utilize the wave energy converters as part of coastal defense systems, breakwaters for the formation of harbors as well as for offshore applications. Zhang et al., (2012) found that the
performance of OWC on efficiency produced a banded pattern centered with a resonant peak. This indicates the development of phase difference between the dynamic excitation pressure and the corresponding
air pressure being developed. Wilbert et al., (2013) have taken the parameters such as bottom opening of
the energy converter (o) and depth of water inside the energy converter (di) and, found that energy conversion capacity of OWC was found to be increasing with O/di. It reached a maximum efficiency of 94%
closer to the resonant frequency for O/di=0.80. At the same time, with an increase in opening depth, the
peak efficiency shifts towards the higher frequency.
2 EXPERIMENTAL SETUP
The present paper mainly focuses on the performance of OWC model in random wave field. For this purpose, an experimental study on four different bottom configurations, viz., flat, circular arc of radius
300mm, a slope of 1:1 and 1:1.5 were considered for the tests. Experiments were conducted in a wave
flume 72.5m long and 2 m wide. One end of the flume installed with a computer controlled wave maker is
capable of generating random waves another end with wave absorber. A parabolic perforated beach wave
absorber on the other end is capable of absorbing energy in the generated waves up to about 90%. The
wave flume was longitudinally divided into four compartments to facilitate simultaneous testing of the
four models as mentioned above. The test set-up was located at a distance of 45m from the wave maker.
The models were made of 12mm thick acrylic sheet, each of which of dimensions 471 x 300 mm in plan
with a height of 900mm. The depth of the front wall of each of the model was 600mm from the top and
front wall opening was 300mm. The longitudinal view of the present experimental setup is shown in Figure 1.
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Figure 1. Wave flume and test setup.

The arrangements and dimensional details of the models in plan and sectional elevation of the model with
circular arc bottom of radius 300mm are shown in Figure 2. For each of the models, an air vent was maintained as 0.68% of the plan area of the device. Three wave probes, one at a distance of 7m from the wave
maker and the other two at 5m and 5.3m from the model, inside each of the four longitudinal sections,
were used to measure the wave elevations. A probe to measure the water level rise and fall on the rear
wall of the air chamber, (run-up, Ru) pressure transducers one facing the waves (Pfout) and another to register the pressure variations on the front wall on its rear side (Pfin) were fixed to each of the four models.
The air pressure inside the chamber of each of the four models was measured with a pressure sensor on
top (Pair). In essence, three pressure signals, one run-up and two wave probes for deriving the reflection
coefficient for each of the four models, plus one incident water wave elevation, thus, in total 25 channels
of signatures were simultaneously acquired with a sampling interval of 0.05s for further processing of the
measurements.
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Where Hs = Significant wave height, fp = Peak frequency. The attempts have been made to study the effect of system parameters in performance of the device due to random waves. To bring in more clarity
over the wave structure interaction the ratio of zeroth spectral moment of front wall outside pressure,
front wall inside pressure, air chamber pressure to that of zeroth spectral moment of incident wave are analyzed and presented as a function of d/Lp. In order to understand the hydrodynamic feature of the OWC,
wave amplification (β) and power conversion efficiency (λ) inside the air chamber are taken for analysis.
The prominent results from the study are discussed below.
3.2 Front wall outside pressure
In order to comprehend the wave and structural interaction, the ratio of zeroth spectral moment of front
wall outside pressure, [(m0)r]fout to that of the incident wave, (m0)η, hereinafter termed as ‘[(mo)r]out’ is
shown in Figure 4, as a function of d/Lp for a range of Hm0/d between 0.1010 and 0.1564. It is found that
[(mo)r]out decreases with an increase in d/Lp since pressures exerted on structures due to long waves are
higher. In other words this is just the pressure decay of high frequency components. Further, it is noticed
that for d/Lp less than 0.15, [(mo)r]out is greater than unity. Although the magnification of pressures is due
the reflection of waves from the front wall, the bottom profile of the OWC can also have an effect. As the
circular arc bottom profile having the smooth curvature to the entering waves and least reflection compared to other bottom profiles creates minimum pressure setup outside the front lip wall. In a similar way,
the slope 1 in 5 also makes smoothened obstruction to the incoming waves resulting in lesser front wall
outside pressure. Unlike the OWC with its base being circular arc and slope 1 in 5, the one with a flat bottom does not have the smooth curvature leading to high pressures. The OWC with a bottom slope of 1 in
1, due to maximum reflection exhibits maximum pressure. Thus from the point view of the magnitude of
pressures exerted on the front wall, OWC with its base formed by a circular arc would be preferred.
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Figure 4. Variation of [(mo)r]out with d/Lp (Hm0/d from 0.1010 to 0.1564)

3.3 Front wall inside pressure
In an OWC, the magnitude of oscillation of air column above the water surface inside the air chamber
qualifies the energy conversion capacity of the device. The ratio of zeroth spectral moment of pressure inside the front wall, [(m0)r]fin to that of the incident wave, (m0)η, hereinafter termed as ‘[(mo)r]in’ is shown
in the Figure 5, as a function of d/Lp for a small range of Hm0/d as mentioned earlier.
In the Figure 5, it is observed that the trend in the variation is found to be similar that of observed for
the front wall outside pressure port. A critical look at the variations show a rapid decrease in [(mo)r]in by
about 40 to 75% for higher frequency wave components, i.e., for d/Lp> 1.5. During the passage of low
frequency waves, most of the energy in such waves penetrates into the chamber leading to increased pressure on the wall as well as the oscillations of the water surface.
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Figure 5. Variation of [(mo)r]in with d/Lp (Hm0/d from 0.1010 to 0.1564)

3.4 Air Chamber Pressure
The air chamber energy conversion process is complex. The exit of air from the chamber and its interaction with the incoming air from outside the OWC causes the pneumatic damping combined with the secondary flow causes a radiated flow inside the air chamber. The ratio of zeroth spectral moment of air
pressure, [(m0)r]a to that of the incident wave, (m0)η, hereinafter termed as ‘[(mo)r]air’ is shown in the Figure 6, as a function of the relative water depth d/Lp with the Hm0/d ranges from 0.1010 to 0.1564.
The results indicate the air pressure inside the OWC chamber is about 50% of pressures inside and
outside the front wall. Further, for the OWC with curved bottom, [(mo)r]air is observed to be almost a constant for the entire range of d/Lp, whereas, for the other configurations, this varies. It is to be mentioned
that is important to reduce the random nature of air pressure variation by some process; herein, the adopted percentage of air opening to the plan area is 0.68% which controls the air pressure variation. The steep
bottom profile slope 1 in 1 exhibits higher air development. In the case of flat bottom profile, the magnitude of air pressure developed is less due to radiated flow inside the air chamber. The air pressure developed by slope 1 in 5 bottom profile is observed to be closer to that with the circular arc profile which is
basically due to larger pressures exerted on the inner wall due to the incident waves. With a minimum
variation in the air pressure, the production and transmission and of power could be smooth. Further the
strain on the turbine will be a minimum. The above results show that the OWC with a circular arc bottom
exhibits a smooth variation in [(mo)r]air and hence could be preferred.
3.5 Wave Amplification Factor
The phenomena of wave amplification factor of free surface elevation inside the chamber β=(Ru/Hmo)
with d/Lp for Hm0/d ranging from 0.1010 to 0.1564 are shown in Figure 7. The nature of variation includes the combined effect of radiated flow due to different bottom profile configuration indicates circular arc bottom profile have the higher wave amplification compare to other bottom shapes.
The circular arc bottom profile is a smooth curvature to the passage of the wave results in higher wave
amplification. The bottom with flat and slope of 1 in 5 bottom profiles experiences a reduction in the amplification by about 10 to 20% that of the device with curved bottom for the entire range of d/Lp tested.
The device with a bottom slope of 1 in 1 is found to experience least wave amplification due to reflection
of waves.
The circular arc bottom profile is a smooth curvature to the passage of the wave results in higher wave
amplification. The bottom with flat and slope of 1 in 5 bottom profiles experiences a reduction in the amplification by about 10 to 20% that of the device with curved bottom for the entire range of d/Lp tested.
The device with a bottom slope of 1 in 1 is found to experience least wave amplification due to reflection
of waves.
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Figure 7. Effect of bottom profile configuration on β with d/Lp (Hm0/d from 0.1010 to 0.1564)

The circular arc bottom profile is a smooth curvature to the passage of the wave results in higher wave
amplification. The bottom with flat and slope of 1 in 5 bottom profiles experiences a reduction in the amplification by about 10 to 20% that of the device with curved bottom for the entire range of d/Lp tested.
The device with a bottom slope of 1 in 1 is found to experience least wave amplification due to reflection
of waves.
3.6 The Hydrodynamic Efficiency of an OWC
The OWC when exposed to random waves, the air pressure and the velocity of free surface will also be
the random. Thus, the device has to be optimized to average power production. The hydrodynamic efficiency of an OWC device is calculated by an expression is given in Equation 2.
λ=

Pave
Pin

(2)
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Where, λ= Hydrodynamic efficiency, Pave= average air pressure (at top plate of the chamber) and Pin = input power. The average air pressure is calculated by an expression is given in Equation 3.
Pave =

1
p 0 Av 0
2

(3)

Where, p0 = Significant air pressure, A = Plan area of a chamber and v0= Oscillating velocity of free surface elevation inside the chamber. The input power corresponding to the energy wave period (Te) calculated by an expression given in Equation 4.
Pin=

1
ρgH m0 2Cg ( Te ,d ) W
8

(4)

Where, ρ = fluid density, g = gravity acceleration, Hm0=Spectral estimate of the significant wave height,
Cg = group celerity, d = water depth (0.5m) and W = front opening width of the OWC device (0.471m).
The hydrodynamic efficiency as a function of d/Lp for Hm0/d ranging between 0.1010 and 0.1564 is
shown in Figure 8.
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Figure 8. Effect of bottom profile configuration on λ with d/Lp (Hm0/d from 0.1010 to 0.1564)

The results show that the hydrodynamic efficiency is observed to be more than 70% for d/Lp less than
0.13 and thereafter, a decrease in the efficiency is clearly noticed. It is also seen that the OWC with circular arc base exhibits maximum efficiency compare to the OWC device with other bottom configurations
considered.
4 CONCLUSIONS
An experimental study was performed on a single chamber oscillating water column device model. By
comparing the obtained results on the variations in ratio of zeroth spectral moment of front wall outside
pressure, front wall inside pressure, air chamber pressure to that of zeroth spectral moment of incident
wave, wave amplification and hydrodynamic efficiency, the following conclusions are drawn.
In the lower frequency, ‘[(mo)r]out’ and ‘[(mo)r]in’ are to be nearly same, thus, leading to higher efficiency of the system. The [(mo)r]out for d/Lp greater than 0.15 is found to be higher than [(mo)r]in thus resulting in lesser efficiency.
The air pressure inside the chamber of the OWC with circular arc bottom is mostly centered around the
average value for the entire frequency range which is advantageous from power output point of view.
The wave amplification maximum for OWC with circular arc bottom profile because of smooth curvature to the incoming water waves compared to other bottom profiles.
The natural frequency of system is independent of the bottom profile and occurs in the neighborhood
of d/Lp around 0.12.
The OWC models are found to be more efficient in absorbing energy from low frequency waves.
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NOTATION
d
d/Lp
Hm0/d
Ru
Pfout
Pfin
Pair
Hm0
Lp
Hs
fp
[(m0)r] fout
[(m0)r] fin
[(m0)r] a
[(mo)r] out
[(mo)r] in
[(mo)r] air
β
λ
Pave
Pin

ρ

g
p0
v0
Te
Cg

water depth
relative water depth
depth limited wave breaking criteria
run up
pressure transducer register pressure variations on front of the lip wall
pressure transducer register pressure variations on back of the lip wall
pressure transducer register pressure variations on top of the air chamber
spectral estimate of significant wave height
peak wave length
significant wave height
peak frequency
zeroth spectral moment of front wall outside pressure
zeroth spectral moment of front wall inside pressure
zeroth spectral moment of air pressure
ratio of zeroth spectral moment of front wall outside pressure to that of the incident wave
ratio of zeroth spectral moment of front wall inside pressure to that of the incident wave
ratio of zeroth spectral moment of front wall air pressure to that of the incident wave
wave amplification
hydrodynamic efficiency
average air pressure
input power
fluid density
gravity acceleration
significant air pressure
oscillating velocity of free surface elevation inside the air chamber
energy wave period
group celerity
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ABSTRACT: Turbidity plumes are an important topic in the environmental aspects of dredging. The
main source of turbidity while employing Trailer Suction Hopper Dredgers is the release of excess water
through the overflow shaft. In order to minimise environmental impacts of turbidity in early stages of
planning as well as during project execution, turbidity prediction tools are necessary. To this end, numerical modelling tools are the most effective in the prediction of the sea currents and sediment dispersion.
The near field plume dynamics below and directly behind the sailing hopper dredgers has always been the
weakest link in these predictions, since accurate input of the vertical and horizontal distributions of sediment at the source location are paramount to obtain reliable results at the environmentally sensitive areas
further away. In this paper, a Computational Fluid Dynamics model is presented as a tool to determine the
three-dimensional flows of water, sediment and air bubbles directly after release from the overflow shaft.
A full dredger hull geometry and an actuator disk accounting for propeller action add to the representation
of the complexity of the flow. It is shown that the model can reproduce two different cases of overflow
plumes measured in the field with fair accuracy.
Keywords: Trailer Suction Hopper Dredgers, Turbidity plumes, LES (Large Eddy Simulation), Computational Fluid Dynamics
1 INTRODUCTION
The increase in the number of offshore and port development projects has led to rising dredging activity
throughout the world. In order to minimise disruption of natural systems, environmental legislation regulating impacts of dredging works has become more extensive subsequently. Turbidity caused by dredging
works with Trailing Suction Hopper Dredgers (TSHD) using an overflow is one of the main environmental concerns being assessed in the phases of planning, design and execution. At sensitive areas near the
project, turbidity and sediment depositions rising above the allowed thresholds need to be prevented.
Numerical modelling tools are used at the present day to predict circulations in coastal seas as well as advection, settling and diffusion of turbidity plumes (Figure 1)

Figure 1. Example of an overflow plume.
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Prediction of the increase in turbidity in the far-field is possible by means of large scale hydraulic and
sediment transport models. These models, however, are not designed to solve the complex near field processes in the vicinity of the dredger (since they commonly neglect vertical accelerations, i.e. a hydrostatic
pressure distribution is assumed) and require a sediment source term to account for overflow in the form
of a distribution of sediment flux over the water depth. Until today, the determination of this distribution
has been rather arbitrary. In this study, detailed numerical simulations solving the full three-dimensional
Navier-Stokes equations coupled with sediment transport equations allow to predict the sediment plume
being released by the overflow pipe underneath the dredging vessel. A laboratory flume was equipped to
release scaled dredging plumes. A multiphase large-eddy simulation (LES) model at experimental scale
has been validated with laboratory measurements carried out by Decrop et al. (2012). The modelled
plume trajectory, plume width and turbulent statistics compare well with the experimental data, with trajectory deviations smaller than 0.5 times the overflow pipe diameter D.
The present paper describes the upscaling process of the laboratory-scale LES model to prototype
scale, as well as the implementation of a realistic dredging vessel geometry in the model. The surface impinging jet occurring inside the overflow shaft causes air inclusion in the released mixture. Therefore, a
gas phase has been implemented in the model to account for the reduction in bulk mixture density and for
the momentum exchange between the liquid phase and rising air bubbles. The influence of air bubbles on
the behaviour of the plume has been studied by turning on and off the release of air in the numerical model. Also, the pressure jump caused by the two propellers and the consequent propeller jets with related
turbulent kinetic energy production are included in the numerical model.
In situ sediment concentration measurements along horizontal and vertical profiles inside a TSHD
overflow plume are used to verify the model capability to capture the structure of the plume and the concentration levels at different depths and different distances from the vessel.
2 MODEL EQUATIONS
The multi-phase model consisting of a continuous (sea water) and dispersed phase (fine sediment particles) was set up using the mixture model approach, in which one set of momentum and continuity equations is solved for the mixture only, rather than for each phase. The Navier-Stokes equations are thus written for the mixture and are in conservative form. For LES, the equations are filtered in space with a filter
size equal to the grid size. The mixture continuity equation reads:
𝜕

𝜕𝑡

(𝜌𝑚 ) + ∇. (𝜌𝑚 𝒖𝒎 ) = 0

(1)

(1−𝑐)𝜌𝑤 𝐮𝐰 +𝑐𝜌s 𝐮𝐬

(2)

where ρm is the mixture density, um is the mass averaged velocity vector of the water-sediment mixture:
𝒖𝒎 =

𝜌𝑚

where c is the sediment volume concentration, ρw and ρs are the mass density of sea water and sediment,
respectively and uw and us are the velocity vector of sea water and sediment, respectively. The momentum equation for the mixture reads:
𝜕

𝜕𝑡

(𝜌𝑚 𝐮𝐦 ) + ∇. (𝜌𝑚 𝐮𝒎 𝐮𝐦 ) = −∇p + ∇. [µ(∇𝐮𝐦 + ∇𝐮T𝐦 )] + ρm 𝐠 + 𝐅 + ∇. 𝐃

(3)

where p is the pressure, µ = µm + µsgs , µm is the molecular viscosity of the mixture, µsgs is the sub-grid
scale turbulent viscosity, g is the gravitational acceleration, F is a momentum transfer between air bubbles and continuous phase:
𝐅=

18µm CD Re
𝜌𝑎 d2a 24

(4)

(𝐮𝐚 − 𝐮𝐦 )
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where CD is a drag coefficient, Re is the air bubble Reynolds number, da is the air bubble diameter and ua
is the air bubble velocity vector.
In LES modeling, the large scales of turbulent eddies are resolved on the model grid. The effect of the
remaining smaller scales of turbulent motions, i.e. smaller than the grid size, are included in a sub-grid
scale eddy viscosity. To this purpose, the Navier-Stokes equations are filtered with a spatial filter so that
only the small scales are filtered away and the larger turbulent motions are allowed to develop in the
model results. In most hydrodynamic flow models, to the contrary, the RANS equations are used. These
equations are filtered in time, thereby averaging out all turbulent motions. The complex dynamics of a
plume in a crossflow such as formed below the keel of a TSDH include time-varying turbulent phenomena such as a von Kármán vortex street and Kelvin-Helmholtz instabilities, e.g. Frick and Roshko (1994),
Kelso et al. (1996). In order to capture the effect of these flow features on the sediment dispersion, a time
domain model is needed which can resolve turbulent motions from the largest scales down to a few decimetres (on prototype scale). The effect of the turbulent scales filtered away is represented by the sub-grid
scale turbulent viscosity µsgs, modelled here using the dynamic Smagorinsky model,
µsgs = 𝜌𝑚 𝜈𝑠𝑔𝑠 = 𝐶𝑠2 Δ2 |𝑆|

(5)

𝐃 = (1 − c)ρw 𝐮𝐝𝐫,𝐰 𝐮𝐝𝐫,𝐰 + cρs 𝐮𝐝𝐫,𝐬 𝐮𝐝𝐫,𝐬

(6)

where Cs is the dynamic Smagorinsky coefficient, derived at each time step at each grid cell from the difference between the grid-filtered (Δ) SGS stress and a test-filtered SGS stress at twice the filter width 2Δ
(Germano et al., 1991). S is the rate-of-strain tensor of the mixture .
Since the momentum equation for the mixture (eq. 3) is derived from summing the momentum equations for water and sediment, a drift velocity advection term arises with
where velocities with subscript dr are drift velocities of water and sediment phases, defined as the difference between phase velocities uw and us on the one hand and the mixture velocity on the other hand.
The slip velocity is defined as usw = us - uw and is calculated by the expression by Manninen et al.
(1996) and an extra term for gradient diffusion of the particulate phase.
𝒖𝒔𝒘 =

(ρs −ρm )d2s
18µw

𝐚−

νsgs ∇c
Sct

�c −

∇(1−c)
1−c

(7)

�

where a is the acceleration vector, ds is the diameter of sediment particles and Sct is the turbulent Schmidt
number for the SGS sediment diffusion, it is derived in a similar way as Cs, from the difference between
grid-filtered and test-filtered SGS sediment fluxes (Lilly, 1992).
The SGS diffusion of sediment particles is thus already included in the slip velocity formulation. The
dispersed phase transport equation has therefore only the time derivative and advection terms and is written as:
𝜕

𝜕𝑡

(8)

(𝜌𝑠 c) + ∇. (𝜌𝑠 c 𝐮𝐦 ) = −∇. (𝜌𝑠 c 𝐮𝐝𝐫,𝐬 )

Air bubble volume fractions are tracked using a Lagrangian discrete phase model. In this model, packets
of air bubbles are released and the bubbles’ trajectories are governed by a force balance including drag
force, added mass force and pressure gradient forces in the fluid phase. Turbulent dispersion of air bubbles is handled using a discrete random walk model. Air bubbles experience a bouncing wall boundary
condition at the ship hull, and are allowed to escape from the tracking system when reaching the water
surface. Coalescence after bubble collision is included in the model, bubble breakup is not.
The source of momentum and turbulent energy ejected by the two propellers of a TSHD is modelled
using the concept of an actuator disk, e.g. Hough and Ordway (1964). Over a disk-shaped internal boundary condition, a pressure jump is imposed. The pressure jump Δpd is a function of the propeller power P ,
disk surface area Ad and the axial velocity at the disk ud:
Δpd = A

P

(9)

d ud

The propeller velocity is also a function of the power, so that the pressure jump can be derived from the
propeller power only. Assuming the approach velocity is small compared to ud, it can be written as:
3

ud = �2 ρ

P

(10)

m Ad
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The model equations are solved using the Ansys Fluent code, on an unstructured grid in which specific
refinements are foreseen for regions of high strain (near ship hull, flow approaching bow, propeller jets)
and expected high sediment concentration. The expected high sediment concentration regions are derived
from initial steady-state RANS calculations. From these RANS calculations, also a pipe flow velocity
profile is extracted to be applied as boundary condition in the LES model. Superimposed on this profile is
a velocity variation mimicking vortices passing in time, so that the unsteadiness of the flow is initialised.
An example of a slice of the grid along the symmetry plane is given in Figure 2. An overflow shaft section with a length of 5 pipe diameters is included in the computational domain. Inside the shaft mesh, local refinements are foreseen near the wall to resolve the pipe boundary layer.

Figure 2. Symmetry plane slice through part of the computational grid near the vessel. The sub-surface part of the vessel hull
is visible with the bow at the left and stern at the right, as well as local refinements at the bow, plume exit, at hull
curvature regions upstream of the propeller intake and in zones to be occupied by the plume.

The LES model was run with a timestep of 200 milliseconds, to reach a maximum Courant number near
the plume exit of about 1.9. At each model run, the simulation was carried out with stationary background
flow for the time the flow needs to travel through the complete length of the model (700 m), after which
turbulence statistics were reset. Afterwards the model was run for two times that time, collecting statistics
for turbulent quantities until reaching equilibrium.
3 MODEL RESULTS AND VALIDATION
A test model without air bubbles was set up and compared with laboratory flume experiments by Decrop
et al. (2012). The model proved to perform well in reproducing plume trajectories, plume width and turbulent fluctuations of the velocity components and sediment concentration. A sound -5/3 power law turbulence cascade for mixture velocity and sediment concentration fluctuations was found after Fourier
analysis of the instantaneous flow results (Decrop et al., 2014). Furthermore, it was demonstrated that the
resolved turbulent motions account for at least 95% of the total turbulent kinetic energy (resolved + subgrid scale), a criterion advocated by Pope (2004).
After resizing the laboratory scale model to prototype dimensions, while keeping identical geometry
and number of grid points, the performance was evaluated. Obviously, no experimental data is available
of the resized flow. When applying the appropriate similarity laws for buoyant plumes, the trajectories of
plumes of different dimensions should collapse, given the fact that they own dynamically equivalent
properties, namely the densimetric Froude number FΔ and the velocity ratio λ.
𝑊2

𝐹Δ2 = g′0D

;

U

λ = W0 ;
0

g′ = g

ρm −ρW

(11)

ρw

with D the overflow shaft diameter, W0 the shaft exit velocity, U0 the background flow velocity (sum of
sea current and vessel sailing speed) and g’ the reduced gravity of the mixture.
After simulation of such plumes of prototype dimensions, but with dynamically equivalent FΔ and λ,
the scaled trajectories showed very similar paths. Due to the increase in grid cells size and the higher
Reynolds number, the percentage of resolved turbulent kinetic energy dropped. However, it was shown
that the resolved turbulent motions still accounted for about 80% of the total TKE, which is considered
sufficient.
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The LES model presented in this paper was built using identical formulation and numerics as the validated laboratory scale/resized model, with the addition of a realistic TSHD vessel geometry, actuator
disks for the propellers and air bubble transport.
In situ measurement data of plume properties have been obtained during two monitoring campaigns in
the direct vicinity of TSHD’s at work. Results of the campaigns will be compared with model results in
this paper, first of a ‘shallow’ case, secondly for a ‘deep water’ case. In both campaigns, a hopper dredger
at work was followed with a survey boat. A high-speed downcasting SiltProfiler (e.g. Zimmermann et al.,
2010) was deployed to take vertical profiles of the sediment concentration at short distance behind the
dredging vessel. The advantage over acoustic instruments is that it can be used at this short distance behind the dredger without being affected by air bubbles. These bubbles rendered the acoustic backscatter
data collected with an ADCP useless for interpretation to sediment concentration. A series of Optical
Backscatter turbidity Sensors was trailed behind the survey boat to monitor sediment concentration closer
to the surface. On board the TSDH, mixture samples for suspended solids analysis were taken inside the
overflow shaft. Combined with TSHD log sheets (overflow volume discharge) and ambient conditions
measurements of U0 and C, all information for the model boundary conditions was gathered.
For the first (shallow) case, overflow sediment concentration, volume discharge and background sea
current velocity were averaged over a 20 minute period and applied as steady boundary condition for LES
simulations. The resulting computed plume dilution C/C0 at the symmetry plane along the vessel’s axis is
shown in Figure 3. Both in the time-averaged (top) and in the instantaneous (bottom) model result, clearly
a bimodal plume can be observed with a dense benthic plume and a more diluted surface plume, separated
by a zone with lower turbidity. Near the sea bed, the dense layer has concentrations an order of magnitude
higher compared to the surface plume. The surface plume separates from the main plume directly after the
exit, where at the outer fringes local eddies detach. These swirls no longer travel downward with the momentum of the main plume, but are under influence of the –at that location- still high air bubble concentration and experience therefore a positive buoyancy, causing the lifting towards the vessel hull.
The initial volume concentration of air bubbles is a parameter which cannot be measured directly in
the field. An empirical equation for the air bubble entrainment of surface impinging jets by Ervine (1998)
was applied to find a typical value for the considered overflow shaft of ca = 7 %. The influence of the
presence of air bubbles on the surface plume was investigated. It is shown that for this specific case, the
surface plume sediment concentration increased by a factor four due to the presence of a 7 % air bubble
concentration (Figure 4a). The presence of air bubbles increases the surface concentration considerably,
but the surface plume is not entirely absent without air bubbles in the overflow mixture (as for example
during the ideal application of a green valve).
The initial bubble diameter has quite an influence on the resulting surface plume concentrations and is
still a parameter with uncertainty. In order to determine a good initial bubble diameter, the vertical profiles of sediment concentration in the plume where compared with in situ measurements by the SiltProfiler. In situ measurements are always a snapshot in a spatially heterogeneous plume, and so is an instantaneous model result. Both snapshots are difficult to compare, therefore the time-averaged model result is
compared with a number of measured profiles. With an initial air bubble concentration of 7 % it was
found that the simulations with an initial air bubble diameter of 2 mm lead to the best match with measured concentration profiles. Figure 4b shows measured and modelled profiles at 240 m behind the dredger. Apart from the surface plume concentration, also the benthic plume with higher concentration is modelled in a satisfactory way. The correct concentration near the bed is found as well as the correct
concentration gradient in the first meters above the sea bed. At a distance of 120 pipe diameters (here,
240 m) the initial sediment concentration is diluted by a factor 50 near the bed and a factor 2000 near the
surface. The lower turbidity zone in this specific measured profile is a temporary feature, not always
found at this distance from the TSHD.
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The presented near-field model is a suitable tool to determine the fraction of the released sediments
becoming part of a diluted far-field plume. These plumes no longer have the initial negative buoyancy of
the near-field plume and can travel over great distance with the sea currents, potentially bringing them to
ecologically sensitive areas. The near-field sediment distributions calculated by the presented model can
as such be used as input for large-scale sediment dispersion models, which can subsequently determine
the fate of the far-field plumes.
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ABSTRACT: In the assessment of climate change impacts on future meteorological regimes, downscaling of large-scale climate/weather variables from GCMs is usually applied. Depending on the GCM, the
predictors are either available on the monthly or on the daily scale, wherefore, for obvious reasons, the
monthly predictions of a GCM are considered to be more reliable for long-term climate impact studies.
Nevertheless, in many instances, it is desirable to have predictors on a daily scale, e.g. for the study of
short-term seasonal climate fluctuations and extreme events. This requires the rescaling of monthly predictor data to a daily series. Here we present a novel daily weather (climate) -generator (DWG) to do this
properly. The new DWG employs various statistic and stochastic techniques to synthesize daily climate
from several ensembles of daily series from different climate sites, respecting the relevant statistical attributes of the various monthly climate series, but also their spatial correlation properties between the different sites (multi-site approach). This multi-site/-realization of the synthetic daily climate can exhibit a
broad spectrum of climate variability that can be useful in a practical climate assessment, as this approach
provides also some uncertainty measure. The DWG proposed here processes the daily precipitation- and
temperature- series separately, wherefore for the former both the monthly downscaled rainfall intensity
and the probability of rainfall occurrence are employed. For past observed meteorological data in the
study region, which is the eastern seaboard of Thailand, the stochastic properties of the daily multirealizations are conditioned on the observed time series. The performance of the new DWG is compared
with those of other classical downscaling methods and shows some advantages.
Keywords: Stochastic daily weather generator; Multi-site; Downscaling; Climate impact study
1 INTRODUCTION
The assessment of climate change impacts on future meteorological and/or hydrological regimes usually
requires the downscaling of large-scale climate/weather predictors from GCMs (Wilby et al., 1998,
2002). Depending on the GCM used, the predictors are either available on the monthly or on the daily
scale, where the use of the latter is of particular interest, when studying impacts related to shorter-term
behavior, e.g., storms and/or floods. However, the direct use of daily climate predictions from one GCM
is usually not reliable enough to represent the full variability of the climate variable's time series, namely,
its extreme behavior. Notwithstanding that daily climate predictors are available for some GCM-models,
their reliability is considered lower than that of monthly GCM predictors. For this reason, downscaling of
monthly predictor data may be more recommendable. However, the subsequent step to generate daily series from such a downscaled monthly climate series becomes then a tricky task (Wilks, 1998).
In the present paper a novel or daily weather (climate) -generator (DWG) is presented which regenerates daily from monthly climate data, such that it will render changes in the daily sequencing of an observed series, while still reflecting the intra-month variability of the observed climate event series in a
statistically responsible manner (Maurer and Hidalgo, 2008). The basic technique used in this DWG is
similar to spatial climate downscaling, where finer-scale variables are generated from larger-field data by
following the data sample’s statistical properties. With a DWG low-resolution climate projections can be
rescaled to a broader spectrum of long-term predictions of daily climate and their effects on the hydrolo747

gy and the water supply in a region be studied than is possible with a regular (monthly-scale) downscaling approach (Wilson et al., 1992, Wilby et al., 1998; Bejranonda, 2014).
Stochastic daily climate generation has been widely used in impact assessments, because of their advantage of easily generating multiple climate ensembles which are useful for statistical risk analysis
(Wilby, 1994; Wilby et al., 2002). In this stochastic approach, also known as weather classification, the
major statistical attributes of the observed climate time series at a particular site are provided to replicate
the persisting climate by multi-realizations of the local weather (Wilby, 1994; Wilks and Wilby, 1999).
The generation of a daily climate series is based on some conditioning of the climate properties and
the weather states, i.e. the occurrence of wet or dry conditions (Katz, 1996; Semenov and Barrow, 1997;
Wilks, 1998; 1999a;b). This approach war originally proposed by Richardson (1981) who used a firstorder Markov chain process to define the occurrences of wet and dry states, based on the distributions of
the observed rainfall sequences. In addition, various theoretical statistical distributions, e.g. exponential,
gamma, mixed-exponential and log-normal distributions, have further been applied to fit the observed
precipitation distributions (Liu et al., 2011). Many daily weather generation models developed over the
last few decades, e.g. WGEN (Richardson, 1981), SIMMETEO (Geng, 1988), WXGEN (Hayhoe and
Stewart, 1996; Hayhoe, 2000), MARKSIM (Jones and Thornton, 2000) and MODAWEC (Liu et al.,
2009) are based on these few fundamental concepts.
All of the above mentioned daily weather generators are fundamentally based on “single-site”
weather which is not practical for assessing climate at the regional scale. Thus, extensions of this singlesite climate generation by means of an integration of the spatial correlation pattern (Cliff and Ord, 1981;
Hubert et al., 1981; Upton, 1985) of the distributions of climate data at different locations have been proposed (e.g. Wilson et al., 1992; Hughes and Guttorp, 1994; Charles et al., 1999; Wilks, 1998; 1999a;
Wilby et al., 2003; Brissette et al., 2007; Khalili et al., 2007; 2009). Such a multi-site DWG will also be
developed in the present paper and applied to the study region.
2 STUDY AREA AND DATA
Thailand’s eastern seaboard (EST) industrial zone, located in the Chonburi and Rayong provinces in the
eastern coastal zone of that country, has been promoted to become a major area for industrial and tourist
development over the last two decades. Thus it is of no surprise that the concomitant increasing water
demand has led to significant stress on the water resources in the EST in recent years (Bejranonda, 2014).
This became particularly imminent during the multi-seasonal drought in year 2005, which brought the industrial production in the area partly to a hold. There is now sufficient evidence that the named extreme
weather conditions of 2005 occurring in that part of Thailand are not a singularity, but might be another
signal of recent ongoing climate change in that country as a whole. In fact, this situation is bound to be
aggravated over the whole 21th -century, as indicated by the results of an analysis of downscaled GCMclimate predictions of Bejranonda and Koch (2010) and Bejranonda (2014).
Data used in the present analysis and particularly for the calibration and validation of the DWG are
records of daily maximum and minimum temperatures between 1971-2006 at four sites and of daily precipitation at 24 sites (see Fig.1).
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where 𝑁() is the normalized function of the autocorrelated random numbers 𝑉, based on the empirical
𝑘
distribution of 1000 realizations of 𝑉𝑟𝑙𝑧.𝑢=1…1000 at station 𝑘. Consequently, the function F𝑛𝑚𝑙
is driven
by the spatially autocorrelated random numbers 𝑉𝑖,𝑑,𝑟𝑙𝑧.𝑢 to provide normalized values 𝑉𝑛𝑘,𝑖,𝑑,𝑟𝑙𝑧.𝑢 for
month 𝑖 on day 𝑑 of realization 𝑟𝑙𝑧. 𝑢 at site 𝑘 which all lie in the [0,1] range which, after reversing the
standardization, are used to generate the amount of precipitation and the temperature values at station 𝑘.
3.3 Generation of precipitation occurrence

While the general multi-site procedures outlined above apply for both the generation of the daily precipitation amount and the temperature, for the former the occurrence of the wet/dry conditions must be defined first, as, obviously, rainfall can only occur on a wet day. Among the various approaches used in the
scientific literature for the generation of daily rainfall occurrence, the chain-dependent technique, which
is based on a first-order, two-state Markov process, has most frequently been applied (e.g. Todorovic
and Woolhiser, 1975; Katz, 1977; Waymire and Gupta, 1981; Stern and Coe, 1984; Katz and Parlange,
1995; Qian et al., 2002) . In this two-state Markov model wet or dry days are classified, depending on the
amount of rainfall for that day, i.e. if the latter is greater than 0.1 mm/day, the day is defined as a wet day,
and vice versa. The series of rainfall occurrence on day 𝑡 at site 𝑘 is then defined as (Qian et al., 2002):
0 | 𝑑𝑟𝑦 𝑑𝑎𝑦
𝑋𝑡 (𝑘) = �
1 | 𝑤𝑒𝑡 𝑑𝑎𝑦

(4)

The next step in the Markov process consists in the definition of the transition probabilities 𝑝01 and
𝑝11between two consecutive days, defined as (Corte-Real et al., 1998; Qian et al., 2002):

𝑝01 (𝑘) = 𝑃𝑟[𝑋𝑡 (𝑘) = 1, | 𝑋𝑡−1 (𝑘) = 0];

𝑝11 (𝑘) = 𝑃𝑟[𝑋𝑡 (𝑘) = 1, | 𝑋𝑡−1 (𝑘) = 1]

(5)

i.e. 𝑝01 and 𝑝11 are the probabilities of a wet-day occurrence, when the previous day has been dry or wet,
respectively. These probabilities are determined from the observed empirical probabilities (relative frequency) 𝑃𝑤𝑖 (𝑘) of the countable wet days for a particular month 𝑖 through
𝑝01 (𝑘) = 𝑓𝑝01 (𝑃𝑤𝑖 (𝑘) );

𝑝11 (𝑘) = 𝑓𝑝11 (𝑃𝑤𝑖 (𝑘) )

(6)

The functions 𝑓𝑝01 () and 𝑓𝑝11 () in Eq. (7) are polynomial functions determined from a regression of the
observed 𝑝01 and 𝑝11 over the observed 𝑃𝑤𝑖 (𝑘). Fig. 3 exhibits these polynomial functions for three
rainfall stations 48092 for months September and December which are the months of lowest and highest
precipitation in the study region, respectively, using the observed rainfall data between years 1971-2006.
3.4 Generation of precipitation amount

Once a wet day d has been synthetized, as outlined above, the precipitation amount for that day 𝑅𝑖,𝑑,𝑟𝑙𝑧 (𝑘)
is generated by inverting the ECDF of the vector of the normalized spatially autocorrelated random numbers 𝑉𝑛𝑖,𝑑,𝑟𝑙𝑧.u ( Eq. 3) - after fitted by an exponential cumulative distribution function (Efit) (Khalili et
al., 2007) - and scaled appropriately - to ensure the conservation of the monthly precipitation amount by 𝑅𝑚𝑒𝑎𝑛𝑘,𝑖 the mean monthly rainfall at station 𝑘 of month 𝑖 and 𝐷𝑤𝑒𝑡𝑘,𝑖,𝑟𝑙𝑧 , the corresponding cumulative number of wet days, obtained from the precipitation occurrence generation. This results in
𝑅𝑖,𝑑,𝑟𝑙𝑧 (𝑘) = − 𝑙𝑛�1 − 𝐸𝑓𝑖𝑡(𝑉𝑛𝑖,𝑑,𝑟𝑙𝑧.u [𝑘])� ∙ 𝑅𝑚𝑒𝑎𝑛𝑘,𝑖 / 𝐷𝑤𝑒𝑡𝑘,𝑖,𝑟𝑙𝑧

(7)

By using the spatially autocorrelated random numbers of Eq.(3), the synthetic precipitation is generated
for 30 realizations (𝑟𝑙𝑧=1,..,30), to produce an statistical meaningful ensemble set of the precipitation.
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Approach of Characterizing Changes in the Sectors Subjected to
Climate Change. Characteristics of Climate Indicators for Forestry
Sector of Latvia
D. Cepīte-Frišfelde, U. Bethers & J. Seņņikovs
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ABSTRACT: We present the approach of using an ensemble of the downscaled numerical climate projections to characterize quantitatively the climate change impact on a particular sector – forestry. The methodology demonstrates the potential impact of climate change using the quantitative assessment of the specific indicators of the sector in future.
In the presented analysis – the set of indicators characterizing the forestry sector in Latvia includes the
phenologic indicators like average dates of the latest spring frosts, the number of drought periods per
main vegetation period, the number of days below the reference temperature between the main vegetation
periods, the total precipitation during the vegetation period and others. Methodology is favorable because it gives information about potential future indicator values as well as about its uncertainties. It can
be generalized for characterization of necessary adaptation to climate change in other climate sensitive
sectors of the economy.
Keywords: ENSEMBLES, Down-scaled numerical climate projections, Indicators, Forestry
1 INTRODUCTION
Adaptation to climate change and mitigation to climate change had become important science and policy
issues all over the world. Experimental evidences of the climate change influence on phenological phases
in Latvia have been obtained (Kalvāne et. al. 2009). Successive European climate research projects –
PRUDENCE (Christensen and Christensen, 2007), ENSEMBLES (ENSEMBLES members, 2009)) and
the most recent World Climate Research project - Coordinated Regional Climate Downscaling Experiment (CORDEX) aims to provide future climate projections – time series of meteorological variables.
Limiting the uncertainty of long-term climate change predictions is essential for providing a reliable data
source for resource management and planning. Bias correction and downscaling methods have been widely discussed to apply the available results on the local scale (Abatzoglou and Brown 2012). At the same
time, another issue – how to express the results of a Regional Climate Model (RCM) in a way that is understandable and meaningful for a wider community (forestry, agriculture, public health, etc.) – must be
addressed.
The aim of the study is to develop the methodology that gives quantitative assessment of climate
change induced impact on climate sensitive sectors. Since forestry is one of the most important economic
sectors in Latvia and long-term planning is essential in the sector, it has been chosen as a pilot sector for
the study.
2 METHODOLOGY
2.1 Selection of characteristic indicators
We propose to focus on quantitative indicators that can be directly derived from meteorological
observations in the study. Indicators obtainable from widely measured parameters that are also among the
model parameters of the global and regional climate models – temperature, precipitation, humidity and
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wind speed have been selected. Quantitative assessment of its future range is possible using available
future climate projections – numerical outputs of the regional climate model runs.
Climatic vegetation period characterization including precipitation/drought characteristics and detailed
study of the negative degree day period that is important for the rest of vegetation after the active growth
period are focused. In more detail we split the indicators into the following subgroups:
1. Length and beginning date of the main vegetation period (MVP) using several critical
reference temperatures Tref.
2. Number of days meeting particular temperature conditions (in a year and/or MVP).
3. Length of periods meeting particular climatic conditions (in / before / after) meeting
another climatic conditions.
4. Dates of last spring and first autumn events (for example frost events).
5. Sum of active or growth or negative temperatures (in different periods defined before).
6. Number of drought periods and its length statistics in MVP.
7. Total precipitation in MVP.
8. Continentality and fire risk describing indexes.
Example of the results of some of the indicator subgroups and its change in near and far future are given
in section 3.
2.2 Selected data set
One hour resolution data series of hourly average, minimal and maximal temperature, precipitation, for
the set of ENSEMBLES project model runs were acquired as a database for the future indicator assessment. Time periods 1961-1990, 2021-2050 and 2071-2100 have been selected. The number of model runs
differed from 15 to 21 - depending on data availability for the parameter (temperature, precipitation) and
time scale (2021-2050 or 2071-2100).
Each of the original ENSEMBLES model result data series in 55 locations of Latvia has been bias corrected using histogram modification algorithm. Histogram correction approach is described in more detail
by Seņņikovs and Bethers 2009 and Cepīte-Frišfelde et. al. 2012. Histogram correction function had been
obtained in moving time window for every day of the year using histograms built from meteorological
observations (including previous five and the next five days of the year in time period 1961-1990). In
those of 55 stations where no observations of the certain parameter have been done, histogram correction
functions had been interpolated to obtain bias corrected time series of the parameter. Histogram correction functions had been assumed the same for 1961-1990, 2021-2050 and 2071-2100 year periods.
2.3 Representation of the results
55 locations in Latvia (corresponding to the meteorologic observation station sites) are selected in the
study. Indicator values are calculated for each of the 55 locations for each year and each bias corrected
ENSEBLES model output. Calculation is repeated for each of three selected periods – control period, near
and far future 30-year long periods. Climatical (30-year) averages of the indicator are calculated. The
results are represented using: 1) maps that are based on distribution of indicator and it changes values in
55 locations using interpolation; 2) tables of indicator and its changes values in 7 locations (each of it
correspond to one of 7 agro-climatic regions of Latvia, see Table 1). When interpreting the results of the
study only indicator distribution in teritorry of Latvia can be analized because the study do not include
calculation of indicator values outside Latvia. Indicator value changes between near future/far future and
control period have been obtained for each model run in the selected ensemble of models. Three
percentiles – 17% (low climate change projection), 50% (mean climate change projection) and 83%
(significant climate change projection) are used to illustrate the uncertainty of projected indicator
changes.

758

Table 1. Agro-climatic regions of Latvia and station chosen to represent it in the study
___________________________________________________________________________________________________
Agro-climatic
region
____________________

Station name
_________________________________

Longitude
__________
_____

Latitude
__________________

Coastal Lowland of Latvia
Pāvilosta
21.189
56.888
Kurzeme Highland
Stende
22.530
57.138
Middle-Latvian Lowland
Bauska
24.216
56.388
Northern-Latvian Lowland
Rūjiena
25.329
57.888
Vidzeme Highland
Zosēni
25.916
57.121
Lubāna Lowland
Zīlāni
25.916
56.505
Latgale
Highland
Daugavpils
26.617
55.867
___________________________________________________________________________________________________-

3 RESULTS
3.1 Main vegetation period characteristics
The earliest beginning of the main vegetation period is in Southern, Southern-Eastern part of Latvia,
Fig.1. The latest MVP is near the Baltic Sea and the Gulf of Riga as well as in the Northern part of Latvia.
Two weeks is the characteristic diversity of indicator values in Latvia. The starting date of the MVP is
earlier in territory of Latvia, Fig.2. The most important changes are projected near the Coastal zone of the
Baltic Sea and the Gulf of Riga.

(a)

(b)

Figure 1. The starting date (days from the beginning of the year) of the main vegetation period (MVP) in 1961-1990, Tref=5
°C (a), Tref=10 °C (b).

(a)

(b)

Figure 2 .The change of MVP starting date (days from the beginning of the year) in near future (2021-2050) according to
mean climate change projections: Tref=5 °C (a), Tref=10 °C (b).
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(a)

(b)

Figure 3. The sum of daily temperature rise above 5 °C in the MVP in 1961-1990 (a), changes (°C) according to mean climate
change projections (b).

The sum of daily average temperature rise above 5 °C in the MVP is the highest in Southern-Latvia,
Fig.3. The indicator is the smallest in Northern-Western part of Latvia and in Vidzeme Highland. Indicator values increases in near future. The highest rise (300 – 400 °C) is projected in the Coastal Lowland of
Latvia, 250 – 300 °C are characteristic increase in other regions of Latvia.
3.2 Precipitation and drought periods characteristics
Analysis shows that Pāvilosta (Coastal Lowland of Latvia) is the location with the highest number of
drought periods in MVP, Table 2. The least number of drought periods in the control period is in Zosēni
(Vidzeme Highland). Slight increase of the indicator value is expected in all agro-climatic regions of Latvia according to mean and significant climate change projections in near and far future.
Pāvilosta and Bauska are locations with the lowest sum of precipitation in MVP in the control period,
Table 3. Near and far future climate change projections show that there is expected the increase of the total sum of precipitation in the MVP in all analyzed locations. At the same time it gives evidence that
Pāvilosta might become a region with the highest amount of the precipitation sum in the MVP in the future. Table 2 and Table 3 analyzed together gives evidence of more intense precipitation between the
drought periods in the future in comparison with the control period situation.
Table 2. Average number of periods longer than 5 days with precipitation < 0.1 mm/day in the MVP (Tref=5°C). Its changes
in near and far future in 7 locations in Latvia (representing different agro-climatic regions according to Table 1).
___________________________________________________________________________________________________
Period
__________

Location
______________________________________________
____________________
Pāvilosta Stende
Bauska
Rūjiena
Zosēni
Zīlāni Daugavpils
____________________________________________________________________________________________________
Control
50%
5.2
4.3
4.6
4.1
3.6
4.2
4.2
(1961-1990)
Near future
(2021-2050)

Percentile
__________

17%
50%
83%

-0.5
0.2
0.8

-0.6
0.1
0.9

-0.2
0.2
1.0

Far future

-0.2
0.2
0.7

-0.3
0.2
0.7

-0.4
0.2
0.8

-0.1
0.3
0.9

17%
0.2
-0.3
0.0
0.2
0.1
-0.1
0.0
50%
1.3
0.8
1.3
1.1
1.1
1.1
1.4
83%
2.4
2.1
2.3
1.8
1.7
2.1
2.2
_____________________________________________________________________________________________________
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Table 3. Total sum of precipitation (mm) in the MVP (Tref=10°C). Its changes (mm) in near and far future in 7 locations in
Latvia (representing different agro-climatic regions according to Table 1).
___________________________________________________________________________________________________
Period
__________

Location
______________________________________________
____________________
Pāvilosta Stende
Bauska
Rūjiena
Zosēni
Zīlāni Daugavpils
____________________________________________________________________________________________________
Control
50%
289
296
286
312
306
300
312
(1961-1990)
Near future
(2021-2050)

Percentile
__________

17%
50%
83%

67
121
150

59
81
113

50
69
93

46
81
107

50
73
100

47
77
102

35
67
101

Far future

17%
91
79
45
78
73
54
29
50%
162
107
84
116
87
99
86
83%
234
169
149
169
136
135
150
_____________________________________________________________________________________________________

3.3 Characterization of the frosts and winter season
Analysis shows that there is eastern-western gradient for the distribution of the indicator – days with daily
mean temperature below -5 °C in the control period in Latvia. The values of the indicator are smaller in
Coastal Lowland (below 30 days on the Baltic Sea shore) and increases in inland direction (above 60 days
in Eastern-Western part of Latvia), Fig.4a. Diversity of indicator values are going to decrease in near future according to mean climate change projections, Fig. 4b. The largest decrease of the indicator value is
found in Eastern part of Latvia, smaller decrease is shown near the Baltic Sea shore. Nevertheless, characteristic number of days with mean temperature below -5 °C is twice as low in near future near the Baltic
shore as it is in the control period. The indicator might be of high interest because low temperatures in
winters are related to reduction of the number of insects that can be harmful to forest vegetation during
MVP.
The day of the last spring frost in MPV in 7 representative locations in Latvia is shown in Table 4. The
latest spring frosts in the control period occur in Zosēni in Vidzeme Highland in 24th of May. Two weeks
difference of the indicator values among 7 locations is acquired. Low, mean and significant climate
change projections show that the value of the indicator increases in the future. The diversity of the indicator values is slightly decreasing according to mean climate change scenarios. The latest spring frost in
MVP is 9 to 17 days earlier than in the control period. The largest changes are shown in Coastal Lowland
in Pāvilosta, the smallest – in Middle-Latvia Lowland (Bauska). Characteristic uncertainty between 17%
and 83% percentile is two weeks and the highest uncertainty is found in Pāvilosta (22 days in near future
period and 35 days in far future period).
Table 5 illustrate the sum of daily temperature rise above 5 °C from the beginning of the year until the
last spring frost in MVP. The highest value of the indicator is in Zosēni (Vidzeme Highland) where accumulation of 168 °C above 5 °C occur until the last spring frost in the end of May. The least significant accumulation of 72 °C above 5 °C occurs in Pāvilosta near the Baltic Sea shore where the last
spring frost is only one week earlier than in Zosēni. Analysis shows that all 3 representative percentiles
project the decrease of the indicator values in Vidzeme, Kurzeme and Latgale Higlands in near future.
Situation is different in Lowlands where decrease of the indicator values are projected according to mean
and significant climate change scenarios and no changes or even slight increase is projected according to
low climate change scenarios (17%).
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(a)

(b)

Figure 4. The average number of days with daily mean temperature below -5 °C between two MVP in 1961-1990 (a), changes
in near future according to mean climate change projections (b).
Table 4. The day of the last spring frost in MVP (from beginning of the year), Tref=5°C. Its changes (days) in near and far future in 7 locations in Latvia (representing different agro-climatic regions according to Table 1).
___________________________________________________________________________________________________
Period
__________

Location
______________________________________________
____________________
Pāvilosta Stende
Bauska
Rūjiena
Zosēni
Zīlāni Daugavpils
____________________________________________________________________________________________________
Control
50%
139
144
131
137
146
133
136
(1961-1990)
Near future
(2021-2050)

Percentile
__________

17%
50%
83%

-4
-17
-26

-6
-13
-22

-4
-9
-15

-7
-12
-17

-7
-14
-22

-6
-10
-17

-7
-12
-16

Far future
(2071-2100)

17%
-21
-24
-16
-19
-18
-16
-17
50%
-46
-32
-21
-23
-27
-24
-23
83%
-56
-36
-28
-28
-32
-30
-20
_____________________________________________________________________________________________________

Table 5. The sum of daily temperature rise above 5 °C from the beginning of the year until the last spring frost in MVP,
Tref=5°C. Its changes (°C) in near and far future in 7 locations in Latvia (representing different agro-climatic regions
according to Table 1).
___________________________________________________________________________________________________
Period
__________

Location
______________________________________________
____________________
Pāvilosta Stende
Bauska
Rūjiena
Zosēni
Zīlāni Daugavpils
____________________________________________________________________________________________________
Control
50%
72
156
110
118
168
119
144
(1961-1990)
Near future
(2021-2050)

Percentile
__________

17%
50%
83%

16
-6
-23

-14
-34
-59

13
-10
-33

0
-25
-37

-18
-43
-64

11
-22
-50

-5
-26
-50

Far future
(2071-2100)

17%
23
-14
12
1
-15
6
16
50%
11
-44
-11
-23
-43
-20
-36
83%
-27
-73
-28
-39
-69
-43
-57
_____________________________________________________________________________________________________

4 CONCLUSIONS
Presented approach gives quantitative characteristics of climatic change of indicator spatial distribution.
Since indicators are calculated for every year of each model run of the ensemble, the uncertainty that is
characterized using the difference between 17th and 83th percentile is known for each indicator.
According to ENSEMBLES model results the starting date of the MVP is earlier in near future than in
the control period. The number of drought periods is going to increase in Vidzeme, Latgale, Kurzeme
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Highlands of Latvia at the same time the total sum of precipitation in MVP is going to increase as well. It
means that more intense precipitation between drought periods is expected.
Analysis of multiple indicators allows better understanding characteristic features of different regions
of Latvia – both in the control and future periods. For example – Vidzeme Highland is the region with
one of the earliest beginnings of MVP and the largest amount of precipitation at the same time it accumulates the lowest temperature rise above 5 °C in Latvia as well as the latest spring frosts and the largest
number of drought periods occurs there. It makes it less favourable for agricultural production of multiple
species than other regions of Latvia having later MVP and less precipitation.
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Trends in Hydrological Series: Methods and Application
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ABSTRACT: Climate change and anthropic activities in river basins have been pointed as inductors of
nonstationarities in hydrological time series. To better understand these issues, researchers have used diverse methods mainly based in hypothesis testing and frequency domain analysis. This paper presents a
brief review of linear regression analysis, Student’s t, Mann-Whitney’s U, Spearman’s rho, MannKendall hypothesis testing and continuous wavelet transform, some of the most widely applied methods
for trend assessment in hydrology. All techniques are also applied in Iguaçu River basin, southern Brazil,
showing that conclusions based on isolated results may be misleading. The paper ends with comments
about multiple scale stochastic process approach, which considers hydrological time series fluctuations as
its expected behavior.
Keywords: Trend, Hydrological time series, Hypothesis testing, Wavelet analysis, Stochastic modelling
1 INTRODUCTION
In time series analysis, one can define statistical stationarity as an equilibrium state in which the process
statistical properties are independent of time. Therefore, if the properties of a times series 𝑧𝑖+𝜏 are the
same as 𝑧𝑖 , for any time steps 𝜏 ∈ 𝑇 and 𝑖 = 1, … , 𝑛, it is statistical stationary. However, natural phenomena rarely meet this condition, being highly affected by seasonality and other important mechanisms.
Thus, modelling such series requires mathematical nuances to overcome nonstationarity.
Concerning hydrological time series, initial studies aiming to analyze statistical stationarity date back
to the early 1970s, motivated by linear stochastic models (e.g. ARIMA models, see Box et al., 2008) increasing applications. Over the years, authors focused in analyzing how nonstationarity manifests in hydrological series. Of these, the majority considers the presence of linear trends in records as possible indicators of changes in the hydrological regime.
Two causes are often pointed as disturbances inductors in hydrological series (Clarke, 2007; Milly et
al., 2008): (i) anthropogenic activities in watersheds and (ii) climate change. In the first cause, modifications in watersheds land use mainly caused by agricultural fields and urbanization are highlighted. The
second aspect is related to greenhouse gases emission, possibly reflecting in a gradual increase of global
atmospheric temperatures.
Emphasizing the growing number of studies in the area and the fertile discussions originated by its results, this paper aims to develop a critical analysis of the most common methods for detecting trends in
hydrological series. A thorough literature review allowed identifying hypothesis testing as most used
technique for this purpose. Frequency domain analyses are also employed, either in series decomposition
or spectral properties evaluation. Among the methods researched, six are discussed: (i) linear regression
with significance test over the adjusted slope, (ii) Student’s t test, (iii) Mann-Whitney U test, (iv)
Spearman's rho test, (v) Mann-Kendall test and (vi) wavelet transform.
To illustrate the discussed techniques, a case study applied to Iguaçu River basin in southern Brazil is
presented. All six aforementioned methods were submitted to mean, maximum and minimum annual
streamflow series and to total annual precipitated amounts of Porto Amazonas gauging station, in Paraná
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state. To complement the paper, comments about multiple scale stochastic process are made. In this approach, hydrological time series fluctuations are treated as an expected behavior.
2 TREND ASSESSMENT IN HYDROLOGICAL SERIES
2.1 Hypothesis testing
The existing hypothesis tests can be grouped in two categories: parametric and nonparametric. In the first
category, one assumes that data probability distribution is known. On the other hand, nonparametric tests
are formulated in such way that data probability distribution is not relevant (Wilks, 2006, p. 131). Evidently, in dealing with hydrological variables this information is unknown and approximations are needed. Thus, researchers choose nonparametric tests even knowing that they are less powerful than the parametric ones (Chebana et al., 2013).
An important assumption in hypothesis testing is that the null hypothesis should be enunciated prior to
series examination, so the researcher is not influenced by time series behavior (von Storch and Navarra,
1999, p. 13; Koutsoyiannis, 2006). Moreover, sample elements must be mutually independent, which
does not occur in most hydrological time series, mainly streamflow data. In general, autocorrelation may
lead to long periods of values above or below the series mean (aka Joseph Effect, see Mandelbrot and
Wallis, 1968), causing false trend detections (Fleming and Weber, 2012). If the persistence in a time series can be represented by a markovian model, autocorrelation effect can be removed using effective
sample size estimation (Wilks, 2006, p. 144) or by means of pre-whitening (von Storch and Navarra,
1999, p. 13). However, when persistence structure is more complex, Monte Carlo simulations are recommended.
As said in the introduction, linear trends are frequently pointed as evidences for nonstationary behavior
in hydrological series. Therefore, the most direct way to evaluate them is to fit an ordinary least-square
linear regression (OLS) and test if the adjusted slope is statistically significant using the parametric 𝑡 statistic (Sharma et al., 2000). This method was also used in Rhine River (Pinter et al., 2006) and in 78 other
German rivers (Bormann et al., 2011) with positive trends detected. In Sweden, Lindström and Bergström
(2004) applied OLS analysis in centenary streamflow series, but significant trends were detected only
when the main samples were reduced into minor length subsamples.
Another approach consists in dividing the time series in two subsamples using, for example, rescaled
adjusted partial sums method (RAPS, see Alexandre et al., 2010), followed by Student’s t (Wilks, 2006,
p. 140) or Mann-Whitney’s U (Wilks, 2006, p. 157) tests application. Being a well-known statistical inferences, Student’s t is a parametric test that requires normally distributed data and examines the equality
of subsamples means. It has been widely used in Brazil (Müller et al., 1998; Batista et al., 2009; Detzel et
al., 2011; Fill, 2011) to investigate whether land use changes after the 1970s affected streamflow regimes.
It was also used in northeast China with five- and ten-years length moving windows to find jumps in precipitation series (Liang et al., 2011). On the other hand, U-statistic (also known by Wilcoxon rank-sum
test) is a nonparametric inference assuming that two subsamples were drawn from the same population.
Cluis and Laberge (2001) applied U-statistic in Asia, detecting negative trends in southern region rivers.
Also using this test, Thomas (2007) studied the interactions between atmospheric variables and Colorado
River streamflow in a climatic variability context. Xu et al. (2003), in turn, examined Japanese annual
precipitation series with U-statistic.
In analyzing monotonic trends rather than jumps in time series, Spearman’s rho (S) and Mann-Kendall
(MK) tests are the most commonly used inferences. Both are nonparametric ranked-based tests and have
very similar power in detecting a trend (Yue et al., 2002), even though only MK has been recommended
by the World Meteorological Organization (Liang et al., 2011) for this task. Villarini et al. (2011) applied
S and MK in maximum streamflow series for 196 North American gauges, finding few significant trends.
Fleming and Weber (2012) used S test in annual inflows for Canadian reservoirs, detecting positive trends
in winter season. Gautam et al. (2010) also used S test in Nepal, confirming positive trends in streamflow
and precipitation regimes. In turn, MK was recently used in China (Wang et al., 2008), British Columbia
(Cunderlik and Burn, 2004), Italy and Switzerland (Kottegoda et al., 2011), Australia (Li et al., 2012) and
United States (Rougé et al., 2013). MK can also be carried out sequentially to determine the beginning of
the trend (if any), as shown in Liang et al. (2011). In this variant, a sample (𝑧1 , 𝑧2 , … , 𝑧𝑛 ) is divided into
𝑛 − 1 subsamples, formed by (𝑧1 , 𝑧2 ), (𝑧1 , 𝑧2 , 𝑧3 ) and so on. MK statistic is then calculated for all subsamples, resulting in a MK𝑖 (say MK1) vector (𝑖 = 1,2, … , 𝑛 − 1). The same procedure is repeated with
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the inverted series, resulting in a second MK𝑖 (say MK2) vector. Plotting both vectors, one should be able
to detect the trend starting point if the intersection of MK1 and MK2 curves is statistically significant.
2.2 Frequency domain analyses
Although less common than hypothesis tests, these analyses are interesting as elements are represented by
its contribution in time series as a whole. In particular, spectral density function plots (Fourier transform
of the autocorrelation function) allow identifying trends promptly just by the presence of high densities
near the null frequency (Andreo et al., 2006).
However, Fourier transform analyses have an intrinsic statistical equilibrium assumption and may not
be suitable for nonstationary series. One alternative is to use windowed Fourier transform, nonetheless
besides the subjective window length definition, it has limited application in finding multiple frequency
signals with a fixed window length (Weng and Lau, 1994). Thus, the solution lies on wavelet transform,
which consists in dilate and translate a wave function (denominated mother-wavelet) through the time series (Torrence and Compo, 1998). Among the existing mother-wavelets, Morlet (Pasquini and Depetris,
2007), Haar (Saco and Kumar, 2000) and Paul (Rossi et al., 2009) are the most frequently adopted for hydrological time series.
Continuous wavelet transform (CWT) is often used in analyzing periodicities and trends, mainly because its graphical interpretation. For example, Pasquini and Depetris (2007) and Rossi et al. (2009) explain trends in series with changes in signal intensity over time, easily seen in a CWT scalogram. Nevertheless, discrete wavelet transform (DWT) is also employed for decompose and analyze time series in
particular frequency bands. Partal and Kuçuk (2006) used DWT to decompose Turkish precipitation series in five modals, coupling each one with MK test for trend detection. As results, the authors were able
to identify the 16 years modal as responsible for the observed trend.
3 CASE STUDY
3.1 Study area
To illustrate the discussed techniques, this paper presents a case study in Iguaçu River basin. Iguaçu River
is an important Paraná River tributary which, together with Paraguay and Uruguay Rivers, forms the La
Plata River basin. In Brazilian territories, Iguaçu River basin covers almost 70,800 km² surface area and,
particularly in Paraná State, it occupies 57,400 km² (28% of the State area). In its upper part, large urban
areas are located, including State capital Curitiba, and from middle to lower parts agriculture and livestock activities are predominant. The basin has approximately 4.5 million inhabitants.
According to Köppen-Geider climate classification (Peel et al., 2007), almost the entirely basin is in
Cfa type and a minor portion in its upper region is in Cfb type. The unique relation of geographic location, relief and air masses provides a rather regular precipitation (only rainfall) distribution over the year,
with averages varying from 1,250 mm to 2,000 mm. Temperature distribution, though, has defined seasonality, being January the warmest month (~25ºC) and July the coolest (~11ºC). In addition, El Niño
phenomenon has direct reflexes in the region, causing temperature and precipitation volumes elevations.
Another important feature is the hydropower generation provided by seven large plants installed in
Iguaçu River basin, summing nearly 7 GW of capacity (8.5% of Brazilian power generation). In hydrological terms, these plants are important because alter the rivers regimes. Therefore, Porto Amazonas
(PA) gauging station (25º32’S – 49º53’W) was chosen, avoiding influences by any dam. It operates 780
m above sea level and drains a 3,662 km² area. Annual streamflow (Q) and total annual precipitation (P)
descriptive statistics are provided in Table 1. PA time series were collected from Brazilian National Water Agency, all consisted and containing no missing values. Figure 1 displays the overall location of the
Iguaçu River basin, as well as its important features.
Table 1. Porto Amazonas annual streamflow (Q) and total annual precipitation (P) descriptive statistics
Type

Record

Min. Q
Mean Q
Max. Q
Total P

1936-2005
1936-2005
1936-2005
1941-2012

Mean
(m³/s and mm)
33.2
67.9
129.6
1,634.8

Standard Deviation
(m³/s and mm)
13.5
25.4
50.6
352.2
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Lag 1 autocorrelation
0.29
0.26
0.22
0.22

Figure 1. Iguaçu River basin and gauging station location

3.1 Methods assumptions
All five hypothesis tests and wavelet analysis were applied to the series depicted in Table 1. Subsample
division for t and U tests was made in two ways: (i) central, resulting two equally sized samples and (ii)
reserving the last 30 years and testing against the remainder of the series. Hypothesis (ii), also considered
in OLS analysis, was elaborated to evaluate the possible land use changes effects on streamflow, as suggest some local studies (Tucci, 2002; Batista et al., 2009). Moreover, it is assumed that this window
length is enough to represent climatic fluctuations (Koutsoyiannis, 2006). For the parametric tests, log
transform was applied to make the data approximately normal distributed. MK test, specifically, was applied both in its traditional form as in its sequential format, where MK1 and MK2 curves were obtained
for forward and backward computations, respectively. In all tests, pre-whitening was applied to remove
autocorrelation influence; as shown in the last column of Table 1, first order persistence is low, but not
negligible.
Lastly, wavelet analysis was elaborated through CWT, using Paul as mother-wavelet, which has good
temporal resolution in comparison to other functions (Rossi et al., 2009). For the streamflow series, it was
used a wavenumber of 4, while for the precipitation series this parameter was set as 10. Scalograms were
obtained using the wavelet software kindly supplied by C. Torrence and G. Compo (Torrence and Compo, 1998), available at http://paos.colorado.edu/research/wavelets/.
3.2 Results
Table 2 exhibits the p-values obtained for the hypothesis tests. Specifically for OLS, subsamples 1 and 2
are the ones resulting from division (ii), as explained in last section.
Table 2. P-values for the hypothesis tests. In all cases, values below 0.050 indicate null hypothesis (no trend) rejection, at a
5% significance level

Min. Q
Mean Q
Max. Q
Total P

Full Sample
0.029
0.001
0.001
0.009

OLS
Subsample 1
0.954
0.191
0.069
0.107

Subsample 2
0.043
0.103
0.130
0.988

Division (i)
0.597 | 0.946
0.374 | 0.179
0.018 | 0.013
0.286 | 0.231

t|U
Division (ii)
0.483 | 0.814
0.136 | 0.094
0.004 | 0.006
0.021 | 0.025

S | MK
Full Sample
0.088 | 0.081
0.012 | 0.012
0.011 | 0.010
0.017 | 0.017

Adopting the standard 5% significance level, a trend was detected by all full sample based tests (OLS, S
and MK), except for Min. Q, in which S and MK failed to reject the null hypothesis. However, considering subsamples distinction for OLS one can note substantially different results, since only Min. Q, subsample 2, had a trend identified. For t and U statistics null hypothesis rejections occurred for Max. Q
(both sample divisions) and Total P, division (ii).
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(2004). Moreover, the tests underlying assumptions are equally (or more) relevant for the analyses. In
modeling terms, these questions are critical and are left for hydrologists’ subjectivity.
Recently, fluctuations observed in hydrological time series have gained an alternative interpretation.
Koutsoyiannis (2006, 2013) criticizes the lack of physical sounding in considering a (deterministic) linear
trend as representative of such variabilities. Instead, it is proposed that fluctuations are natural phenomena
expected behavior, due to multiple time scale climatic oscillations. Among all analyses presented in the
present paper, CWT spectrograms (Figure 3) can be pointed as evidence of these multiple time scale fluctuations.
In Koutsoyiannis (2006, 2013) point of view, it is correct to adjust mathematical models to receive hydrological series as observed, dispensing trend detection/correction exercise. Traditional stochastic processes theory is expanded to multiple scale stochastic processes, being able to handle the natural phenomena fluctuations. In this approach, “trends” are no longer treated as a deterministic component, but rather
another stochastic element to be modelled. As result, low frequency events (as Joseph Effect) or extreme
hydrologic episodes (as El Niño manifestations) are better represented.
5 CONCLUSIONS
Nonstationarity issue on hydrological time series has long moved from modelling requirements to become a specific research topic. Climate change and anthropic activities in river basins suggest consequences in precipitation and streamflow regimes, although these disturbances have not been completely
understood yet. Therefore, many distinct methods have been proposed to study nonstationarity manifestation in the hydrological series. This paper presented a brief literature review based on parametric and
nonparametric hypothesis testing, along with wavelet analysis, some of the most applied techniques in
this topic.
The case study shown in this paper to illustrate such methods was clear enough to expose the inherent
subjectivity contained in each one. Thus, it is highly recommended that any conclusion drawn from these
analyses should be presented together with its underlying assumptions. In modelling terms, this question
is critical and may bias the results, especially considering the uncertainty about future hydrological series
behavior. Due to natural phenomena complexity mechanisms, the true influence of a changing environment in hydrological regimes proves to be a prolific research topic.
NOTATION
OLS
t
U
S
MK
CWT
PA
Q
P

ordinary least-square linear regression
Student’s t test
Mann-Whitney’s U test
Spearman’s rho test
Mann Kendall test
Continuous wavelet transform
Porto Amazonas gauging stations
streamflow series
precipitation series
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ABSTRACT: In the present work the effects of climate change on extreme values of the significant wave
height are studied and analysed in selected areas of the Greek Seas. The available wave height data are
divided in groups of equal size, corresponding to the present, the short-term and the long-term future
climate. The analysis is conducted utilizing a non-stationary GEV model that simulates the variability
within a year of wave height monthly maxima. The parameters of the model are simulated using harmonic
functions of time representing the annual and the seasonal cycle. To determine the appropriate number of
parameters in each point and time period and to avoid overparameterisation, the Akaike Information
Criterion with correction for small sample size (AICc) is utilized and the selection is performed among
twenty six candidate models. After selecting an appropriate model for the extremes, time-dependent
quantiles of significant wave height within an one year period are assessed for each period and point
considered. Apart from time dependent quantiles, annual return levels are also approximated by means of
numerical integration of the fitted non-stationary model. The data used for extreme value analysis, are
first corrected for bias using significant wave height data resulting from a wave prediction system forced
with meteorological observations of the necessary atmospheric factors.
Keywords: Climate change, Bias correction, Non-stationary GEV, Monthly maxima, Time-dependent
quantiles, Annual return levels

1 INTRODUCTION
Analysing and extrapolating extreme values of marine variables comprises a contemporary field of
research and constitutes one of the basic components in estimating coastal flooding and erosion risks, in
forming a modern framework for designing and upgrading coastal and marine structures and in
understanding the basic physical processes in coastal areas. The former combined with the existing strong
evidence for a possible change of the global climate associated with extreme events of higher intensity
and frequency, intensify the interest in the field of extreme events analysis.
Most marine variables, like the majority of environmental signals, are characterised by phenomena of
non-stationarity. The existence of a seasonal cycle in the studied variables, as well as the possible
existence of long-term trends are some evident causes of the above mentioned non-stationarities. These
phenomena should be incorporated in the extreme value models, for the process of extrapolation to be
more reliable and unbiased. Morton et al. (1997) present a model framework for incorporating seasonality
in the analysis of extreme significant wave height, based on the POT (Peaks Over Threshold) model.
Separate POT models characterised by the use of seasonal thresholds are applied for each season of the
year and finally return levels are extracted by an aggregation procedure. Caires et al. (2006) introduce a
non-stationary and non-homogeneous Poisson process to model significant wave height extremes with
parameters dependent on sea level pressure covariates. Méndez et al. (2006) develop non-stationary POT
models to simulate significant wave height extremes, taking account of climate covariates, such as the
NAO index, harmonic functions for periodic variations and long-term trend components. Méndez et al.
(2008) present respective models, focusing on the harmonic functions of interannual variability for wave
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height extremes, but also on the duration of wave storm events. Brown et al. (2008) analyse changes in
observed daily temperature anomalies since 1950 by utilizing an extreme value distribution function with
time-varying parameters, considering time trends and the influence of the NAO. Menéndez et al. (2009)
study monthly wave height extremes, considering a non-stationary GEV (Generalized Extreme Value)
model with parameters described by means of harmonic functions. Frías et al. (2012) utilize the above
mentioned model to analyse extreme values of atmospheric temperature resulting from a regional climate
model (RCM).
In the present work, extreme value analysis of significant wave heights in selected areas of the Greek
Seas is performed for the present and the future climate. In Section 2, bias correction methods utilized for
the wave data in the selected areas are presented. Section 3 presents the basic characteristics of the nonstationary GEV distribution function, fitted to the monthly maxima of wave height data, according to the
methodology presented in Menéndez et al. (2009). Section 4 of the present work introduces shortly the
data utilized in the present work and presents some indicative results. Finally, extreme values of the
studied variables for present and future climatic conditions are intercompared and basic conclusions are
extracted regarding the effects of climate change on the wave climate of the Greek Seas.
2 BIAS CORRECTION METHODS
Significant wave height simulations resulting from the use of wave prediction systems forced by RCMs
are often subject to phenomena of bias, possibly due to the limited process understanding, the incomplete
conceptual representation of the atmospheric processes leading to the generation of climate data, the
incomplete discretisation, the spatial averaging in each cell of the model grid and other parameters. Bias
represents the error component of the model that is independent of time (Haerter et al. 2011) and imposes
the processing of the data before using it to estimate the effects of climate change in any domain of study.
Particularly, when referring to extreme events, it has been pointed out that if the output of RCMs is not
corrected for bias, they lead to unrealistic exceedance probabilities, rendering the analysis of extreme
events unreliable (Durman et al. 2001). However, it should be noticed that incorrect representation of the
different processes involved in a physical system cannot be rectified by means of bias correction. Within
the framework of bias correction methods, the error of the climatic model is considered stationary and the
correction techniques and parameterisation for the present climate are also considered valid for the future
climate. Therefore, for future projections the bias component is assumed unchangeable (Berg et al. 2012).
Among the bias correction techniques, recent studies mainly using precipitation and temperature data,
indicate the quantile mapping methods as the most efficient, even for the most extreme part of the
distribution of the studied variables (Themeßl et al. 2011). The above mentioned techniques include the
development of transfer functions between the cumulative distribution functions of the data that need to
be corrected for bias (modelled data) and of the “control” or the observed dataset. Quantile mapping
(also referred to as quantile-quantile transformation) results in a new distribution function for the
modelled variable almost equal to the one of the observed variable. The main limitations of the quantile quantile transformation focus on the preservation of the temporal autocorrelation properties of the data,
the independent correction of different variables with biases that might not be independent and the
inability to correct the spatial autocorrelation of different variables (Boé et al. 2007).
The methods used in the present work include the development of parametric, as well as nonparametric quantile - quantile transformations. The former transformations include linear, polynomial and
scale functions. All parametric transformations are fitted by minimizing the residual sums of squares.
Within the non-parametric framework, the empirical distribution functions of the “control” or observed
data and of the data resulting utilizing the forcing of the RCMs, are represented by means of tables of
empirical percentiles, while the values between them are assessed by means of a monotonic tricubic
spline function (Gudmundsson et al. 2012). In this case, if the model values of the future projections are
larger than the training values, the correction found for the highest quantile of the training period is
utilized.
3 ANALYSIS OF EXTREME WAVE EVENTS
The univariate Extreme Value Theory (EVT) includes models for block maxima and exceedances over
high thresholds (POT models). The first correspond to the family of GEV distributions (Generalized
Extreme Value) including the Gumbel (Type Ι), the Fréchet (Type ΙΙ) and the Weibull (Type ΙΙΙ)
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distributions (Jenkinson, 1955). The cumulative distribution function of the GEV for ξ≠0 is given by the
following formula (Coles, 2001):
G (x) =exp[-{1 + ξ

( x - µ ) -1/ξ
(x - µ)
} ], 1 + ξ
>0
σ
σ

(1)

where μ, σ>0 and ξ = the location, scale and shape parameters, respectively. The special case with ξ=0
corresponds to the Gumbel distribution function. To simulate non-stationary phenomena, the parameters
of the GEV distribution function can be modelled as functions of time. To incorporate the seasonal
component in the model, the parameters of the GEV can be represented as harmonic functions of time of
the following form (Menéndez et al. 2009):
pµ

µ (t ) =
µ0 + ∑ µ2i −1 cos(iωt ) +µ2i sin(iωt )
i =1

(2)

pσ

σ (t ) =
exp(σ 0 + ∑ σ 2i −1 cos(iωt ) +σ 2i sin(iωt ))
i =1

pξ

ξ (t ) =
ξ0 + ∑ ξ 2i −1 cos(iωt ) +ξ 2i sin(iωt )
i =1

where pμ, pσ, pξ = the number of harmonics in the parameters μ, σ and ξ of the GEV, respectively, ω=2π/Τ
and Τ = the number of data within a year used for the fitting of the GEV distribution function. The
parameters of the GEV distribution function can be estimated by means of the Maximum Likelihood
Estimation procedure (MLE). The optimum number of harmonics used in each of the three parameters of
the model is assessed by minimizing the Akaike criterion with correction for small sample sizes (ΑΙCc)
(Hurvich and Tsai, 1989), as well as by the deviance statistic function, D (Coles, 2001). In the present
work, the maximum number of harmonics within each parameter is set to two. After selecting the best
model, probability-probability and quantile-quantile plots applied to a standardized version of the data,
conditional on the fitted parameter values, are utilized for model diagnostic.
Within a non-stationary context, the return level xp corresponding to a return period of 1/p, is assessed
as a function of time and it represents the quantile of the distribution function of the studied variable in a
given year:
x p (t ) = μ(t ) -

σ (t )
[1-{-log(1- p)}-ξ (t ) ]
ξ (t )

(3)

The variance of the quantile estimates is calculated using the delta method. When applying the nonstationary GEV distribution function to monthly maxima, annual return levels corresponding to a certain
exceedance probability, p, can be assessed by iteratively solving the following equation (Menéndez et al.
2009):
1

x p [0,1]- μ(t )

0

σ (t )

=
p exp{-12∫ [1 + ξ (t )(

(4)

)]-1/ ξ (t ) dt}

The 95% confidence interval of the annual return level can be approximated by means of simulating a
number of parameters of the selected non-stationary GEV model. The three GEV parameters are assumed
to follow a multivariate Normal distribution function. In the present work, for each dataset analysed, 1000
samples of parameters are generated from the fitted non-stationary GEV distribution functions,
constituting a sample from the approximate sampling distribution of the maximum likelihood estimator
(Coles, 2001).
4 WAVE DATA AND RESULTS
The marine data used in the present work are predictions of significant wave height in selected locations
(Figure 1) of the Greek Seas. The datasets used cover selected areas of the Aegean Sea, such as the
Thracian Sea (area 1), the marine areas of Katerini (area 2), Lesvos (area 3), Chania (area 4), Heraklio
(area 5), as well as selected areas in the Ionian Sea, near the coasts of Parga (area 6) and Katakolo (area
7). The wave data result from a wave prediction system formulated for the Greek Seas, based on the wave
model SWAN (Ris et al. 1999, Booij et al. 1999) and cover a period of 150 years (1950-2099). The
atmospheric forcing of the model consists of wind (wind velocity and direction) fields of the RCM model
775

µ

σ
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location parameter of the GEV distribution function
scale parameter of the GEV distribution function
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ABSTRACT: During the last century the response of the oceans to tidal forces has changed significantly,
changes of tidal amplitude and/or phase have taken place over large scales. Continuous long-term simulations of the Elbe estuary are discussed for present-day conditions as well as for future conditions. The
simulations are conducted with a limited area model of the Elbe estuary, which is offline nested into a
model of the North Sea. In the North Sea and the estuary currents and sea-levels are modelled by the hydro-numerical HAMburg Shelf Ocean Model (HAMSOM).
The results of the long-term modelling confirm the larger scale estimations. Physical inherent changes of
tidal phases and amplitudes have been proved in the Elbe Estuary. With the rising sea level, the wave
speeds and wave lengths increase. This can cause modifications of the reflections of the tides. Additionally energy dissipation by bottom friction is reduced. Both processes act together and result in the migration
of complex patterns of non-linear changes in the tides with climate change.
Despite uncertainties associated with the SLR over the next century, modifications of the tides in coastal
areas and estuaries implicate modifications of the coastal management by estimation of adapted design
levels, in the availability of tidal renewable energy and dredging requirements.
Keywords: Sea Level Rise, Harmonic Analysis, Tidal Amplitudes, Tidal Phases, Numerical Modelling
1 INTRODUCTION
In coastal regions and estuaries physical processes influence many economic, ecologic processes and also
security issues. Global climate change has high potential to influence both, the persistence and the
transport pathways of water masses and its constituents in tidal waters and estuaries (Dietrich et al.,
2013). Sensitivity studies (e.g. Mai et al., 2004) show the variation of tidal water levels, of significant
wave heights and the morphology at the southern German Bight as the result of climate change. In the
long term context of climate change, these physical processes are subject to changes, too (Hein et al.,
2011b).
It is widely accepted, that the climate-related sea level rise (SLR) influences the long-term coastal processes. An almost linear secular rise of about 1-2 mm per year (e.g. Wahl et al., 2010, Hein et al. 2011c,
Albrecht et al. 2012) has already been observed in the southern German Bight. The future acceleration of
global SLR is expected (Solomon et al. (2007). Historic acceleration for the German Bight is not to be
found significant (Hein et al. 2010).
The expected future changes of the global sea level in the 21st century are mainly determined by the
steric expansion of the ocean due to global warming. Additionally increasing fresh water supply from
melting of the two ice sheets over Greenland and the Antarctic and from inland deglaciation accelerates
the SLR in the 21st century. However, the regional sea level rise must be determined by the regional distribution of globally added melt water masses due to gravitational effects and also by barotropic and
baroclinic ocean dynamics due to changing density distributions (Mathis, 2013). In the Elbe estuary the
glacial isostatic adjustment causes land subsidence in order of 5 cm to 10 cm (Hein et al., 2011c). For this
model study, we use the approach from Mathis (2013), who implements the sea level rise at the lateral
boundary of the North Sea model in form of a scenario.
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The upper area in the pictures represents the changes in the far future (2080 – 2099) relative to today’s
situations (1980 – 1999). The situation is now clearer: the faster rising THW and the decreased rise of the
TLW let the tidal range rise with the SLR. Also the effect of a stronger amplifying of the tides directed to
the inside of the estuary is documented. Especially, taken the high-end scenario pronounced changes of
the TR toward Hamburg are modelled. Noticeable is the non-linear changes of the TR along the estuary, it
is worthwhile to look into these changes more closely by analysis of the tidal constituents.
3.3 Changing tidal constituents: Hamburg to the mouth of the estuary
Figure 6 illustrates how the change of the tidal constituent along the estuary has to be expected in the high
end scenario until the end of the century. For five of the components the amplification of the tidal amplitudes continues in the estuary, but with decreasing tendency in upstream direction until the port of Hamburg, where a strong amplifying peek establishes. In contrast to the other constituents the patterns of the
changes of the first M2 overtide (the M4) is different. Here the amplitude is lower at the mouth and in the
outer part of the estuary, but increases downstream the port of Hamburg. This is documented in the amplitudes as well as in the shift of the tidal phases.
With SLR, the wave speed and wave length increase, causing changes in the reflections of the tides.
The following changes in the self-oscillations are documented in the simulation (Figure 6). Caused by
the SLR the tidal flats are longer flooded. Therefor in cross-sections energy dissipation by bottom friction
is less important. The overall longer flooding of the tidal flats decreases the effective mean depth of the
estuary and also causes the reduction of the funneling effect. All mechanisms in combination result in the
migration of complex patterns of non-linear changes in the tides with SLR (Pickering et al. 2012).
4 CONCLUSIONS
Global climate change in form of SLR has high potential to influence the physical processes in estuaries.
For the Elbe estuary nonlinear effect of the rise of the sea level induce changes of the tidal constituents in
the German Bight. These changes of the tidal constituents continue well into the estuary, which results in
the shift of the spatial distributions of the tides. In future the tides amplify stronger than today in the upstream direction. The reflections of the tidal wave in the estuary will differ in contrast to today’s situation.
Despite uncertainties associated with the SLR over the next century, modifications of the tides in coastal
areas and estuaries implicate modifications of the coastal management by estimation of adapted design
levels, in the availability of tidal renewable energy and dredging requirements (Pickering et al. 2012). In
particular this also applies to the Elbe estuary.
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Figure 6. Relative changes of the tidal constituent between Hamburg and Cuxhaven in the far future (2080- 2099).

NOTATION
Aj,
σj
Φj ,
THW
TNW
TR
M2, S2, M4, N2, K1, O1

amplitude of tidal constituent j
frequency of tidal constituent j
phase of tidal constituent
Tidal High Water
Tidal Low Water
Tidal Range
tidal constituent
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ABSTRACT: Intermediate results of the simulation of mass balance and discharge of two periods in the
years 2004 and 2005 of the Artesonraju glacier in the subbasin of Artesoncocha are presented. The study
uses for that purpose a distributed energy balance model. One of the main objectives of this study is to determine the capacity of this model to estimate mass balance and discharge in tropical environments, using
a daily resolution. In addition, the model allows to study the dynamic interaction of the regional climate
with the glaciers because it is based on the physics of the glacier accumulation/ melting processes. Its
practical disadvantage is that it requires a lot of measured variables, especially radiation fluxes, which are
only available for short periods, therefore, the simulation of glacier runoff by this method can be accomplished just over a few-years period. For tropical glaciers, the simulation will be more accurate in subdaily resolution, taking into account the variability of temperature during the day. However, the limitation of
obtaining subdaily data, in this case, precipitation, was a constraint. Nonetheless, the results of the simulation in the calibration and the validation period show a sufficiently good performance of estimating the
discharge and the mass balance of the glacier. The analysis of the results suggests some ways to improve
the simulation in order to take into account the variability of albedo in each season and shows the importance of the sensible heat during the simulated periods.
Keywords: Mass balance, Tropical glaciers, Energy balance models

1 INTRODUCTION
Due to their specific geographical and climate conditions tropical glaciers have a more rapid response to
climate changes than glaciers in mid and high latitudes. Since high-altitude tropical glaciers are often the
“feeding ground” of water resources for densely populated lowland river basins in many tropical countries of the world, future glacier retreat will affect the livelihood and the economy of large populations
there. Such could be the fate for the Andes mountain Santa River (Rio Santa) basin in the Ancash district
of Peru that is water-fed by the glaciers of the neighboring Cordillera Blanca which has the biggest extension of tropical glaciers in the world (~26% of the global tropical glacier area).
Studies done to-date reveal, indeed, large retreats of the glaciers in Cordillera Blanca over the last seventy years. A comprehension of the specific causes of these glacier retreats is still lacking. Therefore,
many research projects are focusing on the understanding of the climate glacier dynamics and their response to changes in local climatic conditions.
In this context, studies of the mass balances and the energy budgets of tropical glaciers serve as an important key for a further understanding of the processes leading to glacier retreat. Mass balance studies
are commonly carried out, using energy balance models which simulate the physical characteristics of the
ablation and accumulation processes at a glacier. However, these kind of models require a lot data which,
in many cases, are not publically available, scarce, or simply do not exist, such as radiation data or measured mass balances. Therefore, the time period and the spatial resolution of energy-balance-model simulations is often limited by the availability of data.
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slightly over the whole year, as it is typical for tropical regions. Between 2002 and 2008, the mean temperature at the station located at 4810 m.a.s.l in the Artesonraju glacier was 1.84oC whereas the minimum
and maximum temperatures were -1.23oC and 4.91oC, respectively. The mean daily precipitation during
that time was 4.37 mm and the maximum daily precipitation 45.40 mm. The mean annual precipitation
was 1131mm. During the years 2004 and 2005, when the data of this study was gathered, the El Nino
phenomenon (ENSO) was strongly affecting the Cordillera Blanca. The main characteristics of this phenomenon in this mountain region of Peru are usually increases of the temperature and reductions of the
precipitation.
2.3 Mass balance and equilibrium line altitude
The outer tropics, including the Cordillera Blanca, are characterized by tropical conditions in the
rainy/warm period and subtropical ones in the dry/cold period. In addition, the accumulation in these
glaciers is produced mainly during the first period, while the ablation is generated all over the year
(Kasser, 2002). This aspect marks an important difference in the dynamics of tropical glaciers and those
located in high latitudes. Table 1 presents the annual mass balance in meters of water equivalent (m.w.e),
in the Artesonraju glacier, according to official reports of the INRENA (National Institute for Natural Resources of Peru) in collaboration with IRD (Institute Recherche pour le Développement) (2009).
Table 1. Mass balance and E.L.A (Equilibrium Line Altitude) for the
Artesonraju glacier for the period of 2003-2008
Period
Mass balance
ELA*
m.w.e
m.a.s.l
2003-2004
-1.482
5048.5
2004-2005
-1.547
5014.6
2005-2006
-1.529
5049.6
2006-2007
-1.304
4986.3
2007-2008
0.487
4943.0
*Equilibrium Line Altitude

In the years 2003 and 2004 there is an increment of mass losses and, consequently, an elevation of the
ELA, wherefore the latter is defined as the line dividing the ablation area from the accumulation area.
However, since 2005 up to years 2007 and 2008 a reduction in the mass losses is observed so that the
mass balance is positive for the last year, and the ELA decreases. However, before drawing any conclusions on possible multi-year long trends in the Cordillera Blanca’ glaciers mass balance, it is important to
consider the intermittent presence of the of the El Nino phenomenon, which could influence negatively
the balance of the Artesonraju glacier between years 2003 and 2006.
3 DATA
The climatic data used for the mass balance simulations using the energy model of Hock (1998) are daily
records of temperature, precipitation, relative humidity and wind speed. The radiation data used are the
energy fluxes of short wave radiation, long wave radiation and net radiation. Additionally, the model requires the measured losses (by means of stakes) and gains (by means of snow pits) of mass in situ, in water equivalent, during the whole simulation period. The availability of this data is recent. Energy fluxes
started to be measured in March 2004 and mass balance measurements in 2003; therefore, the use of the
model is limited by the availability of the latest data. The data were supplied by ANA (National Authority
of Water in Peru) and INRENA.
4 ENERGY BALANCE MODEL
4.1 Energy available for melting
The energy balance model of Hock (1998) is based on the following energy balance equation:
𝑄𝑀 = 𝑄𝑁 + 𝑄𝐻 + 𝑄𝐿 + 𝑄𝑃 + 𝑄𝐺

(1)
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where 𝑄𝑀 is the energy flux available for melting or sublimation, 𝑄𝑁 is the net radiation, 𝑄𝐻 is the flux of
sensible heat, 𝑄𝐿 is the flux of latent heat, 𝑄𝑃 is the heat flux from precipitation and 𝑄 𝐺 is the subsurface
energy flux, all measured in Wm-2. The melted mass per unit time M are calculated from 𝑄𝑀 as:
𝑄𝑀

𝑀=𝜌

(2)

𝑤 𝐿𝑓

where 𝐿𝑓 [J/kg] is the latent heat of fusion and 𝜌𝑤 [kg/m3], the density of water.
4.2 Net radiation

The net radiation is calculated by the model according to the following equation:
𝑄𝑁 = (1 − 𝛼)(𝐼 + 𝐷𝑠 + 𝐷𝑡 ) + (𝐿𝑠 + 𝐿𝑡 )↓ + 𝐿↑

(3)

where 𝐼 is the direct radiation, and 𝐷, the diffuse radiation, with the two subscripts denoting the portions
coming from the sky(s) and from the adjacent terrain (t). Also 𝐿 ↓ takes into account the long-wave radiation from the sky and the terrain. Finally, 𝐿↑ is the radiation emitted by the surface.

4.2.1 Global short wave radiation
The sum of the first two terms 𝐼 + 𝐷𝑠 in Eq. (3), i.e. the direct radiation I and the diffuse radiation Ds
from the sky make up the incoming short wave global radiation G . The steps to compute these terms are
outlined in the following paragraphs.
Direct radiation I:
𝑟𝑚 2

Firstly the potential clear sky radiation Ic is computed as
�

𝐼𝑐 = 𝐼0 ∗ � 𝑟 � ∗ Ѱ

𝑝
⁄𝑐𝑜𝑠𝑍�
𝑃0

(4)

∗ 𝑐𝑜𝑠𝑍

where, 𝐼0 is the solar constant (𝑊𝑚−2 ); 𝑟 , the mean the earth-sun distance; Ѱ , the transmissivity; 𝑝, the
atmospheric pressure; 𝑝0 , the standard atmospheric pressure and 𝑍 , the zenith angle. The latter can be
calculated from the latitude, the solar declination and the hour angle. The transmissivities used in the current simulations are taken from the regional study for Peru of Baigorria et al., 2004. Their values vary between 0.5 in the rainy/warm season and 0.6 in the dry/cold season.
Eq. (4) describes the radiation on a grid element whose normal is directed in the direction of the zenith.
To account for the effective slope and the exposition of each grid element, Eq. (4) is corrected as
𝐼𝑐𝑠𝑙𝑜𝑝𝑒 = 𝐼𝑐 ∗ 𝑐𝑜𝑠 𝜃/𝑐𝑜𝑠 𝑍

(5)

where 𝜃 is the angle of incidence between the normal to the slope and the solar beam
𝑐𝑜𝑠𝜃 = 𝑐𝑜𝑠𝛽𝑐𝑜𝑠𝑍 + sin 𝛽 sin 𝑍 cos�Ω − Ω𝑠𝑙𝑜𝑝𝑒 �

(6)

where 𝛽 is the slope angle, Ω is the solar azimuth angle and Ω𝑠𝑙𝑜𝑝𝑒 is the slope azimuth angle.
The final direct radiation I for each grid element, arising in Eq. (3), is then calculated by apportioning
the ratio of the measured direct radiation 𝐼𝑆 to the clear sky radiation Ic (computed by Eq. (4)) at a near
climate station to that of the named element:
𝐼

(7)

𝐼 = 𝐼 𝑆 𝐼𝐶
𝑆𝐶

where the suffix (s) refers to the station, (c) to clear sky conditions, and 𝐼𝐶 is now the 𝐼𝑐𝑠𝑙𝑜𝑝𝑒 of Eq. (5).

Diffusive radiation: The total diffusive radiation D = Ds + 𝐷𝑡 in Eq. (3) is the sum of the diffusive radiation Ds that comes from the sky and of 𝐷𝑡 that comes from the terrain. Ds is computed as

𝐷𝑠 = 𝐷𝑜 𝑆𝑓

(8)

𝐷𝑡 = 𝛼𝑚 𝐺�1 − 𝑆𝑓 �

(9)

where Do is the diffuse radiation from an unobstructed sky and 𝑆𝑓 , is the sky view factor indicating the
portion of the visible sky of an element. 𝑆𝑓 is calculated with the program of Kokalj and Zaksěk (2011).
The diffusive radiation from the surrounding terrain 𝐷𝑡 is computed as
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where 𝛼𝑚 is the the mean albedo of the surrounding terrain, and the other variables are as defined. Since
𝐷𝑡 depends on the local sky view factor of a slope element, it is variable across the grid.
There has been much research and debate how to estimate or to compute D and/or Do (e.g. Hock,
1998). When measurements of the global radiation G at a climate station are available, Hock (1998) proposed an empirically corroborated relation of the diffuse radiation 𝐷 to the global radiation 𝐺:
𝐺
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(10)

where 𝐼 𝑇𝑜𝐴 is the radiation at the top of the atmosphere - which is equal to the solar constant affected by
the instantaneous and the mean solar earth distance and the cosine of the zenith-. Eq, (10) shows clearly
how the ratio D/G increases with decreasing G, due to cloud cover and vice versa.
Using Eq. (10), the total D for a measured G can be computed and, employing D = Ds + 𝐷𝑡 , with 𝐷𝑡
known by Eq. (9), Ds = D - 𝐷𝑡 , i.e. Do = Ds /𝑆𝑓 . With this computed Do at the climate station, D for an arbitrary grid element is estimated by the sum of Eqs. (8) and (9) and using the appropriate sky view factor
𝑆𝑓 in these equations.

4.2.2 Albedo
For the current simulations corresponding albedos are allocated for each surface type. Surface types are
areas covered with snow, firn, ice and rock. The values for each surface type are taken from Cuffey and
Paterson (2010), who present a literature review of characteristic albedo values for snow and ice.
4.2.3 Longwave outgoing radiation
The longwave outgoing radiation is calculated for each grid through the following formula:
𝐿 ↑= 𝜀𝜎𝑇 4

(11)

where 𝜀 is the emmisivity of the surface, which for snow and ice is near 1; σ the Stephan-Boltzmann constant and T, the surface temperature. For melting the latter is 0oC, however, when the energy for melting
(Eq. 1) results in a negative value, the surface temperature is lowered until it reaches a positive one.
4.2.4 Longwave incoming radiation
As stated in Eq. (3) longwave incoming radiation 𝐿 ↓ is the sum of the radiation from the surrounding
slopes (terrain) 𝐿↓𝑡 and from that of the sky 𝐿↓𝑠
The radiation of the terrain 𝐿↓𝑡 uses a parameterization, suggested by Plüss and Ohmura (1997) which
considers the part of the sky that is obstructed, air temperature and temperature of the emitting surface:

𝐿↓𝑡 = �1 − 𝑆𝑓 �𝜋(𝐿𝑏 + 𝑎𝑇𝑎 + 𝑏𝑇𝑠 )

(12)

𝑜

where 𝐿𝑏 is the emitted radiance of a black body at 0 𝐶 (100.2 Wm−2 sr −1), a, b constants (a=0.77 Wm-2
sr-1 and b=0.54 Wm−2 sr −1 ) and 𝑇𝑎 and 𝑇𝑠 are the temperature of the atmosphere and surface respectively.
The longwave radiation that comes from the sky is estimated through the following formula:

𝐿↓𝑠 = 𝐿0 𝑆𝑓

(13)

where 𝐿0 is the sky irradiance from an unobstructed sky which is computed for a climate station from the
net balance Eq. (3), knowing all other terms as discussed earlier. 𝐿0 is taken as invariant across the grid.

4.2.5 Turbulent fluxes
The fluxes of sensible and latent heat are calculated with the bulk aerodynamic method. This method
takes into account the differences of temperature, wind speed and vapor pressure between the surface and
the atmosphere. The sensible heat flux is calculated as follows:
𝜌

𝑄𝐻 = 𝑐𝑝 𝑘 2 𝑃𝑜 𝑃 ∗
𝑜

𝑢2 (𝑇2 )
𝑧
𝑙𝑛� �𝑧𝑜𝑤 �∗𝑙𝑛�𝑧�𝑧𝑜𝑇 �

(14)
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where 𝑐𝑝 is the specific heat of air at constant pressure (1005 Jkg −1 K −1); 𝑘, the Karman constant (0.41);
𝑃, the atmospheric pressure; 𝜌𝑜 , the air density at 𝑃𝑜 (1.29 kgm−3 ); u, the wind speed; 𝑧0𝑤 and 𝑧0𝑇 , the
roughness lengths of the wind and temperature boundary layers; and z, the height above the surface.
The latent heat flux is calculated with the following equation:
𝑄𝐿 = 0.623 ∗ 𝐿𝑣⁄𝑠 𝑘 2

𝜌𝑜
𝑃𝑜

∗

𝑢2 (𝑒2 −𝑒𝑜 )

(15)

𝑙𝑛�𝑧�𝑧𝑜𝑤 �∗𝑙𝑛�𝑧�𝑧𝑜𝑒 �

where Lv⁄s is the latent heat of evaporation or sublimation according to which phenomenon is occurring.
With negative latent heat flux sublimation will occur, and with positive fluxes it can be either condensation for positive surface temperatures and deposition for negative surface temperatures. 𝑒 is the vapor
pressure and z0e , the roughness length of the logarithmic boundary layer of the water vapor.

4.2.6 Discharge
The sum of melt and rainfall is converted into discharge using a linear reservoir approach (Baker et al.,
1982), which is based on the non-stationary water budget equation:
dS/dt =R(t) – Q(t)

(16)

where t is time; S, storage, expressed as S = k*Q (linear reservoir, with k, the storage coefficient), and R
and Q are inflow and outflow into an area, respectively. A separate linear reservoir model is set up for
snow, ice and firn areas, specified by different k’s. The computational, integrated version of Eq. (16) is
−𝑡

−𝑡

(17)

𝑄𝑛 = 𝑄𝑛−1 ∗ 𝑒 𝑘 + 𝑅𝑛 − 𝑅𝑛−1 ∗ 𝑒 𝑘

where n denotes the time-step number (in h).
There has some discussion on the choice of the appropriate k-values for the three glacier area types,
snow, ice and firn (e.g. Hock, 1998; Cuffey and Paterson, 2010 ). These studies appear to indicate a rather
low sensitivity of the routed discharge to the choice of k. In the present application, k-values of 300h, 23h
and 900h for snow, ice and firn, respectively, are found to be best from the calibration process.
5 RESULTS AND DISCUSSION
The energy balance model is applied to the subbasin of Artesoncocha for the two periods March to
August, 2004 and March to August, 2005. The first period is used to calibrate the model on measured
measured ablation and accumulation in the glacier and on measured melting discharge, whereas the
second period is used to validate the calibrated model.
5.1 Cumulative mass balance
The cumulative mass balance for the calibration and validation periods are shown in the two panels of
Fig. 2. One can observe that energy model is able to simulate the observed mass balance reasonably well,
especially, in the first (2004) calibration period, whereas in the second (2005) calibration period the
observed mass balance is consistently underestimated above 4900 m.a.s.l and overestimed beneath this altitude. This underestimation probably reflects some inaccuracies in the measured wind speeds during the
period April 23 to July 28. Wind Speed in this period is taken as zero which, in turn, eliminates the turbulent fluxes so that that the transfer of sensible and latent heat between the surface of glacier and the lower
boundary layer is significantly reduced, as will be discussed later.
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Figure 2. Simulated and measured cumulative mass balance as a function of elevation.

5.2 Discharge
The two panels of Fig 3 present the time series of the measured and simulated daily discharge for the
calibration (2004) and the verification (2005) periods, respectively. Obviously the model simulates very
well the months between March and the middle of June in the calibration period, while for the verification
period a good performance is obtained only between March and the middle of May. This visual
impression is also corroborated by the Nash Sutcliffe efficiency coefficients (E) of the model fits to the
data which is 0.72 in the first period, and only 0.63 in the second one. Furthermore, the model shows an
underestimation of the discharge for July in both years which is normally one of the dryest month. The
underestimation of the discharge between the middle of May and the end of July for the 2005 period may
be due to calculated values of 0 for sensible and latent heat between April 23 and July 28.
One of the most important factors which influence the outcome of the simulation is the albedo, as it
determines the net energy (Eq. 2) - via the net radiation (Eq. 3) - available for melting. For the two
simulation periods, high albedo values of 0.9 and 0.92 for snow and of 0.3 and 0.32 for ice, respectively,
and of 0.6 for firn yield the highest E for the fit of the discharge. Since there are some climatic differences
between the first and the last three months of the simulation period, especially, with regard to
precipitation, shorter adjustement intervals for more accurate albedo during the total simulation period
can probably improve the performance of the energy model further.
5.3 Net radiation
Fig. 4 indicates good results of the simulation of net radiation, especially for the second ,2005-verification
period, whereas the low radiation values, occuring during the winter months July and August of year
2004, are underestimated. Despite of the better performance of the simulation of the net radiation for the
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Figure 3. Simulated and measured discharge for calibration year 2004, (left panel) and the validation year 2005.
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Table 2. Mean energy budget terms (Wm-2) and mass balance for the periods of March to August
of 2004 and 2005.
Year
𝑄𝑠 ↓
𝑄𝑠 ↑
𝐿↑
𝑄𝑁
𝑄𝐻
𝑄𝐿
Mass balance
𝐿↓
(m.w.e)
2004
206.18 -160.52 266.43 -303.32 8.767
22.66
-4.825
-464.16
2005
213.17 -176.92 258.85 -282.29 12.81 38.73*
-9.461*
* Average between March and May and at the end of August. Estimation excludes data with wind speeds
close to zero. 𝑄𝑠 denotes shortwave radiation.

6 CONCLUSIONS
The application of the distributed energy balance model of Hock (1998) to the Artesonraju glacier in the
Cordillera Blanca, Peru, turns out to be a suitable tool for simulating discharge and mass balance. The
model is able to simulate the effects of radiation on the glacier’s mass balance in complex topographic areas, as is the case here in the Andean mountains. However, to better account for the variability of the albedo, which is a very influential parameter on the melting process, short-term adjustments of the former
should be taken into account in the model, presently being undertaken by the first author (Lozano, 2015).
The mass balance data presented by the local official authorities such as INRENA and ANA suggests
unbalanced mass conditions, i.e. an effective mass loss for the Artesonraju glacier over the two years
studied (2004 and 2005). The modeled energy budget hints of the important role of the sensible heat in
the melting process during the simulated two-year time period 2004-2005. However, this could also be a
consequence of the presence of the strong El Nino phenomenon during that time period.
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Effect of Sea Level Rise in Gulf of Khambhat, West Coast of India
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ABSTRACT: Sea level change is one of the main factors which cause major impacts along the global
coastlines and it vary widely in the past few decades due to global warming. Global sea level change is
usually caused by melting of land-based ice and thermal expansion, as water warms. As the global warming based sea level rise (SLR) is alarming in ocean waters, it is increasingly important to assess the effect
of the same in all the coastal processes. . In this study, the effects of SLR on the tidal hydrodynamics
along the Gulf of Khambhat, India are investigated. Selected major diurnal and semi-diurnal constituents,
M2, S2, N2, K1, O1 and P1, have been taken up for a detailed investigation through finite-element based
numerical modelling, TELEMAC-2D. The numerical model results of the existing conditions are compared with available literature data and found to be in agreement. Tidal propagation is predicted for the
above mentioned six tidal constituents with and without sea level rise conditions. Three sea level rise scenarios (0.1m, 0.5m and 1m) had been adopted for the study. The amplitudes and velocities of individual
constituents, extracted along a specific stretch of gulf were compared with that of no SLR condition, to
obtain the percentage variations.
Keywords: Tidal constituents, Bottom friction, Gulf of Khambhat, TELEMAC-2D
1 INTRODUCTION
Prediction of characteristics of tide in gulfs, estuaries and bays is one of the most important studies for
any kind of engineering developments. The long term natural process like sea level rise will influence the
tidal characteristics and the effect will be significant in the semi-enclosed basins, like gulfs and estuaries.
Global sea level change is usually caused by melting of land-based ice and thermal expansion-as water
warms. It is estimated that the sea-level for the year 1990-2100 will be rise to 280 to 340 mm (Church &
White, 2006). However, as per NOAA data, the global mean sea level variation is estimated to be order of
3.16±0.4 mm/year. As the global warming based SLR is alarming in ocean waters, it is increasingly important to assess the effect of the same in all the coastal processes. In this study, an attempt is made to understand the effect of SLR on the tidal levels and induced currents, along the Gulf of Khambhat, India.
The existing tidal hydrodynamics are also estimated to assess the percentage difference in the levels and
currents due to the SLR.
Along the west coast of India, the tidal range significantly amplifies when it propagate into Gulf of
Khambhat, to a maximum of about 10m. The dynamics of the entire gulf is varying over the space as well
as time domain. The tidal current velocities reach up to 3 ms-1 in some places along the gulf (Giardino et
al., 2014; Kumar and Kumar, 2010; Kumar et al., 2006, Broos & Wiersema, 1998) and dominantly influenced by M2 and K1 tidal constituents (Unnikrishnan et al. 1999; Unnikrishnan, 2010).
1.1 Study area
A relatively large model domain, covering entire Gulf of Khambhat and part of Arabian Sea, is considered for the numerical model with a size of about 650x750kms (16°N 68°E to 22°N 74°E). The seabed
contours vary from 1m in the head of gulf to 3000m towards Arabian Sea (Fig. 1(a)).The influence of
801
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Prediction of Climate Change Impacts on Groundwater Storage by
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ABSTRACT: The term climate change denotes any long-term and often irreversible changes in weather
conditions occurring on the long time-scale that may range from decades to thousands of years. There are
different factors causing climate change and there have been numerous debates about them in recent decades, however, there is now the unequivocal consensus that its main cause is the increase in anthropogenic greenhouse gases. Climate change has strong impacts on the various components of the hydrological
cycle, like runoff and groundwater resources. The aim of this study is to investigate climate change impacts on the groundwater stored above the discharge level by using groundwater depletion analysis in the
Bar Watershed, Iran. To that avail, two of the GCM-models used in the various analyses of the IPCC,
HADCM3 and CGCM, have been used in conjunction with the LARS- WG downscaling method to project the regional climate in the study regions under different future SRES- emission scenarios. The results
show that for SRES A2 the HADCM3/LARS-WG - predicted mean annual maximum and minimum temperatures will be increased equally by 1.1, 3.2 and 4.6 ◦C and precipitation will be decreased by 16.4, 17.6
and 31.4 % during the projected periods 2010- 2039, 2040- 2069 and 2070- 2099, respectively, when
compared to the past 1970-2010 reference period. In the subsequent step these 21th -century climate projection are used as input drivers in the rainfall- runoff model IHACRAS model to predict the future discharge of the Bar river. Annual future hydrographs are constructed which indicate that, compared to the
1970- 2010 reference period, the Bar river streamflow will be abated by 9, 44 and 66 %, during the projected periods 2010-2039, 2040- 2069 and 2070- 2099, respectively. Finally, using annual hydrograph recession curve analyses, the future climate change impacts on the groundwater reserve above the discharge
level are predicted. The results show that the groundwater storage will drop by 36.9, 52 and 61%, for the
three named projected periods, respectively.
Keywords: Climate change, Recession curve analysis, Groundwater reserve, Bar watershed, Iran
1 INTRODUCTION
Water is indispensable for life, but its availability at a sustainable quality and quantity is threatened by
many factors, of which climate plays a leading role. The Intergovernmental Panel on Climate Change
(IPCC) defines climate as “the average weather in terms of the mean and its variability over a certain
time-span and a certain area”, and a statistically significant variation of the mean state of the climate or of
its variability lasting for decades or longer, is referred to as climate change. Nowadays, evidence is
mounting that we are in a period of climate change brought about by increasing atmospheric concentrations of greenhouse gases, namely, carbon dioxide whose levels have continually increased since the
1950s. The continuation of this phenomenon may significantly alter global and local climate characteristics, including temperature and precipitation. Climate change can have profound effects on the hydrologic
cycle through changes in precipitation, evapotranspiration, soil moisture, etc., all of which intractably
connected to changing, i.e. rising temperatures. Thus, the hydrologic cycle will be intensified, leading to
more evaporation and more precipitation. However, the extra precipitation will be unequally distributed
around the globe and some parts of the world may even see significant reductions in precipitation or major alterations in the timing of wet and dry seasons (IPCC, 2007). Information on the local or regional im809

pacts of climate change on hydrological processes and water resources are thus becoming more and more
important (Kumar, 2012). Observational data and climate predictions provide abundant evidence that
freshwater resources (both surface- and groundwater ) are vulnerable and may be strongly affected by
climate change, with wide-ranging consequences for society and ecosystems (Bates et al., 2008).
The challenges of understanding climate-change effects on groundwater are unprecedented, because
climate change may affect hydrogeological processes and groundwater resources directly and indirectly,
in ways that have not been explored sufficiently (Dettinger and Earman, 2007, Koch, 2008). The IPCC
(2007) stated that a lack of necessary data has made it impossible so far to determine the effects of climate change on the magnitude and direction of groundwater change (Kundzewicz et al., 2007). According to Jorgensen and Yasin al-Tikiriti (2003) the effects of historical climate change on groundwater resources, which once supported irrigation and economic development in parts of the Middle East, is likely
the primary cause of the declining of several cultures there during the Stone Age.
Today, climate change may account for approximately 20% of projected increases in water scarcity
globally (Sophocleous, 2004). As groundwater plays an increasingly important role in regional water supply, there is an urgent need to evaluate and understand climatic variability over the long term to better
manage future groundwater resources, while taking into consideration the increasing stresses on those resources from population growth and industrial, agricultural, and ecological needs (Warner, 2007).
Up to now, most studies of the assessment and prediction of climate change impacts on groundwater
resources are based on recharge estimations under many ensemble of climate projections. In this case,
since, climate change directly impacts the recharge and, indirectly, the groundwater head, the availability
of sufficient piezometers is a prerequisite for carrying out such a research, but in many less developed
countries, widespread measurements of the groundwater levels have not been financially and technically
possible. Therefore, in the present research, a new technique is introduced to assess and predict climate
change impacts on groundwater storage which consists in the use of historical stream flow records, i.e.
data which is usually available for most catchments, even in a developing country like Iran. The other
noteworthy point of this study is that with this approach impacts of climate change on both surface- and
sub-surface hydrology on the watershed scale are investigated. More specifically, hydrograph recession
curves generated for the Bar river, Iran, during the past (observed) reference period 1970- 2010 are compared with those simulated with the rainfall- runoff model IHACRAS driven with future downscaled climate change predictions of the HadCM3- and/or CGCM- global climate models, in order to analyze the
impacts of climate change on the future groundwater storage in that basin.
2 STUDY REGION
The study region is the Bar watershed, located in northeastern Iran, southwest of the Binalood Mountains,
between 36° 27' to 36° 36΄ N latitude and 58° 40΄ to 58° 49΄ E longitude (Fig. 1). The basin covers a surface area of 113.88 km2. Its landform is a typically mountainous landscape with an average elevation of
2226 m above sea level (MSL) and an average slope gradient of 4.2 %.
The climate of the watershed is of continental dry nature, with strong temperature variations between
summer and winter and a mean annual precipitation of 330.4 mm, wherefore 80% of this amount falls in
the fall and winter seasons (Tavasoli et al., 2010).
3 MATERIAL AND METHODS
3.1 GCM-downscaled climate change predictions for the study region
Climate models are numerical tools for studying global, regional or local climate and its variability due to
changing conditions on the Earth. They come in different forms, ranging from simple climate models
(SCMs) of the energy-balance type to Earth-system models of intermediate complexity (EMICs) to comprehensive three-dimensional (atmosphere–ocean) general circulation models or global climate models
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Figure 2. Generic structure of the IHACRES model, showing the conversion rainfall to streamflow.

module which transfers the effective rainfall to stream discharge. Further modules can be added, including one that allows the computation of groundwater recharge. The inclusion of a range of non-linear loss
modules within IHACRES increases its flexibility to evaluate the effects of climate- and/or land use
changes. The linear module routes effective rainfall to a stream through any configuration of stores in
parallel and/or in series. Typically either one store only, representing ephemeral streams, or two in parallel, allowing baseflow as well as quick flow to be represented, are used. Only rarely does a more complex
configuration than this improve the fit to discharge measurements (Jakeman and Hornberger, 1993).
In this study, a 41- year long record of daily rainfall and temperature were imported into the
IHACRES- model wherefore 34 years were used for the calibration and the remainder (7 years) for the
validation of the Bar river streamflow. Finally, the downscaled future climate projections under different
SRES are incorporated into the verified model, to predict future streamflow changes.
3.3 Calculation of groundwater storage from hydrograph recession curves
Recession analysis of the falling limb – often after a major rain event - of the hydrograph of a stream or a
spring that is in hydraulic connection with an aquifer is known as a simple but reliable technique to determine relevant aquifer parameters, namely groundwater storage (Brutsaert and Niebert, 1977; Kresic,
and Stevanovic, 2010). Recession analysis is based on an appropriate mathematical relationship between
spring discharge Q and time t, which then allows to predict the discharge rate after a given period without
precipitation and, so to calculate the volume of discharged water. However, ideal recession conditions require a long period of several months without precipitation that is rare in moderate, humid climates. Consequently, frequent precipitation events can cause various disturbances in the recession curve that may not
be removed unambiguously during the analysis. It is therefore desirable to analyze as many recession
curves from different years as possible. Larger samples then allow for a erivation of an average recession
curve as well as the envelope of the minima which enables a more accurate quantification of the expected
long-term minimum discharge (Tallaksen, 1995).
Two well-known mathematical formulas that describe the discharge for the falling limb of a hydrograph and the base flow (see Fig. 2) are that of Boussinesq (1904)
Q(t )= Q0 / [1 + α (t − t0 ) ]

2

(1)

and that of Maillet (1905) (more commonly used)
Q(t ) =Q0 e −α (t −t0 )

(2)

where t = time since the beginning of the recession for which the flow rate is calculated and t0 = time at
the beginning of the recession, usually (but not necessarily) set equal to zero, for which Q= Q0 [L3/T] and
α [1/T] represents the recession coefficient, which depends on the aquifer’s transmissivity and specific
yield (Szilagyi et al., 1998). On a semilog-diagram the Maillet Eq. defines a straight line with slope α:
log Q
=
t log Q0 − 0.4343 ∗ α ∗ (t − t0 )

(3)

from which α is easily computed (the factor 0.4343 enters when Q is expressed in m3/s and time in days).
Based on the sketch of Fig. 3, the groundwater storage is estimated as:

V =V 1 + V 2 + ...Vn =[Q1 / α1 + Q2 / α 2 + Qn / α n ]

(4)

All annual hydrographs are then inspected to extract suitable recession curves for both the past, reference
period and the future (up to year 2100) period - with hydrographs for the latter being predicted by the
IHACRES model with input from the downscaled climate predictions -. Then, using Eqs. 2 and 4, the annual groundwater storages in the Bar basin are estimated for the whole analysis period 1970-2100.
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Table 2. Comparison of observed and downscaled GCM predictions for the reference period (1970- 2010)
Precipitation

Temperature

SRES/ GCM

PBIAS

MAE

NS

R2

RMSE

PBIAS

MAE

NS

R2

RMSE

-2.3

0.23

-0.32

0.01

4.11

0.78

0.1

0.94

0.82

4.20

B2

9.44

0.83

0.01

0.02

3.56

-0.24

0.33

0.99

0.84

4.04

A2

-0.44

0.35

-0.45

0.09

4.13

-0.51

0.06

0.79

0.73

4.52

A1B

HadCM3
CGCM

Figure 4. Observed and LARS- WG downscaled monthly rainfall, min. and max. temperatures for the reference period.

From Table 2 it is inferred that, whereas the observed temperatures in the reference period are well predicted by the GCM/LARS-WG downscaling combination, as indicated by the high NS, R2 and a low
RMSE, this is not the case for the precipitation. In fact, this shows also in the standard deviations (SD) of
the simulated time series which are underestimated for temperature and overestimated for the rainfall.
This is particularly noticeable from Fig. 4 which shows the observed and simulated variables on a monthly basis. Thus the SDs of the simulated rainfall during the summer months are higher than the rainfall itself, i.e. the summer rainfall is not well predicted. However, as the summer precipitation in the Bar watershed makes up only 2% of the annual sum, this low prediction accuracy of the LARS-WG model for this
season should not significantly affect the streamflow modeling and the subsequent recession analysis.
Based on the results of Table 2, the most extreme SRES- scenario A2 will be used in the subsequent
GCM/LARS-WG predictions of the 21th –century climate and its effect on the groundwater reserves.+
4.3 Predictions of the 21th –century climate
Fig. 5 shows the average monthly 21th- century LARS-WG downscaled predictions of maximum temperature and rainfall with the HadCM3-model under scenario A2 for the three periods 2010-2039, 2040- 2069
and 2070- 2099, relative to those of the 1970-2010 reference period. In agreement with IPCC (2007)
maximum- (and minimum, not shown here) temperatures can be seen to dramatically increase and rainfall
to decrease, namely, in the first six months of future years, whereas at the end of a year, in November and
December, a slight increase of the precipitation is to be anticipated. Our findings are more extreme than
those of Etemadi et al (2012) obtained for southeastern Iran where the receiving precipitation is attributed
to other hydro-meteorological fronts, namely from the Mediterranean and the Persian Gulf, while the major incoming rainfall in the present Bar watershed originates in Siberia.

814

Figure 5. Relative variations - compared with the 1970-2010 reference period - of maximum temperature (left) and rainfall
(right) projected by the HadCM3-model under scenario A2 for the future periods 2010-2039, 2040- 2069 and 20702099.

4.4 IHACRES- streamflow modeling for the 1970-2010 reference period.
Using the climate forcing of the 1970-2010 reference period the Bar river streamflow have been simulated by the IHACRES model, wherefore the daily data of rainfall and temperature and streamflow during
1970-2004 have been used for calibration and the remaining seven years for validation of the model.
From Fig. 6 it is clear that, despite its conceptual simplicity, IHACRES is able to simulate the streamflow
with acceptable accuracy, as coefficients of determination R2 of 0.75 and 0.60 (and corresponding values
for the other statistical measures indicated in Table 1) have been obtained for the calibration- and validation periods, respectively.

Figure 6. IHACRES- calibrated (left) and validated (right) streamflow of the Bar river for the 1970-2010 reference period.

4.5 Streamflow recession analysis and groundwater storage
Employing the GCM/LARS-WG projected climate variables for the periods 2010- 2039, 2040- 2069 and
2070- 2099 in the calibrated IHACRES- model, future Bar- streamflow during these periods has been
predicted. The results are shown in the left panel of Fig. 7, from which one can see that the discharge of
that river will be decreased by 50% in the second half of the 21th - century. Moreover, this reduction is
more pronounced for the peak flows, such that in the period 2070- 2099 , the former will be lower by up
to 1.5 m3/sec. Above all, compared to the baseline period, the volume of the flow will be abated by 9, 44
and 66 % during the aforementioned periods, respectively. As a result, the current stream regime, which
is perennial, will be shifted to intermittent during the future months of July, August, September and October after year 2040. This is clearly a consequence of reduced future rainfall, rising temperature and, more
importantly, an earlier seasonal spring snow melting which nowadays still sustains the river flow during
the dry summer season. These findings are consistent with those of Jamali et al. (2012).
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Figure 7. IHACRES-simulated monthly Bar river streamflow (left panel) and annual recession-computed groundwater storage
(right panel) for the reference- and projected future periods.

Finally, recession curves for the observed and predicted Bar river hydrographs for each year of the 19702099 analysis period have been extracted and, using the Maillet recession model (Eqs. 2-4), the annual
groundwater storages computed. These are shown in the right panel of Fig. 7. A linear regression line has
been fitted to the storage values which, despite a low R2 , has a consistent and statistically significant negative slope (p<0.05) , i.e. a systematic decreasing trend – which is also supported by a Mann-Kendall
trend test (p<0.05) (Hirsch et al., 1982) - of the storage over the whole 21th -century is obtained, so that,
compared with the 1970-2010 reference period, the former is reduced by 37, 52 and 61% for the time periods 2010-2039, 2040- 2069 and 2070- 2099, respectively.
5 CONCLUSIONS
There is a need to evaluate and understand climate variability over the long term to better plan and manage groundwater resources well into the future, while taking into the consideration the increasing stresses
on those resources from population growth and industrial, agricultural, and ecological needs. To that regard, climate change impacts in the Bar watershed, Iran, have been analyzed with downscaled GCM predictions for the region. Using the predicted hydro-climatic variables in the IHACRES watershed model,
past and future Bar streamflow has then been simulated and recession curves of the annual hydrographs
analyzed. From this annual groundwater storages have been predicted. The results show that, unlike the
hydro-climate variables, the groundwater reserves in the basin are – most likely due to a buffering effect
of groundwater (Koch and Markovic, 2007) – less affected by the expected 21th- century climate change
in the region. In conclusion, the present study indicates also that in areas where there is a lack of detailed
groundwater information, recession analysis of streamflow records which are more readily available, is a
viable tool for the assessment of climate change on the groundwater resources.
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Evaluation of Reservoir Sediment Load under Climate Change
F. Yazdandoost & M. Bazmara
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ABSTRACT: Reservoir dams are often under threat from sedimentation initiated and accumulated in the
upstream basin. Reservoir sedimentation reduces the efficiency and the designed expected life of the reservoir while endangering hydroelectric and water supply systems. From a hydrological perspective, sediment load specifically affected by climate change considerations are particularly important at basin scale
studies. Here, the EPM model has been utilized to determine the annual sediment volume in the basin under study for its appropriate responses to climate variations. To assess the effects of climate change the
HadCM3 climate model data have been utilized under the A2 and B2 scenarios sought as most appropriate scenarios for the basin under consideration. The SDSM model has been used next for downscaling and
the results were formatted as input into the EPM model. A series of possible future variations were considered. Available daily precipitation and temperature data for the period 1971-1985 were used for model
calibration and verification of model performance was achieved using the data for the period 1986-2000.
Results indicate a reduction of 13.6 % and 13.8 % in the annual sediment volume for the period 20412055 under the circulation scenarios A2 and B2 respectively compared to the base values for the period
1986-2000.
Keywords: Reservoir sedimentation, Climate change, EPM, HadCM3, SDSM
1 INTRODUCTION
The construction of dams blocks the flow of sediment downstream. Although reservoir sedimentation as a
possible water resource issue can be seen either as a problem of quality or quantity, the scope of this
study focuses on sedimentation quantity. While the rate of sedimentation varies for each reservoir, eventually all reservoirs develop a reduced water storage capacity due to the exchange of storage space for
sediment. Diminished storage capacity results in reduced availability of water for irrigation and decreased
ability to produce hydroelectric power. Furthermore, the high volume of sediment causes abrasion of hydropower equipment and other dam components. Therefore, to make a more accurate economic prediction
for a planned dam, prediction of reservoir sedimentation rate is necessary.
The rate of sedimentation in reservoirs varies with sediment production on the watershed, the rate of
transportation in streams and the proportion of a river's total sediment load captured by dam, known as its
"Trap Efficiency". The rate of erosion and consequent sediment flows are influenced by weather conditions. Based on both the trends in the observed meteorological and hydrological data during the recent
past and on the results of climate models for different greenhouse gas emission scenarios, the general
consensus is that “climate change” will affect weather patterns in significant ways. As an increasing
number of studies have shown, many countries, including Iran, will be affected by climate change
(Zohrabia et al., 2014; Kousari et al., 2013; Ghorbani et al., 2013; Rahmani et al., 2013; Zarghamia et al.,
2011). Therefore, it is expected that climate change will influence the rate of sedimentation in reservoirs.
Climate change impact assessments require data of spatial and temporal resolutions that are not currently available from the output of General Circulation Models (GCMs). According to Hostetler's study
(1994), hydrological models are most realistic at the watershed scale. Conversely, atmospheric models are
primarily concerned with dynamics at the planetary scale. In other words, there is a gap between meso819

scale atmospheric predictor variables and regional scale hydrometeorology. Statistical downscaling methods are utilized to address this issue. These methods have been used in literature to link the outputs of
climate models with the requirements of hydrological impact modelers. As a result, in order to consider
climate change impacts on reservoir sedimentation rate, initially the impact of climate change on meteorological parameters in small scale should be investigated.
Reservoir sedimentation rate depends on the sediment delivery rate to the reservoir and Trap Efficiency. Various empirical models are generated for estimating these two parameters. Choosing the best model
is based on the quality and quantity of available data and validity of results.
Research has been conducted on the influence of climate change on sediment production. Lu et al.
(2013) presented a quantitative estimate of changes in sediment loads in response to climate change in
eight large Chinese rivers. They concluded that over the past decades, precipitation change coupled with
rising temperatures has played a significant role in influencing the sediment delivery dynamics. Mouri et
al. (2013) assessed future changes in suspended sediment yield in Japan. The results indicated that suspended sediment generation will increase by the 2090s. Gomez et al. showed that depending on the climate change scenario, suspended sediment discharge may either decline or increase in Waipaoa River in
the 21st century.
2 MATERIALS AND METHOD
2.1 Study Area and Data used
The Hasanjoun watershed, as a sub-watershed of Taleghan river basin, was selected for the case study.
The case watershed is located in the northwest of Tehran and lies within 50 ̊ 39 ́ to 50 ̊ 47 ́ E longitude and
36° 19 ́ to 36° 12 ́ N latitude. The elevation in the catchment varies from 1780m to 4042m. The main topography of the catchment is mountains and hills, and the elevation decreases from the north to the south.
There is a reservoir dam in the south of the basin which is used for agriculture, municipal supplies and
hydroelectric power generation.
Available weather stations data in Hasanjoun watershed are not fully sufficient for climate change
studies because the short period of observed records. It was therefore necessary to use data from Zidasht
station too, located marginally outside the watershed (Latitude: 36° 13' Longitude: 50° 41').
According to the Ministry of Agriculture of Iran’s report (2001), the Hasanjoun watershed is composed of six completely independent sub-watersheds termed H1, H2, H3, H4, H5, H6 and one internal subwatershed called Hint (Table 1). All watershed creeks join together and form the main channel in Hint subwatershed. Watershed segmentation is based on slope and stream density, and the required accuracy of
the study.
Table 1. characteristics of the hydrologic units
Hydrologic Unit
Average elevation (m)
H1
2628
H2
2965
H3
3157
H4
2896
H5
2427
H6
2367
H – int
2075
Total
2775

Perimeter (km)
7.85
21.50
20.60
21.47
5.75
21.17
28.43
48.04

Area (km2)
3.163
23.53
19.959
19.486
1.868
11.066
14.347
93.418

2.2 General Circulation Model (GCM)
A General Circulation Model (GCM), is a mathematical climate model, first developed by Manabe and
Wetherald (1975), representing physical processes in the atmosphere, ocean, cryosphere, and land surface
based on the Navier–Stokes equations on a rotating sphere with thermodynamic terms for various energy
sources. GCMs depict the climate using a three dimensional grid over the globe, typically having a horizontal resolution of between 250 and 600 km, 10 to 20 vertical layers in the atmosphere and sometimes as
many as 30 layers in the oceans.
HadCM3 model, used in this study, is a GCM developed at the Hadley Centre and described by Gordon et al. (1999). The atmospheric component of the model has 19 levels with a horizontal resolution of
2.5 degrees of latitude by 3.75 degrees of longitude, which produces a global grid of 96×73 grid cells.
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This is equivalent to a surface resolution of about 417 km×278 km at the Equator, reducing to 295
km×278 km at 45 degrees of latitude.
The Intergovernmental Panel on Climate Change (IPCC) has prepared a series of standard scenarios of
greenhouse gas and sulfate aerosol emissions for use in the GCMs. These scenarios are classified in four
storylines named A1, A2, B1and B2, based on different assumptions about social, economic, technological, demographic, and environmental change (Nakicenovic et al., 2000). The A2 and B2 scenarios are
most commonly used emission scenarios in climate change assessment (Hannah, 2010).
2.3 Statistical Downscaling Model (SDSM)
Statistical Downscaling Model (SDSM) is a tool for assessing local climate change impacts. SDSM uses a
multi-regression method to link large-scale climate variables provided by GCMs (predictors) with stationscale climate variables provided by daily meteorological data (predictands). Full technical details, including model validation and usage, are described by Wilby et al. (2002). In summary this model reduces the
task of statistically downscaling daily weather series into seven discrete steps:
1) Quality control and data transformation;
2) Screening of predictor variables;
3) Model calibration;
4) Weather generation (using observed predictors);
5) Statistical analyses;
6) Graphing model output;
7) Scenario generation (using climate model predictors).
2.4 Erosion Potential Method (EPM)
Lack of information for preparing erosion maps for quantitative and qualitative evaluation of sedimentation rates is a major obstacle in the watershed management plans in Iran. Therefore, numerous studies focus on suggesting models that give accurate results for the climatic conditions of Iran. Some of these
studies suggest using the “Erosion Potential Method” (EPM) in regions with limited data (Tangestani,
2006; Amiri and Tabatabaie, 2009; Koupeima et al., 2011).
The EPM model was introduced for the first time by Gaverlovic in River Stream International Conference (1988). Gaverlovic based EPM model on erosion measurements during 40 years in former Yugoslavia. Sediment estimation in this model is based on six factors that depend on surface geology and soils,
topographic features, land use, and climatic factors (including annual precipitation, and average annual
temperature). The coefficient of erosion intensity (Z) is calculated by the following equation:
𝑍 = 𝑌. 𝑋𝑎(𝜓 + 𝐼 0.5 )

(1)

𝑊𝑠𝑝 = 𝑇. 𝐻. 𝜋. 𝑍1.5

(2)

Where, Y is the rock and soil susceptibility coefficient, Xa is the land use coefficient, ψ is the coefficient
value for the observed erosion processes and I is the average land slope in percent(Gavrilovic, 1988).
Erosion severity is classified into five different groups. For instance, Areas with Z>1.0 have “severe erosion” and those with Z< 0.19 have a “very slight erosion”.
Specific Erosion is estimated by the following equation:
where, Wsp is the average annual specific production of sediments (m3/km2/year), H is the height of annual rainfall (mm), Z is the coefficient of erosion and T is the temperature coefficient which is calculated as:
0.5

𝑡

(3)

𝑇 = �10 + 0.1�

where “t” is the average annual temperature (degrees Celsius).
In the EPM model, the amount of sediment delivered to the reservoir is linearly proportional to the
amount of soil eroded. Sediment delivery ratio (Ru) is estimated by the following equation:
𝑅𝑢 =

4(𝑂.𝐷)0.5

(4)

𝐿+10

where, O is the circumference of the watershed (km), D is the difference between medium altitude and
catchment outlet altitude (km) and L is the watershed length (km). Specific Sediment Yield (SSY) is estimated as
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(5)

𝑆𝑆𝑊 = 𝑊𝑆𝑃 . 𝑅𝑢

It should be noted that SSW corresponds to suspended sediment load.
2.5 Trap Efficiency (TE)

Trap Efficiency (TE) is the ratio of sediment retained within the reservoir to the sediment inflow to the
reservoir. The Trap efficiency is formulated as follows:
𝑇𝐸 =

�𝑆𝑖𝑛𝑓𝑙𝑜𝑤 −𝑆𝑜𝑢𝑡𝑓𝑙𝑜𝑤 �
𝑆𝑖𝑛𝑓𝑙𝑜𝑤

=

𝑆𝑠𝑒𝑡𝑡𝑙𝑒𝑑

(6)

𝑆𝑖𝑛𝑓𝑙𝑜𝑤

where Sinflow is the sediment mass entering the reservoir, Soutflow is the sediment mass that flow out of the
reservoir, Ssettled is the sediment mass that settle in the reservoir.
It is very difficult to evaluate the TE in a simple manner because of the many parameters which influence the sedimentation process. As a general approach, empirical formulae are used. These methods simplify the sedimentation process and do not consider some of the affecting factors. Nevertheless these formulae are very useful in studies of reservoir sedimentation. In this study, the method that was described
by Brown has been used. It is widely used to empirically determine the Trap Efficiency. Brown developed a curve that relates TE to capacity-watershed area ratio based on data from 15 reservoirs:
𝑇𝐸 = 100(1 −

1

1+𝐷

𝐶
𝑊

(7)

)

where C is the reservoir storage capacity expressed in acres/feet, W is the catchment area (mile2) and values of D range from 0.046 to 1, with a mean value of 0.1, and they are dependent on the characteristics of
a reservoir. The TE of Taleghan dam reservoir has been estimated 32 percent for the purposes of this time
by using equation 6. It should be noted that this value will change over time due to decrease in reservoir
capacity.
Based on Brown’s curve, climate change will have no effect on TE because it is independent of climate conditions. Consequently, evaluation of climate change effects on this factor is not necessary.
Therefore in order to evaluate the climate change impacts on reservoir sedimentation rate, focus is merely
made, in this study, on sediment delivered to the reservoir.
3 RESULTS
3.1 Downscaling

In order to predict future climate, appropriate predictors should be selected. Parameters given in the table
(2) showed best correlation with daily rainfall and daily temperature data. These parameters have been
derived by using monthly analysis and partial correlation. January 1, 1971 to December 31, 1985 was selected as the calibration period, and January 1, 1986 to December 31, 2001 as the validation period. Observed (or NCEP re–analysis) atmospheric predictor variables was used for calibration and validation. Total monthly precipitations and average monthly temperature have been shown in Figure (1). There is good
agreement between the observed data and the model results in the validation period.
Predictors that were selected in the previous step were used in the next step to downscale the local variables for the future climate. In order to produce ensembles of synthetic daily weather series data supplied
by the HadCM3, driven by the two emission scenarios (A2 and B2) for the prediction period (January 1,
2041 to December 31, 2055) were used. 20 time series of precipitation and temperature for the prediction
period was generated.
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Table 2. Large-scale atmospheric predictor variables used to downscale daily temperature and Predict and
Predictand
Predictors (NCEP re-analysis)
Partial r
Precipitation
Meridional velocity component
0.25
Divergence
0.22
Near surface specific humidity
0.23
Temperature
Mean sea level pressure
0.71
500 hPa geopotential height
0.75
Mean regional temperature at 2 m
0.46
The partial correlation coefficient (r) shows the explanatory power that is specific to each predictor. All are significant at the
p= 0.01 level.

Monthly precipitations (mm)

a)

Average monthly temperature

b)

Figure 1. Validation of downscaled meteorological data. a) Monthly precipitation. b) Average monthly temperature

The average annual rainfall during the period of 1986-2001 is 680 mm and the mean annual temperature
during the same period is 16.4 oC. Based on the A2 and B2 scenarios, the average annual rainfall will decrease to 576mm and 578mm respectively and the average annual temperature during the same period
will increase to 17.1 and 16.9 oC respectively in period 2041-2055.
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Monthly precipitations (mm)

a)

Average monthly temperature

b)

Figure 2. Comparison between1986-2000 observed data and 2041-2055 predicted data. a) Monthly precipitation. b) Average
monthly temperature

3.2 Predicting sedimentation
Parameters required to estimate the coefficient of erosion intensity (Z) has been shown in Table (3). The
coefficient of erosion intensity has been calculated and erosion class has been determined separately for
each sub-watershed. Specific Erosion (W) has been calculated from observed daily temperature and precipitation data in period 1986-2001. Similarly, Specific Erosion has been calculated by using SDSM outputs for the prediction period (2041-2055).
The circumference of the Hasanjoun watershed is equal to 47.4 km, the difference between medium altitude and catchment outlet altitude is equal to 0.87 km and the watershed length is equal to 17.8 km. The
Sediment delivery ratio (Ru) is estimated at 0.93 by using equation4. According to the Ministry of Agriculture of Iran’s report (2001) the ratio of bed-load to total sediment is 0.15, and sediment density is1.3
ton/m3.Table (4) shows the final results of this study.
Table 3. Coefficient erosion intensity and affecting factors
Hydrologic Unit
I
Ψ
Xa
H1
49
0.65
0.60
H2
40
0.67
0.60
H3
45
0.66
0.60
H4
41
0.70
0.60
H5
49
0.66
0.60
H6
31
0.70
0.51
H – int
31
0.75
0.55
TOTAL
39
0.69
0.58

Y
0.82
0.91
0.86
1.17
0.68
0.88
0.90
0.94
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Z
0.66
0.71
0.69
0.94
0.55
0.57
0.65
0.72

Erosion intensity
Moderate
High
Moderate
High
Moderate
Moderate
Moderate
High

Table 4

The calculated erosion and sediment for Hasanjoun watershed by the EPM model
o

average annual temperature ( C)
Temperature coefficient
Annual precipitation (mm)
Specific Erosion (m3/Km2/yr)
Annual erosion (ton/yr)
Suspended sediment (ton/yr)
Total sediment (ton/yr)
Percent of change of total sediment

1986-2000
16.4
1.32
680
1721
209154
194513
223690
---

2041-2055(A2)
17.1
1.35
576
1487
180695
168046
193253
-13.6

2041-2055(B2)
16.9
1.34
578
1483
180317
167695
192850
-13.8

4 CONCLUSION
In this study the rate of Taleghan dam’s reservoir sedimentation under climate change has been investigated. To this end, prediction of the amount of sediment that will be delivered to the reservoir from the
Hasanjoun watershed was focused on.
The daily precipitation and mean daily temperature were downscaled making use of SDSM downscaling model. The SDSM downscaling model has shown a good predictive ability based on the validation of
the results. These climatic data were estimated according to HadCM3 circulation model, and with A2 and
B2 emission scenarios, for the period of 2041-2055. Average annual precipitation during the period of
1986-2001 is 680 mm and for the same period, the average annual temperature is 16.4. The downscaling
results indicated that, Based on the A2 and B2 scenarios, the average annual rainfall will decrease to
576mm and 578mm respectively and the average annual temperature during the same period will increase
to 17.1 and 16.9 oC respectively in the period 2041-2055.
The EPM model has been utilized to determine the annual sediment volume in the watershed under
study for the appropriate responses to climate change. Results indicate a reduction of 13.6 and 13.8 in the
annual sediment volume for the period 2041-2055 under emission scenarios A2 and B2 respectively compared to the base volume for the period 1986-2001.
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Sources of Uncertainty in Climate Impact Modeling at the Example of
a 3D Hydrodynamic Model of the Weser Estuary
A.C. Zorndt

Franzius-Institute for Hydraulic, Estuarine and Coastal Engineering, Hannover, Germany

ABSTRACT: As it takes decades to plan and build new constructions, early planning decisions which
take into account the impact of climate change have to be made under uncertainty. Thus, the explicit investigation of the level of uncertainty in climate impact research is becoming increasingly important. The
work presented here is part of a climate impact research cooperation funded by the German State of Lower Saxony. Its aim is to study the impact of climate change on a regional basis, with a focus on the impact
on hydrodynamic conditions and salinities of the Weser Estuary. The impact model is a 3D baroclinic circulation model. This contribution focuses on sources of uncertainty in the investigation of climate change
impact.
Keywords: Climate change impact, 3D hydrodynamic model, Estuary, Weser, Uncertainty
1 INTRODUCTION
1.1 Motivation
The change in global climate in the 21st century, as predicted by the Intergovernmental Panel on Climate
Change (IPCC), will affect coasts through mean sea level rise (MSLR), changes in the storm surge climate and the river runoff. In order to keep the coastal protection system at the present level of safety, research on the impact of climate change on the coastal systems has become increasingly important. However, today’s knowledge is still limited and the projections are made with a certain amount of uncertainty.
As planning times can be in the order of decades, early planning decisions have to be made despite limitations in the projections, as illustrated by Lowe et al. (2009, see Figure 1).

Figure 1. Decision making with an uncertain future (Lowe et al., 2009).

Thus, the explicit investigation of the level of uncertainty in climate impact research is becoming increasingly important. Some recent impact studies have discussed aspects of this (cmp. Sterl et al., 2009 or
Lewis et al. 2011).
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1.2 Sources of Uncertainty
In the fifth assessment report (AR5) of the IPCC (2013), suggestions are made on how to communicate
the level of confidence on the results in climate modeling or impact studies. Sources of uncertainty are
categorized into scenario uncertainty, model uncertainty, boundary condition uncertainty and uncertainty
caused by natural internal variability.
Natural variability induced uncertainty arises when the reference period does not reflect the whole
variability of the system. In climate modeling, it is also called initial condition uncertainty and is the fluctuation which shows if no radiative forcing is present (IPCC, 2013, p. 138). It is dealt with by using different GCM runs with different initial conditions. An excellent example for an impact study is given by
Sterl et al. (2009) who used 17 GCM initializations to investigate the impact of climate change on high
return intervals for storm surge height under a climate change scenario.
Model uncertainty stems from a model’s limited ability to account for all significant processes in the
investigated system (IPCC, 2013, p. 138). It can be divided into structural and parametric uncertainty.
The first is induced by the model formulations, while the latter is induced by the model parameters. According to the AR5 (IPCC, 2013, p. 750), parametric uncertainty may increase when models are extensively tuned for better representation of certain aspects in the model.
Scenario uncertainty is defined by the IPCC as due to “limited understanding on future emissions” etc
(p. 138). It is dealt with by using commonly agreed scenarios. Since the AR5, those are the representative
concentration pathways (RCPs) which replace the SRES scenarios. An overview on MSLR values for different RCP is presented in Figure 2.

Figure 2. Mean sea level rise [m] and its contributions projected for 2081-2100 relative to 1986-2005, indicating median and
likely values (redrawn after IPCC, 2013, p.1180).

1.3 Application to an estuary impact study
In this study, the categorization suggested by the IPCC (2013) is applied to an impact study in an estuary.
Here, the challenge is that no transient simulations for reference and scenario climate can be carried out.
Instead, the simulations are limited to time slices from the reference period which are repeated under scenario boundary conditions. This approach has been chosen by prior impact studies on the Weser estuary
(i. e. Grabemann et al., 2001). This is firstly due to the numerical limitations of the impact model (long
simulation times for 3D baroclinic processes). Secondly, there is often limited transient information on
the boundary conditions. The time slice approach therefore has a different set-up and experimental design
than a classical climate impact study as for example conducted by Gaslikova et al. (2013). The objective
of this contribution is to investigate uncertainties for a climate impact study using a time slice approach.
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2 BACKGROUND AND METHODS
2.1 Research framework
The purpose of the research is to investigate impacts of climate change on hydrodynamic conditions and
salinities in the Weser estuary, Germany. The work was carried out within the joint project framework of
the KLIFF project funded by the German State of Lower Saxony 1. In Zorndt et al. (2012), short time effects of past and scenario storm surges on the salt distribution are studied. Results and discussions of a
mean sea level rise (MSLR) scenario are described in Zorndt and Schlurmann (2014a, 2014b). The contributions focus on RCP8.5, assuming a continued rise in greenhouse gas emissions. From the range of
likely GMSLR values given for this scenario, the median of 74 cm is chosen.
This contribution builds on the aforementioned articles and focuses on the underlying uncertainties of
the impact modeling approach in regard to the scenario which is described there.
2.2 Study area
The Weser estuary has an area of around 2,000 km2 (Figure 3, right). It is connected to the open ocean via
the shelf sea North Sea (Figure 3, mid). The thalweg has a length of about 120 km. It reaches from the
tidal weir upstream, located in the city of Bremen, up to the German Bight where seawater salinity prevails. The hinterland is low-lying and many inhabitants are living in areas located below the mean tidal
high water. Therefore, a comprehensive coastal protection system with a main dike line of approximately
250 m length is in place today. It protects the hinterland from regular flooding due to storm surges and
river floods from the watersheds.

Figure 3. Study area Weser estuary (right) located at the German North Sea coast (mid).

The Weser has a tidal range of 2.8 m in the outer estuary which increases to a value of 4.2 m at the weir
due to the strong convergence of the estuary. The average runoff from the watershed mounts to 325 m3s-1
with extremes of 74 m3s-1 and 2190 m3s-1 for the years 1990 to 2010.
2.3 Model
To simulate climate change responses of the Weser estuary, a baroclinic circulation modeling tool is applied. The main modeling challenges of the area are the vast proportion of intertidal flats in the outer estuary, which make up a proportion of around 30 % of the model domain, and the contrasting spatial scales
which range between the orders of meters in the upstream harbors and hundreds of meters in the vast tidal
flats. The modeling tool SELFE (Zhang and Baptista, 2008) was chosen which solves the Reynolds averaged Navier-Stokes equations with shallow water assumption and Boussinesq approximation, following a
semi-implicit Eulerian-Lagrangian finite-element approach.
1

KLIFF web presence: www.kliff-niedersachsen.de (last-checked: 2014-06-30). This research is part of work package
TP5.2 which is a part of A-KÜST (FT7)
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The model domain is the area described in Section 2.2. It includes relevant tributaries such as Wümme
and Hamme and the Jade estuary. An unstructured model of the area was developed which contains
191,111 vertices and 372,708 elements. The vertical is discretized with 25 terrain- and solution following
s-layers. The model was calibrated against measurements along the estuary. Different events were used to
validate the model, for example the river flood from 2003 which lead to the maximum runoff of
2190 m3s-1 (Sec. 2.2). A comprehensive assessment considering the Murphy skill score showed that the
model is capable of reproducing measured values with very good model skill.
3 ESTIMATIONS OF UNCERTAINTY
3.1 Time slice approach
As described in Sec. 1, this study is limited to simulations of time slices. This potentially increases natural
variability uncertainty. Here, a simple quantification of the uncertainty due to internal variability in a time
slice approach is presented.
The time slices are chosen in a way to reflect as much of the natural variability of the reference state as
possible. This is done by modeling past events with boundary conditions generated from measurements.
An alternative is to construct synthetic events representing special situations such as long durations of
high or low river runoff which would not occur in nature. This approach allows more detailed analysis of
single scenarios and better control of confounding factors in the boundary conditions. However, the idea
here is to incorporate as much of the natural variability of the system as possible. For this reason, past
events are chosen rather than synthetic events.
The choice is based on an analysis of the present state (Figure 4). The simulations include a period of
average runoff (MQ), a period of a typical summer low (MLQ), two winter river runoff (FL1, FL2) and
two storm events (S1, S2). The latter are chosen to combine more frequently occurring events with events
with higher return values.

Figure 4. Experimental design, simulations carried out for describing the present state.

The following quantification of uncertainty due to internal variability is location-specific and scenariospecific (the underlying scenario of MSLR is described in Zorndt and Schlurmann, 2014a, 2014b).
Reference (REF) and scenario simulations of the MSLR scenario (SC) are carried out. The tides of
both simulated time series are matched and the tidal characteristics (TCs) of each tide and of both reference and scenario are evaluated, as described in Zorndt and Schlurmann (2014b). This leads to a total
number of N TCs for both REF and SC. Differences in the tidal characteristics are calculated leading to N
∆TCs. The following approach is used to calculate averages (∆𝑇𝐶) which are based different numbers of
randomly selected ∆TCs. Both steps are automatically repeated R=10,000 times:
1. An array Ar of N uniformly distributed random integers in the range of 1:N is generated.
2. N ∆𝑇𝐶 are computed based on increasing number of ∆TCs. In the first sample n=1, only the
first entry in Ar is used for the average. In the second sample n=2, the first two entries in Ar are
used and so forth.
This leads to a matrix M with NxR samples of averaged differences of tidal characteristics ∆𝑇𝐶. For each
of the N sets of R ∆𝑇𝐶, the 2.5 and 97.5 % percentiles are calculated (p2.5n, p97.5n). For the Nth set, the average is calculated (mN) and subtracted from all percentile values p2.5n, p97.5n. The results are presented in
Figure 5 at the example of high water (HW) and low water (LW) at the station Rechtenfleth (REC) which
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is located in the inner estuary. The gray areas show the 95% confidence intervals. They can be interpreted
as the uncertainty which remains due to the internal variability.

Figure 5. Uncertainty by internal variability at the examples of tidal high water (HW, a) and tidal low water (LW, b) at the inner estuary station REC. Uncertainty is shown by the 95 % confidence intervals derived from a random averaging
process depending on the number of tides N used to compute averaged differences between scenario and reference.

Results show that the bandwidth of differences between scenario and reference decreases with increasing
number of evaluated tidal characteristics n. If the average is based on only one spring-neap cycle with 28
tides, which is a common practice in tidal environments, the bandwidth in this example amounts to
4.1 cm for tidal high water and 2.1 cm for tidal low water. When more tides are incorporated, the bandwidth decreases. For the total number of N = 224 investigated tides here, it does not reach zero but converges to 1.4 cm for high and 0.7 cm for low water. The same has been tested for other stations and different tidal characteristics of salinity and the same convergence can be observed.
To summarize, the simple randomized averaging process can help to quantify the uncertainty due to internal variability of the system. The simulations chosen for the reference state here reduce the internal
variability uncertainty if compared to an investigation based on only one spring-neap cycle.
3.2 Bathymetry and Roughness
3.2.1 Parametric model uncertainty
In the present state, both roughness and bathymetry are physical values and can be determined from observations. However, in practice there is usually limited knowledge on the real values. Also, both parameters are often used to tune the results in numerical modeling (cf. Zijl et al., 2013). In this case, the scenario may have a different effect due to interactions between bathymetry/roughness tuning and scenario
effects. According to the definition presented in Section 1.2, his would increase parametric model uncertainty. In this study, the bathymetry was very well resolved and only roughness was used as a calibration
parameter.
Roughness is therefore investigated as a source of parametric model uncertainty. This can be done by
testing if the derived differences in tidal characteristics between scenario and reference are the same under different roughness distributions. To derive alternative roughness distributions, the roughness length
z0 in the area between 50 and 100 km from tidal weir was increased by +0.1 mm (R1), +0.2 mm (R2) and
-0.1 mm (R3) relative to the final model roughness distribution (R0).
The results are depicted in Figure 6 and underline that the differences ∆TC between the sets of simulations (R0 – R3) are small compared to the absolute differences. Due to the small sample size of four sets
of simulations, no confidence interval can be calculated. The ranges between highest and lowest differences are therefore considered as a rough estimate of the uncertainty. They are location-dependant as can
be seen in Figure 6. Maxima are 2 cm for HW and 1 cm for LW.
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Figure 6. Changes in tidal characteristics along the main river channel for different model roughness distributions for the
MSLR scenario.

3.2.2 Boundary condition uncertainty
Another source of uncertainty lies in neglected physical processes. One relevant neglected process in this
study is morphodynamic change. The outer estuary is a highly dynamic area with tidal currents being the
main driver of the long-term morphologic changes (Kösters and Winter, 2014). Also, those changes go
along with altered sedimentation patterns and thus different physical roughness. To neglect those processes increases structural model uncertainty. However, as long-term morphodynamic modeling of domains
of this size is still a challenge, incorporating those processes was not considered meaningful in this context of this study. Alternatively, morphodynamic changes can be considered as additional scenarios (cf.
Grabemann et al., 2004). However, it is difficult to determine meaningful scenarios with changed bathymetry or roughness to which a confidence can be assigned. Therefore, the influence of a simple roughness distribution change is tested here upon its influence on the scenario impact. This is here regarded as
an aspect of boundary condition uncertainty. Due to the complex set-up, alternative bathymetries are not
tested.
The test is conducted in analogy to the assessment of roughness as a source of parametric model uncertainty in Section 3.2.1. This is done by testing if the derived differences in tidal characteristics between
scenario simulations with roughness values R0, R1, R2 and R3 and the reference simulation with roughness R0 are the same. Again, the ranges between highest and lowest differences are considered as an estimate of the uncertainty. The maximum differences are 6 cm for HW and 9 cm for LW.
4 DISCUSSION OF NON QUANTIFIED SOURCES UNCERTAINTY
4.1 Climate change impact in adjacent systems
As mentioned earlier, the challenge in impact studies in estuaries is that climate change impacts indirectly
by influencing neighboring systems. This is problematic as the impact study highly depends on impact
studies in the adjacent systems. In case of the Weser, those are the North Sea and the watersheds. Studies
in those systems may inherit different degrees of uncertainty which are passed on to the impact model via
the derived boundary conditions of the scenario.
In case of the Weser estuary, a comprehensive literature study on possible impacts showed that the
main driver of climate change is the mean sea level rise. Changes of storm climate or runoff play a less
important role (see Zorndt and Schlurmann, 2014a). The MSLR value which is used (see Sec. 1.2) can be
assigned a “medium confidence” for RCP8.5 (IPCC, 2013) on the global scale. As discussed in Zorndt
and Schlurmann (2014b), the confidence in the scenario decreases when the GMSLR is superposed as a
constant on the boundary condition of the Weser. This is because the GMSLR will not be distributed
evenly on the globe and because it may lead to changing tidal dynamics (TDs) in the North Sea. This can
be regarded as scenario uncertainty if the SLR at the North Sea boundary is considered the “scenario” but
also as boundary condition uncertainty if the IPCC definition is strictly adopted.
Simulations with a North Sea tidal model were carried out in this framework to assess in which way
the GMSLR might deform the tides in the German Bight. Results and discussions are presented in Zorndt
and Schlurmann (2014a). The conclusion is that accounting for TD changes in the German Bight boundary conditions of the Weser model may inherit an equal amount of uncertainty as not doing it. A quantification of this uncertainty is an important topic and has not been addressed yet.
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4.2 Sea water salinity
Similar to roughness, salinity may be a source of both parametric model and boundary condition uncertainty. The salinity at the open boundary in the German Bight is set to a constant value of 31.6 psu. This
value is based on salinity stations close to the boundary and ferry box data from ferries regularly passing
the open boundary. This is a simplification as factors such as the Weser runoff, the Elbe runoff plume and
meteorological events influence the salinity.
5 SUMMARY
This contribution focuses on sources of uncertainty in a climate impact study of an estuary. There are two
main challenges in such impact studies. First, only time slices can be considered in many cases due to
limited transient boundary conditions and numerical capacity. Secondly, the main driver of climate impact is often not the meteorological changes but impacts in adjacent systems. Those are important differences to classical climate impact studies and may increase the uncertainty linked to the projections. Nevertheless, projections are necessary as politicians and decision makers plan ahead for preparing for future
challenges and therefore need regional assessments of climate impact. To enhance the reliability of impact studies, this contribution aims toward a more comprehensive assessment of sources of uncertainty in
impact studies.
At the example of the Weser estuary, a climate impact study was conducted (focusing on hydrodynamic conditions and salinity). Uncertainty due to model parameters, structural limitations of the model,
boundary conditions, the scenario uncertainty and internal variability were discussed.
A way for quantifying uncertainty due to internal variability was suggested. It is specific to the chosen
scenario and the simulations chosen to represent the current state. The boundary condition and parametric
model uncertainty due to roughness were tested by comparing the outcomes of different combinations of
several roughness distributions. The results show that the uncertainty due to roughness as a model parameter is very small. The uncertainty due to internal variability is in the same magnitude as the uncertainty
due to roughness as a boundary condition. Summing up all maximum bandwidths of the three investigated sources of uncertainty leads to values well below 10 cm for the impact of a MSLR scenario (RCP8.5,
74 cm) on the change of tidal high water. This is small compared to the likely range of MSLR in RCP8.5
(52 cm – 98 cm).
Despite the limited number of aspects which are quantified, the analysis shows that the uncertainty
which stems from the impact model and the chosen parameters in this study may be negligible. The uncertainty due to internal variability (How well is the reference state represented in the simulations?) is
more important and should be considered more explicitly in the future. The highest uncertainty still lies in
the boundary conditions which mainly depend on impacts from adjacent systems. Future challenges are to
improve our understanding of MSLR impact on the North Sea and to investigate impacts of MSLR on
morphology in the German Bight.
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ABSTRACT: The ecosystem in an estuary is governed by the physical, chemical and finally biological
processes. The rate of water exchanges as well between the estuary and the river as between the estuary
and the coastal sea controls causally the chemical and biological processes within the area. One relevant
parameter combining the physical, chemical and biological processes is the residence time (Ɵ).
While the mayor focus is on the tidal influenced area, this study estimates the residence time in the Elbe
River from Schmilka toward the mouth near Cuxhaven by the means of numerical modelling. In the estuary two different numerical models are used and compared. The influence of the horizontal diffusion is
analyzed, based on the permutation of parameters and numerical solutions.
In rivers the discharge itself is the main transport process, which influence Ɵ. However, in estuaries the
processes that transport one parcel of water depends on several lower-frequency residual flows, e.g. river
flows, baroclinic currents or wind driven currents. Ultimately, the transport regime is dominated by tidal
flows .
Keywords: Residence Time, Tracer Concentrations, Numerical Modelling, Elbe River, Elbe Estuary
1 INTRODUCTION
The ecosystem in an estuary is governed by the physical, chemical and finally biological processes. The
rate of water exchange between the river and the coastal sea controls mainly the chemical and biological
processes within the area. One helpful parameter combining the physical, chemical and biological processes is the residence time (Ɵ). Ɵ can be defined as the related time that one body of water remains in
the defined section of the river. This sections might be the estuary, one section of the main branch, assorted side branches, etc.. Several studies use the residence time to assess the nutrient exports and imports
and to estimate primary production (e.g. Lucas et al. 1999, Dettmann, 2001, Hein et al. 2013a). Summarizing, the studies demonstrate the importance of this parameter in defining biological timescales.
In general three parameters are defined in the context of ecological time scales in estuaries: Age, Ɵ and
flushing time. The first one is commonly defined as the time one water parcel travels to one specific location within one section of the estuary after entering the section through one of its boundaries. This follows
that different locations within the section can have different ages. Residence time is how long the water
parcel will remain within this region before exiting it from one of its boundaries. If the source of the water parcel is the lateral boundary Ɵ can also called transit time. Flushing time is defined as the time required reducing the concentration of tracer inside one specific section of the estuary (Zimmerman, 1976).
These different parameters are related to the fact that the ways of the water parcel additional to the advection controlled by dispersion processes.
The Elbe River is one of the largest rivers in Europe O(1000 km), the tidal influence in the estuary
reaches O(150 km) inward from the center of the German Bight to the weir in Geesthacht. The focus of
the study is concentrated on the tidal influenced area of the Elbe River. The hydrological regime of the
Elbe estuary is dominated by tides, mainly by the M2 tide and their overtides. The residence time in the
Elbe River between Schmilka and the mouth near Cuxhaven is estimated by the means of modelling studies and partly compared with measurements of tracer distributions.
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use of a virtual tracer, which can be calculated by solving the advection-diffusion equation. Because, they
are mass-conservative, Eulerian solutions are state of the art in this context.

∂C
= P − D − v ⋅ ∇C − A ⋅ ∇ 2C
∂t

(1)

Equation (1) shows the advection-diffusion equation which was solved in this study. Here c, t, P, D, v, A
are the concentration, the time, the source, the sinks, the velocities and the Diffusion coefficient.
The time variable concentration of the tracer Ct is zero at the start of the numerical model. The tracer
concentration is set to at the upper boundary. Hence, P becomes positive. The first interesting point in
time is when Ct1 > Cmin. Cmin is defined as the mean standard deviation of tracer concentration during one
tidal cycle or inside one day in the riverine sections. The third important time is when Ct2 falls again below Cmin. The residence time Ɵ can simply be calculated by Ɵ = t2-t1. For the calculation of the two scales
(tidal and non-tidal) in the estuary the tracer concentration are low-pass filtered on the time scale.
A second method is the estimation of Ɵ without tracer, but with integrating the current-field (Hein,
2013b).

θ (t ) =

t

∫L

a

/ vt

(2)

t − rt

Here, La is the length-scale, defined by the expansion of the section of interest. In our study La ≈ O(50)
km, defined roughly by the extension of the port of Hamburg. The velocity vt is the mean velocity. Additionally Ɵ is calculated with vt reduced with one standard deviation, representing the 0.68 confidence interval of the velocity field.
4 BENEATH THE NUMERICAL RESOLUTION
Dispersion of any passive or active suspended substances in coastal waters is one of the most challenging
in hydrodynamic modelling. Coastal or estuarine topographic structures build a complex system on a
wide spectrum of length scales. It is impractical to resolve all these scales in the numerical resolved grid,
because there is always a minimum limit of the grid size. This or the use of inadequate numerical solutions leads to artificial diffusion. The state of the art method to avoid such nastiness is the use of a least
second order eulerian solutions for the transport part of equation (1).
For this study we used both, the first order upwind scheme and the Lax-Wendroff scheme (Lax and
Wendroff, 1960); last is combined with a total variation diminishing (TVG) limiter function. As there is
no general optimum TVG function and various limiters have different characteristics. The theoretical deductions for the limiter functions can be found in Waterson and Deconinck (1995), van Leer (1979) and
Roe (1986). The combined advection schemes using the TVD function found by van Leer (1979) are
compared with the upwind advection scheme. In HYDRAX/QSim the transport-equation is solved by the
QUICKEST scheme (Leonard, 1979).
However, in complex topographies one important decisive step for successful modelling is to determinate the limit between the numerically resolved and unresolved scales. In modern hydrodynamic models
horizontal sub-grid scale transports follows an eddy viscosity concept, expressed by a stochastic model,
commonly that by Smagorinsky (1963). This allows estimating the sub-grid exchange rate which bases on
the characteristic length scale of the numerical unresolved scales. The Smagorinsky Subgrid Model
(SSM) is based mainly on the relevance of momentum dissipation as motivated by the elasticity theory.
An introduction into the elasticity theory applied to dislocation is given by Hull and Bacon (1984). Robust numerical schemes for the computation of the SSM use two continuity terms and one bi-directional
shear-term (Hein, 2008).
In general, the SSM assume that the topographic length scale is the same as the grid-size, but in complex geometries this may cause ineffective use of the computable resources. Therefore, in this study additional an implementation of a meso-scale topographic model (MSTM) is done. This allows to resolve the
hydrodynamic numerically on a coarse fixed and therefore scale-conform and effective grid and the consideration of typical mesoscale topographic features like sand dunes, dams or goyes. The meso-scale information is used to improve the length-scale concept of the SSM in form of a topographic scaling factor
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Figure 3. Spreading of the numerical tracer in one section of the Elbe estuary at km 605 and km 645. Black: HAMSOM, grey,
dashed: HYDRAX/QSIM.

5.3 Comparison of different numerical methods
The influence of the numerical scheme is tested by perturbation, which is shown in figure 4. Imaged are
the concentration at km 645, the tidal signal is filtered out in the same manner than in Figure 2. Three
model runs from HAMSOM are compared: The first order upwind scheme, the TVD Scheme and the
TVD Scheme including physical diffusion. The physical diffusion is estimated by equation (3) with cs (cs
= 0.2). The difference of the three runs is that they are different in the magnitude of diffusion. The upwind scheme is most diffusive, because of the inherent numerical diffusion. From the TVD Scheme it is
known that there is almost no numerical diffusion, which is added in the third run by the use of the estimations of A with the SSM (equation (3)).
With higher diffusions the magnitude of the concentration increases (Figure 4a). This result seems intuitively difficult to explain. However, on explanation might be that higher diffusivity the tidal variation
decreases stronger with time (Figure 4b). Vice versa considered this follows that the dispersion effects of
the tidal movements are more important for the extension of Ɵ.

Figure 4. Spreading of the numerical tracer in the Elbe estuary at km 645. a) Tides filtered out. b) tidal signal only. Black,
lines: Lax-Wenddroff; grey, dashed: Lax-Wenddroff + SSM; black, dotted: Upwind.
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Figure 5. Time series of Ɵ, calculated by equation (2).

Dispersion can be differentiated from diffusion that it is caused by irregular flow patterns and it is assumed to be a macroscopic phenomenon. In contrast diffusion is more a microscopic phenomenon caused
by random motions beneath the resolved scale. The complicated geometry in the Port of Hamburg causes
the strong irregular Eulerian velocity field. Side channels and a vast number of harbor basins "randomizing" (Zimmermann, 1986) the velocity field. Zimmermann (1986) calls this a "Lagrangian chaos" and addressed that its parameterization in a dispersion coefficient is far from clear.
5.4 Alternative method to calculate Ɵ
The second method to estimate Ɵ, is to calculate the value of Ɵ without a tracer, but with the integration
of the current-field (equation 2). This method has the advantage that it is computable efficient and the
changes in time of Ɵ can be calculated. Figure 5 shows the estimated Ɵ during the years 2006 and 2007.
The residence time is estimated in the range between O(20 days) and O(40 days). Ɵ undergoes a strong
seasonal cycle, with increased residence times during the summer season. In the Elbe River during summer the discharges are less than during winter. The results indicate one reasonable cause the variations of
the oxygen budget in the port of Hamburg.
6 CONCLUSION & OUTLOOK
In brief, it has been found that the residence time changes significantly in magnitude and structure in the
tidal influenced area. It can be concluded, that the main transport processes in the estuary are far more related to dispersion processes than to the mean advection processes. In contrast, mean advection is the
main process in the riverine part of main rivers (Deng et al., 2010). Ɵ depends on both temporal and spatial scales. In terms of the spatial scale, the distribution of Ɵ is channel-size dependent (Deng et al.,
2010), together with the tidal dispersion effects this explains the changes in the estuary.
In the Elbe Estuary Ɵ is a mutable of Ɵ in the riverine part and additionally diffusion processes become important, both ensure certain consequences for the tracer simulations: Numerical schemes with rather low artificial diffusion are appropriate, as well as the eddy diffusion tensor must be estimated by subgrid schemes. However, Ɵ depends in the same way in both, the riverine and the estuarine part of the Elbe
River, on river discharges.
Future work is mainly the validation of the results with observations; particularly the observations of
conductivity in the Elbe estuary may help to find reasonable parameterizations of the Smagorinski constant (cs). Second, the calculation of Ɵ without tracer should be done by the use of distributions which are
more representative for the current field than the normal distribution can represent the distribution of the
currents.
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NOTATION
Ɵ
C
SSM
MSTM
TVG
A
cs

Residence time
Treacer concentration
Smagorinsky subgrid model
Meso-scale topographic model
Total variation diminishing limiter function
Horizontal diffusion coefficient
Smagorinsky constant
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ABSTRACT: Theoretical relationships between the one-dimensional distributed transient storage solute
transport model (TS, Bencala and Walters, 1983; Runkel and Chapra, 1993) and the lumped, aggregated
dead zone model (ADZ, Beer and Young, 1983; Young and Wallis, 1993; Camacho and González, 2008)
were obtained. The moment matching technique proposed by Lees et al., (2000), based on the theoretical
temporal moments developed by Schmid (2002, 2003), was applied. These relationships allow ADZ
model parameters to be reliably derived from TS model parameters and vice versa. They were extended to
describe the dispersive fraction in terms of the physical-based model parameters and to analyze its behavior as a function of discharge. Assuring the equivalence between ADZ and TS model parameters a close
representation of advection, dispersion and biochemical processes in rivers and streams under both
frameworks is demonstrated in this work.
Keywords: Solute Transport, Water Quality Modeling, Data Based Mechanistic, Aggregated Dead Zone
Model
1 INTRODUCTION
Data based mechanistic, DBM, environmental models able to accurately reproduce input-output behavior
of natural and man-made systems are still required in practical water quantity and quality real-time control applications, due to their low computational cost and high efficiency. DBM models are also efficient
and sufficient accurate tools to be used as the basis of complex decision support systems for the integrated
management of water resources at the catchment scale.
According to Young and Garnier (2006), the best known transfer function derived using a DBM approach for solute transport and longitudinal dispersion in streams, is the Aggregated Dead Zone, ADZ,
model introduced by Beer and Young (1983). The lumped ADZ framework, represented by an ordinary
differential equation (Young and Wallis, 1993; Lees et al., 1998), allows effective and efficient use of
powerful methods of system identification, parameter estimation and uncertainty analysis to be carried
out. An additional advantage relies on the ADZ measurable and observable parameters using data of field
tracer experiments, and therefore its underlying potential application to indirectly estimating the spaceaverage parameters of physically-based frameworks as those derived from the advection-dispersion equation, ADE, (e.g. transient storage model TS, Bencala and Walters, 1983; Runkel and Chapra, 1993).
In this work, the relationships between ADZ and TS model parameters obtained by Lees et al., (2000)
are revisited to include the TS temporal moments deduced by Schmid (2000, 2003) and verified by
Veling (2005). Though this study does not address the current model theory inconsistency to represent
observed constant skewness over time (Nordin and Troutman, 1980; Schmid, 2002; González-Pinzón et
al., 2013), it covers some issues of the dispersive fraction´s physical meaning and its dependence on dead
zone transport mechanisms. In addition, it is demonstrated that both modeling frameworks closely reproduce reactive behavior if conservative transport equivalence is guaranteed.
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1.1 Solute transport models
1.1.1 Transient storage TS model
The TS model was introduced by Bencala and Walters (1983) to physically describe long concentration
tails observed at breakthrough curves observed from tracer studies in streams. Under steady flow conditions and considering a non-conservative solute with first order decay reaction, the model equations are
given by:
∂c
∂t

∂c
∂ 2c
−u + E 2 + α ( cs − c ) − k1c
∂x
∂x

(1)

dcs
A
= α ( c − cs ) − k2 cs
dt
As

(2)

where, c [ML-3] is the downstream solute concentration in the main channel; t [T] is time; x [L] is the
reach length; u [LT-1] is the mean velocity in the main channel; A [L2] is the cross-sectional area of the
main channel; E [L2T-1] is the longitudinal dispersion coefficient; cs [ML-3] is the solute concentration in
the storage zone; α [T-1] is the mass-exchange coefficient between the main channel and the storage zone;
As [L2] is the cross-sectional area of the storage zone; and k1 and k2 [T-1] are the first order decay rates of
the main channel and the storage zone, respectively. The mean velocity u is given by the ratio between
the stream discharge Q [L3T-1] and the cross-sectional area A. This model requires the definition of
boundary conditions at the entrance and exit of the reach as well as initial conditions at each calculation
cell for performing the numerical solution of the differential equations.
1.1.2 Aggregated Dead Zone ADZ model
After Young and Wallis (1993) and Lees et al. (1998), the continuous form of ADZ model, considering
steady flow conditions and first order decay reaction is given by:
dc 1
cin ( t − τ ) e − kτ − c  − kc
=
dt Tr

(3)

where, cin [ML-3] is the solute concentration boundary condition at the input or upstream location; τ [T] is
the time delay describing solute advection due to the bulk flow movement; Tr [T] is the ADZ residence
time at the dead zone representing the component of the overall reach travel time associated with dispersion; and k [T-1] is the first order decay rate.
The residence time Tr is the ratio between the active mixing volume V [L3] (where dispersion mechanisms take place) and the stream discharge Q. The mean travel time 𝑡̅ is defined as the time taken while
the solute undergoes pure advection, followed by dispersion in the active mixing volume. It is expressed
too as the ratio between the overall reach volume Va and the discharge Q,
=
t n (Tr + τ )

(4)

where n represents the number of identical ADZ elements serially connected. Conceptually, the ADZ
model consist of a linear channel with time delay nτ followed by n completely mixed cells in series with
identical residence time Tr.
The most representative parameter of the ADZ model is known as the dispersive fraction DF and it
represents the fraction from the overall reach volume that is completely mixed, or the overall time fraction in which the solute is dispersed:
DF =

V nTr
nτ
=
= 1−
Va
t
t

(5)

Results reported by Wallis et al. (1989), Young and Wallis (1993) and Camacho (2000) suggest that
the dispersive fraction is constant under broad discharge intervals in alluvial streams. Also, Camacho and
Lees (2000) show that DF can be estimated from field hydraulic data and velocity profiles, through the
physical relationship of transport parameters 𝑡̅ and nτ with the mean velocity u and the maximum velocity
umax, respectively, and reach length,
DF = 1 −

u

(6)

umax
846

If the terms containing TS model parameters, which reflect storage zone effects, are neglected (i.e.,
𝜀=T=0), temporal moment equations for the ADE model are obtained. These expressions only depend on
the parameters u and E and the distance x (Nordin and Troutman, 1980),
t (=
x ) t ( 0) +

x
u

(12)

x E
u u2

σ t2 ( x=
) σ t2 ( 0 ) + 2 ⋅

(13)

x E2
g ( x ) = g ( 0 ) + 12 ⋅ 4
u u

(14)

Following Lees et al. (2000), ADZ model parameters could be estimated according to,
Tr =
n=

τ=

1  g ( x ) − g ( 0) 


2  σ t2 ( x ) − σ t2 ( 0 ) 

(15)

σ t2 ( x ) − σ t2 ( 0 )

(16)

Tr2

t
− Tr
n

(17)

Beyond the parameter estimation from one modelling framework to another, one practical use of the
equations obtained above, is the study of the physical meaning of the lumped model parameters. Combining Eq. (5) and Eq. (7) with Eq.(17), the following relationship for the dispersive fraction can be derived,
2

E
2

ε ⋅ T + 2 (1 + ε ) 

4
u


DF =
3

E
E
2 
(1 + ε ) ε ⋅ T 2 + 2 2 (1 + ε ) ε ⋅ T + 2 (1 + ε )  
u
u




(18)

When the mass-exchange coefficient between the main channel and the storage zone α acquires a value
near to zero (i.e. T→∞), the DF is defined by,
4 ε 
DF = 

3  1+ ε 

(19)

This is equivalent to say that the trapped solute in the storage zone takes much time leaving it and the
concentration tail of the downstream breakthrough curve becomes longer. Eq. (19) indicates that, under
the outlined conditions, DF is exclusively a function of the ratio between the cross-sectional area of the
storage zone and the cross-sectional area of the main channel. As it will be shown later, when α decreases, the DF variation as a function of stream discharge is less evident, until reaching a limit value given by
Eq. (19). This result can partially explain experimental results about a constant dispersive fraction value
under broad discharge intervals.
Otherwise, it is possible to demonstrate that when the cross-sectional area of the storage zone is negligible (i.e. As→0), or the α coefficient is larger (α→ ∞), DF acquires a constant value equal to 2/3, without any dependence on the channel geometry. Both conditions described above are equivalent to applying
the ADE model. With DF constant and equal to 2/3, the expressions to obtain ADE model parameter as a
function of ADZ model parameters become:
u = x tADZ

(20)

2 u⋅x
9 n

(21)

E=

According to the expressions presented above, to obtain ADE model parameters, it is necessary to set 𝑡̅
and n as ADZ model calibration parameters with DF fixed and equal to 2/3. These relationships were ap848

(k k )ε 
λ
cin λ1eλ1L
cin λ2 eλ2 L
u  +
4E ⋅ k ' 
;
;
=
=
B
A
k '  2 1 +=
1 k1 ; 1
=
1 1 +

λ2 2 E  −
λ2 eλ2 L − λ1eλ1L
λ1eλ1L − λ2 eλ2 L
u 2 
 (1 + k2T ) 
c Aeλ1x + Beλ2 x
=

It is worth noting that when the first order decay rate at the storage zone is equal to zero, this zone does
not have any effect on the solute concentration at the main channel and the steady-state solutions become
equal to the ADE model solutions.
3.3.2 ADZ modeling framework
The general solution for mixed-flow steady-state condition under the ADZ modeling framework, considering n ADZ elements in series, is given by:
c=

e − k ⋅n⋅τ

( kTr + 1)

n

cin

Solving for well-mixed conditions, DF = 1 (pure dispersion) which means that 𝜏 = 0, the corresponding
solution is given by:
c=

cin
kTr + 1

Under plug-flow conditions, DF = 0 (pure advection) and 𝜏 = 𝑡̅, the following expression is obtained:

c = cin e− k t

3.4 Discussion
Comparison between non-conservative TS and ADZ model responses using mathematical relationships
between model parameters, show that both frameworks are able to generate the same results. It is possible
to conclude that the k parameter has the same physical and mathematical meaning for both modeling
frameworks. This verification suggest that a reliable application of complex processes (reaeration, oxidation, hydrolysis, sorption, volatilization, settling, etc.) based on the ADZ modeling framework is possible.
These approaches will produce similar responses to mechanistic formulations derived from the traditional
advection-dispersion equation if conservative solute transport parameters equivalence is guaranteed.
Nash-Sutcliffe efficiency coefficients R2 found for non-conservative responses under both frameworks
range from 0.9961 to 0.9999, with mean value of 0.9993 for the 75 simulated cases. Also, it was observed
that the n values monotonically increase with reach length. Furthermore, it was found for the 75 synthetic
cases that the corresponding equations produce practically the same results applying the solutions of
mixed-flow under both modeling frameworks with equivalent conservative transport parameters.
From the theoretical relationships found between ADZ and TS models parameters, using synthetic data
from the five studied channels for non-conservative solute transport models comparison, curves relating
the DF as a function of discharge and α were constructed and are shown in Figure 4. According to Figure
4 (left), the DF is not modified drastically with discharge (maximum change in the order of 0.15 for
channel 3 in a range from 10 to 400 m3/s). It is observed that while the discharge increases, DF’s rate of
change decreases. It is worth noting that channels 3 and 4 show the greatest change with discharge and
have the steepest longitudinal slope. Channels 1, 2 and 5, with slopes similar to those of alluvial rivers,
show the lowest DF variation. Figure 4 (right) was constructed with data obtained from channel 3 to show
the change of DF with different values of the α parameter. It is shown that while α decreases, the DF
curve becomes flatter, until it reaches a constant and discharge-independent value, as it has been observed
in natural channels. This constant value is given by Eq. (19). The results shown in Figure 4 are valid if it
is supposed that the ratio between the cross-sectional area of the main channel and the cross-sectional area of the storage zone ε is constant over time. The latter must be experimentally investigated because it is
not a necessarily a practical condition. If ε is variable with stream flow, the measured constant values for
DF possibly respond to interdependence between the water body hydrodynamics and the transport mechanisms in the storage zone.
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ABSTRACT: Effects of a fishing ground newly constructed on a filled sea caldron in order to improve
the environment of fishing grounds are numerically investigated in terms of the possibility for selfformation of seaweed beds. Tidal current simulations before and after filling up a caldron are firstly carried out by use of a multi-level density flow model. Then, Sargassum horneri being selected as a target
species, the germlings released from the natural Sargassum bed are tracked based on the tidal current
simulations by use of an Euler-Lagrangian transport model. From the results, the flow velocity get fast at
the filled area after construction of fishing ground, and the germling particles cover approximately 60%
of the filled area by three years under neglecting the survival ratio of germlings. Thus it is concluded that
Sargassum bed would expand naturally on the filled area from year to year.
Keywords: Sargassum bed, Sea caldron, Tidal current simulation, Multi-level density flow model,
Germling particles tracking, Euler-Lagrangian transport model
1 INTRODUCTION
The Seto Inland Sea is a representative semi-enclosed coastal sea in Japan, and consists of several basins
which are connected by narrow channels or straits. Around channels or straits, there are many sea caldrons resulting from submarine erosion by tidal currents. In some of them, the accumulation of marine
sediments worsen the environment of fishing grounds. For example, fishing activities such as the fixed
net fishing may become difficult, and bottom water often becomes oxygen-deficient during summer when
thermocline is dominant.
On the other hand, coastal area of the Seto Inland Sea is one of the most industrial areas in Japan. In
the 1960s and early 1970s, land reclamation was intensively implemented to build many facilities for
heavy industry. Consequently, more than half of the marine forest or seaweed bed that existed in the early
1960s has been lost (Takeoka, 2002). However, seaweed beds have high primary production capability
and play a vital role in the aquatic ecosystems (Okuda, 2008). Thus it is very important to conserve seaweed beds.
One of the measures to improve such the environment is to construct seaweed bed by filling up the
caldrons. In the present study, to assess a seaweed bed newly constructed on a filled caldron, tidal current
is firstly numerically estimated using a multi-level density flow model. Then the possibility for the selfformation of seaweed beds (Sargassum beds) on the filled area is examined based on the estimated reach
of the germlings which are released from the natural Sargassum bed and transported by the estimated tidal current, using the germling particles tracking method.
2 NUMERICAL MODELS
A multi-level density flow model and an Euler-Lagrangian transport model (Fujihara et al., 1997; Nakata
et al., 2000) are employed for tidal current simulation and germling particles tracking, respectively.
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2.1 Tidal current simulation
The multi-level density flow model consists of the momentum equation with f-plane and hydrostatic approximations, the continuity equation, the equation of free surface, the diffusion equations of water temperature and salinity, and the Knudsen's equation of state.
∂u
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1
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where u is the horizontally two-dimensional current vector, w the vertical current velocity, T the water
temperature, Cl the salinity, ρ the water density, g the gravity acceleration, f the Coriolis parameter, η the
free surface elevation from the mean sea level (positive upward), H the bottom depth from the mean sea
level, ∇h the horizontal differential operation, vh and vv the horizontal and vertical kinematic eddy viscosity coefficients, respectively, KTh and KTv the horizontal and vertical turbulent diffusion coefficients of water temperature, respectively, Kch and Kcv the horizontal and vertical turbulent diffusion coefficients of salinity, respectively, and k the unit vector (positive upward). The shear stress at the bottom is expressed as
∂u
(8)
=γ2 u u
νv
∂z z = − H
where γ 2 is the bottom friction coefficient.
These equations are discretized by the finite difference method on the staggered grids. In the discretization, the explicit time-marching scheme is employed for unsteady terms, the second-order upwind
scheme for convection terms, and the central difference for diffusion terms.

2.2 Germling particles tracking
The Euler-Lagrangian transport model tracks particles of seaweed germlings which are transported in the
flow fields computed by the above-mentioned flow model. The governing equations are as follows:
dX
=V
(9)
dt
(10)
X (0) = X 0
X (n + 1)* =
X (n) + F (n)∆t
(11)
F (n) + F (n + 1) *
X (n + 1) = X (n) +
∆t
(12)
2
F (n) = V (n) + {(V (n) ⋅∇ )V (n)} ∆t
(13)
where X is the position vector, V the velocity vector in which settling velocity of germlings is taken into
consideration, ∇ the differential operation, ∆t the time increment; * denotes the temporary value at the
time level, and n the time level. The initial value problem described in Eqs. (8) and (9) is solved using the
two-step Runge-Kutta method described in Eqs. (10)-(12).
3 STUDY AREA AND COMPUTATIONAL CONDITIONS
The study area is located in the Seto Inland Sea, Japan, and the area with contour of water depth is shown
in Figure 1. In the dotted frame, there is a sea caldron whose original maximum water depth is 27 m. An
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4 RESULTS
4.1 Change of tidal current
Computed flow fields during four cases at 1 m deep before and after filling the caldron are shown through
Figure 2 to 5.
As shown in Figure 2, the main flow direction is south-east at the flood tide. Difference of the flow velocities between two flow fields is found at the central part of the strait and the filled area. While the maximum flow velocity at the filled area before construction becomes approximately 53 cm/s, after construction becomes approximately 64 cm/s. Figure 3 shows that the main flow direction is north-west at the ebb
tide. Difference of the flow fields is clearly found at the filled area; the maximum flow velocities at the
filled area before and after construction are approximately 66 cm/s and 72 cm/s, respectively. In Figure 4
and 5, flow is very slow because of the slack water. Differences of before and after flow fields are thus
invisible.
Island

Island

50 cm/s
40 cm/s
30 cm/s
20 cm/s
10 cm/s

50 cm/s
40 cm/s
30 cm/s
20 cm/s
10 cm/s

Land

Land

Figure 2. Computed flow fields before (left) and after (right) filling at maximum flood velocity (Case 1).

50 cm/s
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30 cm/s
20 cm/s
10 cm/s
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40 cm/s
30 cm/s
20 cm/s
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Figure 3. Computed flow fields before (left) and after (right) filling at maximum flood velocity (Case 2).
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Figure 4. Computed flow fields before (left) and after (right) filling at low tide (Case 3).
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Scour Characteristics Downstream of In-Stream River Restoration
Structures: Log and J-Hook Vanes Comparison
S. Pagliara, S.M. Kurdistani & L.S. Hassanabadi
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ABSTRACT: River and stream restoration structure’s design features has been an active field of research
for hydraulic engineers. Generally, these low-environmental impact structures minimize the impact on
natural contexts in needless of frequent human interventions during the operation and are used for
riverbank protection, river grade controlling and improving the aquatic habitat. The main objective of this
paper aims to compare scour downstream of two different low-head control structures; Log-Vane and JHook vane. The analysis contains the results of laboratory experiments conducted at the PITLAB hydraulic laboratory of University of Pisa and a detailed comparison of scour hole characteristics, highlighting
similitudes and differences in the respective ranges of application. All tests have been done in clear water
conditions using uniform sand as channel bed material.
Keywords: Log-Vane, J-Hook, Hydraulic Structures, River Restoration, River Grade-Control, Scour
1 INTRODUCTION
River restoration projects aim to increase ecosystem goods and services, and ideally convert damaged
freshwater systems into sustainable ones whilst protecting downstream and coastal ecosystems (Palmer et
al. 2005). In-stream grade-control structures like J-Hook Vanes and Log-Vanes, as single-arm submerged
structures, are used to stabilize the riverbed and riverbank protection. In the presence of these types of instream structures, secondary flow leads to scour pools. Jansen et al. 1979, Odgaard and Spoljaric 1986,
Odgaard and Mosconi 1987 and Odgaard and Wang 1991 gave major contributions on submerged vanes
hydraulic. In the scientific literature, there are few comprehensive studies on scour downstream of instream grade-control structures. The classical literature on local scour includes important researches like
Schoklitsch (1932), Veronese (1937), Hassan and Narayanan (1985), Farhoudi and Smith (1985), Mason
and Arumugam (1985), Bormann and Julien (1991), Whittaker and Jaggi (1996), Robinson et al. (1998)
and Dey and Sarkar (2006a and b, 2008).
There are few contributions focused on scour downstream of grade-control structures. Shields et al.
(1995) to investigate the effects of stone grade-control structures on fish migration have done a field
measurement study in north-west Mississippi. Rosgen (2001) presented design details of a series of instream structures including J-Hook Vane and Log-Vane. Bhuiyan et al. (2007) compared the scour development downstream of W-weirs with the previous study's results. Scurlock et al. (2011, 2012a and b)
conducted experimental study on different types of in-stream structures including Cross-Vane and Wweir. Pagliara and Kurdistani (2013) and Pagliara et al. (2013) analyzed the scour geometry in straight
rivers downstream of Cross-Vane and J-Hook Vane structures respectively. Recently Pagliara et al.
(2014) studied scour hole characteristics and morphology downstream of rock W-weir in clear water condition. The main purpose of this study is to compare the scour geometry and pattern downstream of LogVane and J-Hook Vane structures in horizontal straight channels.
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ABSTRACT: The reliability of the Large Scale Particle Image Velocimetry (LSPIV) methodology to
measure 2D surface velocity fields in a vegetated low land stream is assessed. To this end, LSPIV measurements are compared with flow velocities obtained with an electronic current meter (ECM). The measurements were performed monthly, during one seasonal cycle at four different locations, allowing the
evaluation of the LSPIV measurements in relation to increasing vegetation cover. Overall, the agreement
observed between the mean velocities obtained with ECM and LSPIV is very good for the winter and
spring season. Discrepancies arise in the summer with high biomass and high heterogeneity of the flow
patterns. The seasonal average frequency of reliable LSPIV measurements is high; i.e. 97, 95 and 78 % in
winter, spring and summer respectively. The results prove that LSPIV is an inexpensive methodology,
which provides high resolution and reliable data to study flow field distribution in vegetated rivers.
Keywords: Image techniques, Large-scale particle image velocimetry, Validation, Field application, Vegetated river, Flow patterns
1 INTRODUCTION
In-stream vegetation occurrence controls river ecosystem functioning (Carollo, Ferro et al. 2002). Aquatic
plants or macrophytes are the dominant factor determining the hydraulic capacity and ecological status of
low-land rivers (Nikora, Larned et al. 2008; Sukhodolov and Sukhodolova 2010). Macrophytes development is governed by dynamic interactions with the environment, the so called- scale-dependent feedbacks. Several experimental studies have demonstrated the existence of a dynamic interaction between
flow patterns and plant growth for many ecosystems. For instance, (Schoelynck, de Groote et al. 2012)
showed that the dependent feedback processes between macrophytes growth and environmental conditions also occur in fresh water river ecosystems and suggest plant -flow interactions as the main feedback
mechanism of macrophytes growth control.
Nowadays numerical models are a useful tool to capture and understand the dynamics of heterogeneity
resulting from plant-flow interactions (Green 2005). The heterogeneity of plant flow interaction shows
that 1D modelling has a fundamental restriction for accurate modelling spatial heterogeneity and 2D numerical models are necessary. However, to obtain realistic prediction the results obtained from the numerical models need to be calibrated and validated with field data from different flow and vegetation conditions. Historically, conventional techniques (e.g., ECM, ADV) have been extensively developed to obtain
reliable hydraulic measurements. For instance, the electromagnetic current meter (ECM) is recommended
for flow velocity measurements in vegetated low land rivers, providing reliable measurements with an accuracy up to 0.5 %, with a range of measurements between 0.0 and 2.5 m/s (De Doncker, Troch et al.
2008). However, gathering of such amount of information with classical point measurements system is
prohibitive in terms of efforts and cost (Baptist, Babovic et al. 2007).
This paper proposes the application of Large Scale Particle Image Velocimetry (LSPIV) to obtain
readily a high resolution data of surface flow velocity fields in a vegetated low land river. However, to the
best knowledge of the authors the reliability of LSPIV to obtain surface velocity fields in vegetated river
ecosystems has not been tested.
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velocity vector is obtained in each interrogation area of 12 x 12 cm, whilst, the ECM calculates the
mean velocity corresponding with the cylinder of 2 cm diameter and 1cm height.
- Measurement depth; LSPIV provide measurements of the free surface water and ECM rom some
centimetres (5-10 cm) beneath the water surface.
In general, the capacity of LSPIV shows several advantages compared with ECM. For instance, LSPIV
measures the full magnitude of the velocities regardless the flow direction, which is an advantage to provide high spatial resolution data of the complex flow patterns. However, during the summer season it is
not possible to obtain LSPIV reliable data in the areas where the density of floating vegetation is too high
to allow the seeding particles follow the water motion.
4 CONCLUSION
The results presented here show that LSPIV can be used as a time-cost effective technique that provides
results with very high spatial resolution at ecosystem scale. As such, the LSPIV technique can contribute
with a great amount of detailed data to gain new insight in developing flow velocity in vegetated rivers.
Based on the achieved insight, further research is needed to provide a deeper analysis into LSPIV uncertainty in vegetated rivers to perform reliable measurements.
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ABSTRACT: Eutrophication in lakes and reservoirs plays a key role in aquatic environments and water
quality management by affecting oxygen and nutrient cycles, especially in very deep and large impoundments. Prediction of eutrophication will give valuable information to water resources planners on how to
control and limit the most effective factors causing eutrophic conditions in reservoirs. The complex biochemical processes of eutrophication, as well as the complex hydro- thermodynamic mechanisms of
thermal stratification as the most important factors determining eutrophication can only be evaluated by
extensive numerical modeling. In this study the 3D hydrodynamic model ELCOM, coupled with a dynamic ecosystem model CAEDYM is used to simulate the oxygen and nutrient cycles, i.e. the eutrophication processes in a future planned deep reservoir in southwest Iran (Abolabbas reservoir). The effects of
three scenarios for normal and drought conditions on the reservoir eutrophication are numerically investigated. The first scenario mimics normal operation conditions, and the other two the reservoir's performance during drought periods. The life, metabolism and settling- re-suspension cycles for two groups of
phytoplankton (cyanobacteria and chlorophytes) as the most important biochemical factors causing eutrophication, as well as the nitrogen-phosphorous-carbon and dissolved oxygen cycles within the water
column are simulated. For the analysis of the eutrophication Vollenwieder’s model and the TSI- index are
employed. The numerical simulations show that under normal conditions the reservoir will stay in an oligotrophic state. In contrast, for the drought scenarios, besides a general lowering of the water quality indices, the eutrophic conditions decrease to a mesotrophic-eutrophic or even to a full eutrophic state. The
reservoir then suffers from severe oxygen depletion, especially in the hypolimnion. The simulations indicate also that phosphorus in the reservoir's inflow is the eutrophication-limiting factor in all scenarios.
The sensitivity analysis of some parameters determining the fate of the nutrients and the oxygen cycle in
the model demonstrates that the wind drag coefficient, the light intensity and the sediment-oxygen exchange exhibit the highest sensitivities, which means that these parameters should be well known to have
model confidence.
Keywords: Eutrophication, Numerical model, ELCOM, CAEDYM, Abolabbas reservoir, Iran
1 INTRODUCTION
Eutrophication, occurring by primary and secondary production as a result of increased nutrient levels,
namely, nitrogen and phosphorus (Vollenweider, 1975), is a serious problem in many lakes and reservoirs, as it threats the aquatic environment and water quality of the latter (Chin, 2013) such that the water
clarity is decreased due to excessive growth of plants, the oxygen content is depleted in bottom layers, especially in deep reservoirs, and the pH is increased which may lead to a subsequent increase of the toxicity of certain chemical compounds present in the water body (USEPA, 1986). Eutrophication is a natural
process occurring frequently in natural lakes; however, since reservoirs accumulate water from a larger
upstream watershed with human activities, they receive more nutrients and sediment loads and, consequently, experience more extensive eutrophication than natural lakes (Kennedy et al., 1985; Smith et al.,
1999). The resulting growth of summer algal blooms may then impact the reservoirs ecosystem and water
quality (WHO, 2004). Eutrophication, together with a large depth of the water column in a reservoir add
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then to the summer stratification by reducing the atmospheric oxygen adsorption in the deep layers of the
hypolimnion, leading eventually to dead-zones there.

Figure 1. Study area with location of the Abolabbas dam, Iran, and the model mesh with bottom bathymetry (in m).

Consequently, prior to commencing the construction or even the designing of a dam, it is imperative that
possible eutrophication phenomena in the water column and their effects on the water quality as well as
the future impacts of the dam on the ecosystem be studied (Zamani et al., 2012). Otherwise, any changes
to the dam structure after completion would be infeasible, due to technical difficulties and/or possible
negative impacts on the financial budget (Marce et al., 2010).
In this study the hydrodynamics, temperature, dissolved oxygen and eutrophication state in the Abolabbas proposed dam reservoir in southwest Iran (Khuzestan Province) are investigated. The reservoir
stratification and the mixing processes, as well as the phosphorus- and oxygen cycles are simulated to
predict the performance of the reservoir under normal and drought forcing conditions. To that avail the
3D- Estuary, Lake and Costal Ocean Model (ELCOM), coupled to the Computational Aquatic Ecosystem
Dynamic Model (CAEDYM) (Hodges and Dallimore, 2010; Hipsey et al., 2006), are employed.
2 MATERIALS AND METHODS
2.1 Location of the study region
The Abolabbas dam is planned to be a concrete arch dam on the same river northeast of Bagh-Malek
town in Khuzestan province, southwest Iran. This river joins another river, further downstream and eventually flows into the Persian Gulf (Fig.1). The Abolabbas dam is the upstream member of a proposed 2dam system, projected to supply the downstream irrigation needs, the urban water supply of Bagh-Malek
town, and for hydroelectric use. The selected dam site is located in a section of the river with no considerable water withdrawal or any other type of waste water release at its upstream section. The reservoir will
have a capacity of 75×106 m3 and its upstream catchment area is 155.6 km2. The latter is located in a
completely natural and pristine environment with no known point pollution sources. This fact will be further used for the specification of the pollutant loads in the low-flow (drought) simulation scenarios presented in Section 3.
2.2 Data
All relevant hydrodynamic and water quality data used in models pertains to year 2007. More specifically, the water quality data has been collected on a monthly basis during that year at 5 sections of the river
of which one is at the proposed dam-site and the other at the assumed inlet of the reservoir. Hourly meteorological data were collected from the two nearest Iranian Meteorological Organization stations, Baghmalek, 1 km southwest of, and Izeh, 30 km north of the dam-site. Hydrological data includes daily river
flow series of 2007 and as well as a 40 years long monthly flow series. The average annual flow is 3.39
m3s-1, but it is seasonally highly variable.
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2.3 Model description and approach
ELCOM is a 3D- hydrodynamic flow and transport model for simulating, temporal variations of flow
temperatures and densities in thermally (density) stratified lakes and reservoirs with environmental forcing (inflows, winds, radiation) by numerically solving the Reynolds-averaged Navier-Stokes (RANS)
equation for flow and a scalar transport equation for temperature (or solutes) under the Boussinesq approximation (neglecting non-hydrostatic pressure terms, except in the buoyancy terms) (Cassuli and
Cheng, 1992; Hodges and Dallimore, 2010).
CAEDYM is an aquatic ecological model which includes comprehensive process representation of the
C, N, P, Si and DO cycles, several size classes of inorganic suspended solids, and phytoplankton dynamics with numerous optional biological and other state variables configurations that can resolve species or
group specific ecological interactions (Hipsey et al., 2006). For this research, the configuration is set to
simulate the two groups of phytoplankton (freshwater cyanobacteria and chlorophytes), nutrients, oxygen,
two groups of suspended solids and 14 groups of geochemical components. For the simulation of the sediment and benthic exchanges, the diagenesis sub-model is activated.
Since there is no experimental in-lake data for the planned Abolabbas reservoir yet available, according to Hamilton and Schladow (1997) one should rely in the first phase of such a study on literature values and /or on laboratory or site specific values. Thus, the model has been calibrated based on
generic parameters obtained from studies in regions with a similar limnological category (e.g. Hamilton
and Schladow, 1997; Romero et al., 2004; Marce et al., 2010) including those from other nearby Iranian
studies, however with other models (e.g. Mahab, 2005; 2007).
2.4 Eutrophication analysis
Nitrogen (N) and phosphorus (P) as the primary nutrients causing eutrophication are the main controllable
nutrients (Chapra, 1997). Although P is often known as the eutrophication limiting nutrient, the N:P ratio
is used to identify the former. An N:P ratio more than 7.2 indicates P as the limiting nutrient (Chapra,
1997). The total N and P input loads into the Abolabbas reservoir are 16898 kg/yr and 929 kg/yr, respectively, which, obviously, means that P is the limiting nutrient in the reservoir.
For eutrophication analysis, two of the most common trophic state identification models, TSI (trophic
state index) (Chin, 2013) and that of Vollenweider (1975) are used in this study.
In lakes that are P-limited the TSI is usually assessed by the water transparency as measured by a Secchi disk (Carlson, 1977) and is directly related with total phosphorus (TP) and the concentration of Chlorophyll (Chla). Using correlations between Chla, TP and Secchi depth, TSI is estimated by eq. 1.
TSI=4.14+14.43*ln(TP)

(1)

Table 2 shows the categorization of the trophic state of a lake, according to its TSI index. Vollenweider’s
eutrophication model also suggests that in P-limited systems the trophic state is correlated with TP. Table
3 indicates the trophic state classification according to Vollenweider’s model.
Table 2. Trophic state classification of lakes according to TSI (Chin, 2013).
<40
45-60
>60
35-45
TSI range
Eutrophic
Hypertropic
Trophic state Oligotrophic Mesotrophic
Table 3. Trophic state classification on total phosphorus concentration by Vollenweider’s model (Chapra, 1997).
Variable
Total Phosphorus (μg L-1)

Oligotrophic
<10

Mesotrophic
10 – 20

Eutrophic
>20

Hypolimnion oxygen (% saturation)

>80

10 – 80

<10

3 RESULTS AND DISCUSSION
3.1 Simulation scenarios
Three different scenarios are simulated: 1) A full reservoir with two open irrigation and power outlets,
two outlets in the dam wall, i.e. a hydropower outlet at 1090 m and an irrigation outlet at 1055 m above
sea level (masl), corresponding to 63m and 95m below the normal operating level, respectively (coded as
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FULRES), 2) a full reservoir with low flow (FULWF), mimicking the beginning of drought conditions,
the latter being represented by the minimum inflow series, as computed from the long-term river flow data, and 3) minimum reservoir with low flow (MINLWF ), which is a more extreme case than to 2), but assuming the reservoir is at its minimum operating level when the drought condition starts.
3.2 Full reservoir (FULRES)-scenario
This full reservoir scenario (FULRES) serves as the reference, as it describes normal conditions prevailing in a reservoir. As such, its simulation results, shown in Fig.2 and Fig.3, namely, the panel of the
monthly temperature (T) in a vertical water column of the reservoir, provides some fundamental information on the general limnological behavior of a reservoir. In fact, temperature is the key parameter in
aquatic ecosystems and, especially, in understanding the eutrophication proces (Ji, 2008). First of all, the
thermal state of the reservoir determines the density stratification and, in consequence, the presence or absence of overturn processes in the reservoir, which in turn, are direct indicators of its eutrophic state. For
the summer which is the season with the strongest temperature stratification of the reservoir, Fig. 2 indicates that T decreases from a high 30 oC at its surface to a low 15 oC at its bottom.
The T-panel of Fig.3 then shows that the main overturn process inside the reservoir starts at the end of
December, and is dithering away in the middle of April, when stratification starts with the rising air temperatures, reaching its peak time in July/August, when the air temperature in the study region climbs to
45ºC. Depending on the month of the year, the range of depths of the thermocline is between 18 and 48
m, and a maximum temperature difference of nearly 20ºC is observed between epilimnion and hypolimnion during the summer months.
During the named stratification period, the hourly wind speeds average 3.4 ms-1 and rarely exceed 7.5
-1
ms . A further assessment of the computational results showed that the wind-induced turbulence mixing
creates some local and temporary mixings in the stratified epilimnion. However, due to the high temperature (up to 45°C) in the region during that summer period, the strong thermal stratification overcomes the
mechanical mixing of the wind-driven layers. In addition, since the wind speed on the water surface is often less than 3.8 ms-1, as well as due to the relatively small area of the reservoir, the effects of the wind on
the generation of microscale braking waves (Peirson and Banner, 2012) were neglected on the surface algae.
Regarding the other three panels of Fig. 3, they show the corresponding simulation results for the dissolved oxygen (DO) and total P(TP) in a water column for the different months of the year and, finally,
the TP-distribution along the vertical longitudinal cross-section of the reservoir. With a simulated P- concentration of 5 μg L-1, Vollenweider’s model (Table 2) indicates an oligotrophic reservoir which is also
corroborated by the TSI = 30 (Table 1) calculated from Eq. (1).
The monthly changes of the three variables T, DO and TP in Fig. 3 show clearly the evolution of the
stratification process. Thus during the peak of the stratification period (August), the thermocline isolate
the hypolimnion from the layers above causing a turn of the hypolimnetic from hypoxia to anoxia with a
depletion of DO, so that the hypolimnion starts to consume phosphorus from the sediments (Chapra,
1997). However, this P-release is not large enough to impact the trophic state of the reservoir.

Figure 2. Temperatures along the longitudinal cross section of the reservoir during the summer stratification period.
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and Beer-Lambert laws (Cole, 1983; Hodges, 2010), the intensity of the light weakens exponentially
through the water column, so that the bottom layers of the reservoir will be more affected by any changes
of light availability than the surface layers. On the other hand, Table 4 indicates that the bottom drag coefficient CD has only a very low sensitivity.
In the group of the chemical/biological parameters mutual high sensitivities for changes of the static
sediment exchange rate rSOs and of the half-saturation constant for sediment oxygen fluxes KSOs can be
seen in the hypolimnion, since both constants pertain to the benthic layer of water, the one immediately
above the bottom sediments (Hipsey et al., 2010).
Finally, the model shows some sensitivity to the phosphorus-related parameters, i.e. the half-saturation
constant for phosphorus Kp and, less so, the maximum rate of the phosphorus uptake UPmax for the two
simulated types of phytoplankton, namely, chlorophytes and cyanobacteria, where for UPmax the sensitivity of the latter is higher than of the former to determine the eutrophication process.
In conclusion of the sensitivity analysis, it can be stated that the parameters describing light and sediment oxygen demand are the most sensitive ones and the bottom drag coefficient is the least sensitive
one. A rather high sensitivity is obtained for the half-saturation constant for phosphorus.
Based on these results one may say that the simulation results of the coupled ELCOM/CAEDYMmodel for the proposed Abolabbas reservoir can be accepted with some confidence, if the named sensitive
parameters of the model are reasonably well known and/or measured properly.
Table 4. Results of the sensitivity analysis for different parameters (see text for meaning).
Parameter
Cwind
η
I
CD
KSOs
rSOs
KP
UPmax

Specification

Assigned value x0

Range of change Δx

Cyanobacteria
Chlorophytes
Cyanobacteria
Chlorophytes

0.013
0.3
0.45
0.055
5
0.3
0.008
0.005
0.1
0.3

0.008-0.018
0.1-0.9
0.2-0.9
0.025-0.075
2 --7
0.1-0.5
0.004-0.016
0.0025-0.01
0.025-0.5
0.06-1.5

Sensitivity(%)

2.8
1.9
1.3
0.9
1.3
4.4
1.8
1.8
1.4
0.8

5 CONCLUSIONS
In this study, the simulations for the Abolabbas reservoir by means of the coupled ELCOM/CAEDYM
model have been carried out with three different operational withdrawal strategies for a particular year.
These have been simulated by varying the forcing conditions for the reservoir operating levels, outlet levels, either open or closed, and different planned inflow/outflows.
The results show the typical “warm monomictic” limnological classification of the reservoir. This is
confirmed by both types of lakes categorization, as proposed by Hutchinson and Löffler (1956) and Löffler (2004) for which the probability of occurrences of eutrophic conditions is high.
In the first scenario of a full reservoir with normal inflow, no particular problem with eutrophication
and dissolved oxygen occurs, so that the reservoir maintains an oligotrophic state. During the stratification peak period some phosphorus release from the sediments occurs, but, which does not have a particular effect on the eutrophic state of the reservoir. Thus, the full reservoir stays oligotrophic during the entire simulation period, with a TSI-index equal to 30.
The analyses of the reservoir for two drought conditions show that the phosphorus is released frim sediments, owing to the development of anoxic layers in the hypolimnion. This phosphorus release becomes
more intense with increasing drought intensity. The reservoir’s eutrophic state changes to mesotrophic
and, eventually, to eutrophic conditions, as indicated by a rise of the TSI-index from 42 to up to 66 which
categorizes the reservoir to be in an oligotrophic-to-eutrophic state.
The sensitivity analysis of the model shows an acceptable level of uncertainty of the simulation output
(TP-concentration) and provides hints which model parameters require careful identification and should
be known well for a reliable prediction in future applications to the completed reservoir. This is the case
for the wind drag coefficient and the bottom sediment exchange rate which have high sensitivities.

877

REFERENCES
Carlson, R.E., 1977. A trophic index for lakes. Limnology and Oceanography, 22, 361-369.
Chapra, S.C., 1980. Application of the phosphorus loading concept to the Great lakes. In: phosphorus management strategies
for lakes, R. C. Loher et al., eds., Ann Abor Science, Ann Abor, MI.
Chapra, S. C., 1997. Surface water quality modeling. McGraw-Hill, New York, NY.
Chin, David A., 2013, Water quality engineering in natural systems, John Wiley & Sons Inc., Hoboken, NJ.
Cole, G.A. 1983. Textbook of Limnology, 3rd Ed. C.V. Mosby Company, USA.
Hamilton, D.P. and Schladow, S.G., 1996. Prediction of water quality in lakes and reservoirs. Part I – Model description. Ecological Modeling, 96, 91-110.
Hipsey, M.R., Romero, J.R., Antenucci, J.J. and Hamilton, D., 2006. Computational Aquatic Ecosystem Dynamics Model:
CAEDYM v3.2 Science Manual. Centre for Water Research, University of Western Australia.
Hodges,B.R. and Dallimore, C., 2010., Estuary, Lake and Coastal Ocean Model: ELCOM v2.2 User Manual, Centre for Water
Research, University of Western Australia, WA.
Hutchinson, G.E. and Löffler. H., 1956. The thermal classification of lakes. Proceedings of the National Academy of Sciences,
42, 84–6.
Ji., Z.-G., 2008. Hydrodynamics and water quality: modeling rivers, lakes, and estuaries, John Wiley & Sons, New York, NY
Kennedy, R.H., Thornton, K.W., and Ford, D.E., 1985. Characterization of the reservoir ecosystem, in Microbial processes in
reservoirs. D. Gunnison, ed., Junk Publishing, Boston, MA, pp. 27-38.
Löffler, H.,. 2004. The origin of lake basins. In: O’Sullivan, P.E., Reynolds, C.S., (editors), The lakes handbook, Vol.1, 2nd
Ed. Blackwell Publishing, Oxford, UK., pp. 8-60.
Mahab, Cons. Eng., 2005. Early studies of Abolabbas reservoir, Water resources and water quality report. Technical report (in
Persian).
Mahab, Cons. Eng., 2007. Stratification and eutrophication studies of Sazbon reservoir. Technical report (in Persian).
Marce, R., Moreno-Ostos,E., Garcı´a-Barcina, J.,M. and Armengol, J., 2010. Tailoring dam structures to water quality predictions in new reservoir projects: Assisting decision-making using numerical modeling. Journal of Environmental Management, 91, 1255–1267.
Peirson W.L. and Banner M.L., 2003, Aqueous surface layer flows induced by microsale baking waves. J. Fluid Mech., 479,
1–38.
Romero, J.R., Antenucci J.P. and Imberger, J., 2004. One- and three-dimensional biochemical simulations of two differing reservoirs. Ecological Modelling, 174, 143-160.
Smith VH, Tilman G.D. and Nekola JC., 1999. Eutrophication: impacts of excess nutrient inputs of freshwater, marine, and
terrestrial ecosystems. Environmental Pollution, 100, 179–96.
USEPA, 1986. Quality criteria for water. Office of water regulations and standards, Washington D.C. 20460.
Vollenweider, R.A., 1975. Input output models with special reference to the phosphorus loading concept in limnology.
Schweiz. Z. Hydrol., 37, 53-84.
Wanninkhof, R., 1992. Relationship between windspeed and gas exchange over the ocean. J. Geophys. Res. (Oceans) 97,
7373-7382.
World Health Organization, WHO, 2004. Chapter 10, Accessibility Aspects in Guidelines for Drinking-water Quality. Third
Edition Vol. 1, 218. World Health Organization, Geneva.
Zamani, B., 2012. Water Quality Modeling in Dam Reservoirs (Abolabbas Reservoir). MSc thesis. University of Tabriz.
Zamani, B., Fakheri-Fard, A. and A., Morid, 2012, A. Three-dimensional hydrodynamic modeling of a future reservoir to
adapt to face global warming effect. The first international conference on dams and hydropower (ICDHP), Iran, Tehran,
2012.

878

Integrated Modeling of Hydro-Systems

879

880

ICHE 2014, Hamburg - Lehfeldt & Kopmann (eds) - © 2014 Bundesanstalt für Wasserbau ISBN 978-3-939230-32-8

Cooling Water Discharge Impacts to an Ephemeral Stream: a Heat
Transport Modeling Study
A. Elçi

Dokuz Eylül University, Department of Environmental Engineering, Izmir, Turkey

Ş. Elçi

Izmir Institute of Technology, Department of Civil Engineering, Izmir, Turkey

H. Boyacıoğlu

Dokuz Eylül University, Department of Environmental Engineering, Izmir, Turkey

ABSTRACT: The objective of this study is to determine the effects of cooling water discharge from a
small scale power plant by using a 1-D numerical heat and solute transport model WASP 7. The goal of
the modeling is to determine the effects of the discharge by estimating the difference in stream water
temperature before and after release. The cooling water was released to an ephemeral stream that flows
through an industrial zone, receives surrounding storm water and interacts in some parts with the underlying aquifer. The release rate was unsteady during the monitoring period of the study. Average temperature
of the cooling water was 23.6 °C with a maximum of 35°C.
Field work was conducted to collect data that was necessary for the modeling stage. Flow rates were
measured with an acoustic Doppler velocimeter at six transects of the stream. Water temperature, dissolved oxygen concentration and electrical conductivity were determined by collecting water samples at
eleven monitoring points. Modeling results indicate that the warm water release is somewhat effective in
the dry period up to 600 m downstream of the release location. The estimated stream water temperature
does not exceed 22 °C, thereby complying with regulations.
Keywords: Water quality modeling, Surface water, WASP, Water temperature, Cooling water, Discharge
rate measurement, ADV
1 INTRODUCTION
Water temperature is an important water quality parameter that affects not only physical and chemical
processes but also ecological activities and the distribution of aquatic organisms. It is known that dissolved oxygen decreases and mineral solubility increases with increasing water temperature. Chemical
and biological reaction rates are proportional to water temperature. Furthermore, most organisms can live
within certain temperature limits.
Power plants and other facilities use cooling water recirculation systems to transfer waste heat from
their condensers. Industries using large quantities of cooling water are obliged to predict the possible
thermal effects on the water bodies on which the discharge takes place to prevent damage to aquatic organisms (Maderich et al. 2008). The impact of cooling water discharge to surface water features such as
streams can be estimated by using mathematical modeling. Mathematical models can be classified as empirical models that rely on statistical analysis to make predictions from weather data or information on
catchment characteristics, and physically based models that involve solving the heat budget equation
(Webb et al. 2008).
The objective of this study is to determine the effects of cooling water discharge from a small scale
LNG conversion power plant by using a 1-D numerical heat and solute transport model WASP 7.41 (Ambrose et al. 1993). Specifically, the goal of the modeling is to determine the effects of the warm water discharge by estimating the change in stream water temperature before and after release. The cooling water
is released to an ephemeral stream that flows through an industrial zone and interacts in some parts with
the underlying aquifer.
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ing periods of turbine and cooling tower maintenances. Average temperature of the released cooling water
was 23.6 °C with a maximum and minimum of 35 °C and 10 °C, respectively.
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Figure 2. Temperature time series of cooling water discharge.
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Figure 3. Release rate time series of cooling water discharge.

2.2 Properties of receiving medium
The receiving medium of the cooling water is the headwaters of Çapaçarık Stream, which merges with the
Gediz river at the confluence point located about 4500 m north of the release location. Upstream segments of the stream are mostly improved and constructed as a trapezoidal cross-section concrete-built
open channel. 1100 m downstream of the release point an interceptor channel merges with the receiving
stream. Additionally, several outlets of stormwater drainage pipes are connected to the stream. These outlets contribute to the flow of the stream, in particular during rainy periods. However, their flow contribution can be considered as negligible during dry periods.
Previous records of data regarding the flow rate, water temperature and any other water quality constituents of the stream water did not exist. Therefore, field work was conducted to collect data that was
necessary for the modeling. Stream discharge rates were measured with an acoustic Doppler velocimeter
(ADV) at six transects of the stream. Water temperature, dissolved oxygen concentration and EC were determined on-site by collecting water samples at eleven monitoring points. Flow measurements and water
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sampling were done simultaneously at six of eleven monitoring points. Locations of monitoring points are
shown in Fig.1.
Based on field measurement results, stream discharge could be observed during the entire study period.
However, it is known that the stream is ephemeral of nature, therefore it is expected that discharge ceases
late summer and during autumn. Minimum and peak discharge for the study period was 1.0 and 106.3 l/s,
respectively. The mean discharge rate was recorded as 42.2 l/s. It must be noted that these discharge values are calculated for the entire length of the stream and that the discharge is very variable in the direction
of flow. Temperature of stream water averaged 10.3 °C in January and 16.4 °C in May. EC and dissolved
oxygen were measured as proxies for water quality. Average EC values of stream water vary between
1120-1678 μS/cm with an observed maximum of 2500 μS/cm. EC results appear to be independent of
seasonal change. However, they are fluctuating with downstream distance. Similar observations apply for
dissolved oxygen measurement results.
3 MODELING METHOD
3.1 General approach
The Water Analysis Simulation Program (WASP) was used to simulate stream temperature. WASP is a
dynamic compartment modeling system that can be applied to a variety of water bodies (Ambrose et al.
1993). WASP assists users in interpreting and predicting water quality responses to natural and man-made
pollution for various pollution management decisions. It permits the user to set up one, two or threedimensional models, and allows the specification of time-variable advective flows, waste loads, exchange
coefficients and water quality boundary conditions.
To evaluate the impacts of cooling water release on stream water temperature, the following approach
was taken; firstly, the model was calibrated to observed stream discharge rate and water temperature data.
After calibration of the model, simulations were run for scenarios representing the dry and rainy season of
the year. Stream discharge rate and water temperature were calculated for a base case scenario, where
there is no cooling water release, followed with an after-release scenario, where cooling water is released
to the stream with a continuous release rate of 35 m3/h. The latter scenario is basically a worst-case scenario that considers cooling water release at the highest rate possible.
The WASP model has several modules that are suitable for various modeling purposes. In this study,
first the hydrodynamics (i.e. discharge rate) of the stream was determined by solving the kinematic wave
equations. To determine stream water temperature, the HEAT module was implemented. Although the
HEAT module allows simulation of five state variables, only water temperature was selected. The processes included in the total transformation rates for temperature are water surface and bottom sediment
heat exchange. The latter process was ignored as the sediment-water column heat exchange is usually
negligible compared to surface heat exchange. This assumption was tested and confirmed by running trial
simulations.
Water surface heat exchange was calculated by use of equilibrium temperatures and coefficients of
surface heat exchange. The governing equation for surface heat exchange is written as
∂VT H n As
=
∂t
ρC p

(1)

where V is volume, As surface area, T is temperature of water, t is time, ρ is density of water, Cp is its specific heat, and Hn is the net thermal energy flux. The net thermal energy flux includes the effects of a
number of processes. It is the sum of incident short and long wave solar radiation, evaporative heat loss,
heat conduction minus the sum of back radiation from the surface and reflected short and long wave radiation. The reader is referred to Wool et al. (2008) for further equations and coefficients used in the equilibrium temperature approach.
3.2 Model parameters and structure
In general, parameters that were either measured with a certain level of uncertainty or had no available
data were adjusted in the calibration process of the model. The primary calibration parameter for the hydrodynamic model was the Manning friction coefficient. However, flow contributions coming from other
sources such as stormwater pipe outlets along various locations along the stream and groundwater seep884

age from the underlying aquifer were also considered in the model. Since these flows could not be determined in the field, they were used as calibration parameters.
As for the heat transport model, temperatures of groundwater seepage and stormwater inflow were
handled as calibration parameters. Other parameters used in the model were mean daily temperature,
cloudiness, dew point temperature and wind velocity. Data from the nearest meteorological station were
obtained and used in the model. Furthermore, the ambient background temperature of stream water was
estimated from a regression equation that was written by fitting air temperature to the water temperature
of the Gediz river. Here the assumption is that the cooling water release has no effect on the Gediz river
water temperature because its discharge rate is much larger compared to the rate of the Çapaçarık stream.
The cooling water release point (at x = 0) and the confluence point with the Gediz river (at x=4910.9)
constituted the boundaries of the model. The stream was divided into 17 model segments by considering
changes in cross-section, bed slope and inflow from reaches and stormwater pipes. Model segmentation is
shown in Fig. 1. Data from the first measurement campaign were used to determine initial conditions for
the model.
4 RESULTS
4.1 Model calibration results
Before modeling the effects of cooling water release, it was ensured that the model adequately calculates
all relevant processes by comparing measured and modeled discharge rate and stream water temperature.
Calibration parameters were adjusted during calibration until a satisfactory fit was obtained between
measured and modeled values. Fig. 4 and Fig.5 summarize calibration results for stream discharge rate
and water temperature, respectively. Root mean squared errors (RMSE) after calibration of the model are
shown in Table 1. RMSE values for discharge rate are 8 to 15 % of the observed range and the mean
RMSE is 7.881 m3/s. RMSE values for temperature are 9 to 16 % of the observed range and the mean
RMSE is 1.8 °C. Based on these evaluations it can be concluded that calibration of the model can be considered as good. Discharge rate profiles were also consistent with field observations.
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Figure 4. Comparison of simulated stream discharge rates to observed rates for the calibrated model.
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Figure 5. Comparison of simulated stream water temperature to observed temperatures for the calibrated model.
Table 1. RMSE values for stream discharge rate and water temperature for calibrated model

3

Discharge rate RMSE (m /s)
Temperature RMSE (°C)

07.02.2011

28.02.2011

Dates
14.03.2011

05.04.2011

12.05.2011

6.028

5.455

6.858

11.084

9.979

1.6

2.0

2.1

1.3

1.8

4.2 Water temperature modeling results
The calibrated model was run for a base scenario and an after-release scenario to investigate the effects of
cooling water release on the stream temperature profile. It was assumed for the after-release scenario that
cooling water is released continuously at a rate of 35 m3/h (9.72 l/s) thereby considering worst case conditions. Relevant meteorological data for dry and wet periods of the year were taken from long-term meteorological records and were used as model inputs.
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Figure 6. Simulated water temperature profile for after-release scenario (dry period).

Simulated water temperature profile of the after-release scenario for the dry period is shown in Fig. 6.
Modeling results indicate that the warm water discharge is effective in the dry period up to 200 m down886

stream of the release location (Fig. 7). At the release point water temperature rises 8 °C. However, the
simulated stream water temperature does not exceed 22 °C along the entire profile, thereby complying
with regulations. The effect of cooling water release becomes significant about 600 m downstream of the
release. The average water temperature change is 0.21 °C.

Water temperature difference (°C)

9
8
7
6
5
4
3
2
1
0
-1
0

1000

2000

3000

4000

5000

Downstream distance from cooling water release point (m)

Figure 7. Change in water temperature after cooling water release occurs (dry period).

Modeling results for the wet period scenarios indicate a slightly worse outcome on stream water temperature. Simulated temperature profiles are shown in Figures 8 and 9. In this case, water temperature rises up
to 19 °C at the release point (Fig. 9). Similar to dry period model scenario results, the impact of cooling
water release diminishes after about 600 m downstream of the release. The average water temperature
change is 0.51 °C.
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Figure 8. Simulated water temperature profile for after-release scenario (wet period).
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Figure 9. Change in water temperature after cooling water release occurs (wet period).

5 CONCLUSIONS
The heat transport modeling results reveal that in terms of stream water temperature even a continuous release of cooling water to the Çapaçarık stream impacts only the first 600 m of the stream. It is shown also
that the impact gradually diminishes with downstream distance and becomes negligible. Following this it
can be also concluded that the Gediz river as the ultimate downstream receptor is not affected by the release. An interesting aspect of the study is that unmonitored flow contributions such as groundwater
seepage and stormwater inflow are effective in flow fluctuations that were observed during measurement
campaigns. It is important to note that the inclusion of these flow contributions complicated the modeling
process, in particular the calibration. This can in fact pose serious problems in other studies where the hydrology of the system is more complex. Additional field measurements and data would be required to
more accurately include unknown flow contributions in the modeling. Development of novel scientific
approaches that can handle unknown model parameters is highly recommended.
NOTATION
ρ

Cp
Hn
As
V
t

density of water
specific heat
net thermal energy flux
surface area
volume
time
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ABSTRACT: The dynamics of nutrient cycles and suspended matter in coastal seas result from an interplay of processes in a number of earth system domains, such as atmosphere/weather, waves, pelagic and
benthic ecosystem, and sea sediment. An integrated approach for a coupled model study is essential to obtain a holistic understanding of key processes in the coastal system, such as erosion and sedimentation,
atmospheric deposition, and denitrification. Diverse scientific groups have successfully developed models
to describe the dynamics of these key processes. However, exchange of tested, numerical codes and noninvasive, efficient coupling of existing modules is barely practised. The model coupling initiative
MOSSCO (MOdular System for Shelves and COasts) provides new software infrastructure to manage
modular, multi-way domain coupling of existing high-performance, numerical model codes. While making use of the model coupling framework ESMF, existing models are included through a thin wrapper
layer of domain components. Biogeochemical processes get included into the ESMF components through
a driver infrastructure for the established framework FABM (Framework for Aquatic Biogeochemical
Models). We present examples of coupling state-of-the-art models for hydrodynamics, the pelagic ecosystem, surface waves, weather, benthic geoecology, sea bed composition and early diagenesis in typical
coastal sea applications. The interface between water column and sea sediments is predominantly controlling the tidal and seasonal variations of suspended matter concentrations. Additionally, the exchange
fluxes at the sea bed interface decouple the simulated nutrient cycles as found in measurements at stations
in the southern North Sea. Integrated modelling, using a modular, multi-way coupling scheme across domains as exemplified here, is shown to be a promising avenue to obtain realistic simulations of coastal
systems.
Keywords: Model coupling, Coastal system, Nutrient fluxes, Suspended matter
1 INTRODUCTION
The realistic hindcast of water quality and nutrient budgets requires a model system with consistent description of a variety of local processes as well as an effective computational methods to handle these
multi-domain and multi-process systems. Demands to coupled modelling approaches are high, especially
for coastal systems, where the waterbody is shallow and its quality is highly affected by boundary conditions at the sea floor and the sea surface. These Demands call for integration of physical, chemical and
biological processes both between and within domains, and thus for a coupling strategy that goes beyond
the either or of domain coupling and process coupling. This is the goal of the MOSSCO infrastructure,
which takes a hybrid approach of domain and process coupling relying on ESMF and FABM as major
(but not exclusive) coupling technologies. Coupling between domains is a common strategy in coastal
modelling. Warner et al. (2010) presented the modular COAWST system and showed that coupling of
hydrodynamics, atmospheric simulation and simulation of surface waves improves simulations of suspended particulate matter (SPM) in coastal seas. For a North Sea application Puls et al. (2011) found that
erosion in shallow waters shows high lateral variability in influences by waves or currents. In ecosystem
modelling, the light climate, as determined by SPM dynamics, plays an important role to simulate the
start and strength of phytoplankton blooms (Tian et al. (2009,2011)). Vice versa, the ecosystem might
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In the sea sediment, the diagenesis model OMEXDIA (Soetaert et al. (1996)) is used with an added
phosphorus cycle, represented by phosphorus in detritus and dissolved phosphate. OMEXDIA uses a labile and refractive fraction of particulate organic matter (POM) measured as mole concentration of carbon. Each POM class has a fixed nitrogen to carbon ration, such that exchange with the pelagic detritus
maps fluxes of the detritus nitrogen to the two POM classes in a mass conservative distribution. The diagenesis model is implemented in the FABM framework and is utilised by the MOSSCO sediment component. The state variables in the sediment are measured in mass per volume pore water and are identified
from the FABM state variable properties as either particulate or dissolved quantities. Bioturbation in the
sediment mixes the particulate fractions and is increasing with sediment temperature, whereas diffusion in
the pore water mixes the dissolved quantities. The porosity of the sediment is a temporally constant vertical profile with a surface porosity of 0.7 and linearly decreasing with depth to 0.6 for 16 cm below the
sediment surface. The sediment component discretises the sediment column by an exponentially increasing grid spacing with grid heights of 3 mm at the sediment surface up to 11.4 mm for 16 cm below the
sediment surface. Exchange with the water column is diffusive for the dissolved quantities, whereas the
particulate organic matter from the water column is sedimented into the sea bed by a fraction of 20% of
the downward sinking flux to emulate a fluffy layer of POM near the sediment surface. The sea sediment
temperature is taken to be the same as the bottom water temperature, as simulated by the GOTM model.
Given the recurring winter nutrient conditions in Wiltshire et al. (2010), the loss of nitrogen through denitrification is recovered by lateral nutrient fluxes and rain. These fluxes are not resolved in the 1d model
such that a constant flux of 100 mM-N/m²/y is used to balance the nutrient budget. Modeling sediment
flux at the sea bed is achieved using an abridged version of Delft3D. This model is capable of modeling
the vertical flux of cohesive, non-cohesive and a mixture of both sediment types. The non-cohesive sediment flux is calculated based on the method of vanRijn (1984) for waves and currents. The cohesive sediment flux is computed using Pardenaides equation including the effect of rough and smooth bed on the
bed shear stress using the method of Soulsby and Clarke (2005). The model constitutes an extra earth system component as an interface layer. For the current simulation 30% cohesive and 70% non-cohesive sediment mixture were applied.
3 RESULTS
The coupled model system simulates the years 2002-2006 at the station Helgoland in the southern North
Sea. The sediment component initialises with a spinup simulation under constant boundary conditions for
a period of 5 years, when vertical profiles of the sediment state are balanced and sudden release of nutrients due to initialisation is prohibited. Diagnostics of the coupling are saved into NetCDF (Network
Common Data Format) format by an output infrastructure component in the coupled system. Figure 3
shows a compilation of results as vertically aligned with the coupled system.
The results of the coupled simulation show a prevailing seasonal cycle in the model states. Dissolved
nutrients (referred as dissolved inorganic nitrogen DIN in the Figure 3) are taken up by phytoplankton,
which fills the pool of particulate organic nitrogen (PON in Figure 3) with the spring bloom. The organic, particulate matter sinks slowly into the sediments, where its remineralisation by bacteria enhances denitrification, which shows a peak in late summer. At the end of a year, nutrient concentration are high in
the sediment and diffuse back into the water column up to winter values of 20-25 mmol-N/m³.
The simulated lithogenic suspended matter also shows a seasonal cycle of more turbid surface water in
winter and more clear surface water in summer. The onset of the phytoplankton spring bloom is determined by light availability and thus is directly influenced by the SPM concentration in the water column.
With the onset of warming of the water column, the vertical, turbulent mixing is partially suppressed,
such that less SPM is mixed into the upper water column and radiation can penetrate deeper into the water
column. The erosion/sedimentation module resolved SPM fluxes on the tidal scale coupled to the
transport of Spm in the water column. The results of the tidal dynamics can be found in Nasermoaddeli et
al. (2014).
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ABSTRACT: The Unterhavel water system in Berlin has been chosen to numerically investigate windinduced two- and three-dimensional flow and transport processes. Mean wind and a storm have been considered. The results show that the wind has a considerable influence on the flow field as well as on the
tracer distribution. Wind generates complex horizontal and vertical circulations with different flow directions at the surface and the bottom in parts of the water systems.
Keywords: Wind-induced flow, Numerical simulation, 2D and 3D flow and transport, TELEMAC modeling system
1 INTRODUCTION
Urban water systems are generally stressed by various contaminations coming from, for example, treated
waste water, industry, households, runoff from streets. They consist of natural (e.g. rivers, lakes, groundwater) and technical compartments (e.g. wastewater treatment plants, sewer systems) which are often in
strong interactions.
The major advantage of using multi-dimensional numerical models is their capability of giving details
about the flow and transport processes in two or three directions. These models also help to understand
the physical, chemical and biological processes in rivers, estuaries, lakes, and coastal waters. A threedimensional model should be chosen for example in the case of density and wind-induced flow (e.g. in
this study). If only the horizontal variability of the flow is important (e.g. flood modelling), a twodimensional approach is generally sufficient.
In this contribution, the Unterhavel river in Berlin, Germany has been chosen. This system consists of
a shallow lake (Wannsee) and some channels (see Fig. 2), and it has, of course, limnic character being
characterized by slow flow velocities and temporarily inflow of treated waste water. For the numerical
simulation of flow and transport processes, the modeling system TELEMAC has been applied to solve the
2D and 3D flow and transport equations using unstructured grids. Taking into account various conditions
(e.g. low, mean and high discharge, tracer injection), a 2D and 3D model was set-up and hydrodynamic as
well as transport studies were computed, in order to investigate the impact of the mean and strong wind
on the flow and transport processes (Jourieh 2014).
2 MODELING SYSTEM
The TELEMAC modelling system was used to set up a 2D and 3D model. It has been developed by the
National Hydraulics and Environment Laboratory (Laboratoire National d´Hydraulique et Environnement
- LNHE) of the Research and Development Directorate of the French Electricity Board (EDF-DRD) and
is now managed and further developed by a consortium of core organizations: Artelia (formerly Sogreah,
France), Bundesanstalt für Wasserbau (Germany), Centre d’Etudes Techniques Maritimes et Fluviales
(France), Elec tricité de France R&D (France) and HR Wallingford (United Kingdom). TELEMAC is
mainly based on the FEM and it offers various stabilisation techniques and fast solvers. The FEM using
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triangular elements in 2D enables a good approximation of complex boundaries, islands etc. The grid can
be refined in areas of special interest such as around narrow channels.
2.1 2D simulation of flow and transport
For the 2D simulation, TELEMAC-2D has been chosen to solve the shallow water equations together
with the corresponding transport equation for a conservative tracer (Hervouet 2007, Hinkelmann 2005).
TELEMAC-2D solves the following equations:
2D shallow water equations:
∂h 

+ u grad h + h div u =
Sh
∂t

(1)

∂u 
1
∂z
=
+ u grad u
div (h vt grad u ) − g + S x
∂t
∂x
h

(2)

∂h 
1
∂z
=
+ u grad v
div (h vt grad v) − g + S y
∂t
h
∂y

(3)

2D tracer conservation equation:
∂T 
1
(4)
+ u=
grad T
div (h vT grad T ) + ST
∂t
h

where h = water depth (m), u = velocity vector (m/s), u, v = velocity components (m/s), T = tracer concentration (g/l), S h = source or sink of fluid (m/s), υt = turbulent viscosity (m²/s), g = gravitational acceleration (m/s²), z = free surface elevation (m), S x , S y = source or sink terms of momentum (e.g. bottom
friction, wind, see 2.3), υT = turbulent diffusivity (m²/s), ST = source or sink of tracer (g/(ls)), x, y = horizontal space coordinates (m), t = time (s).
The same discretisation methods, solvers and numerical parameters have been chosen for the 2D simulation of hydrodynamics and transport. The Methods of Characteristics (with fractional step) and the conservative scheme with SUPG method have been chosen to solve the advection step for the velocity components and the water depth respectively. The BiCGSTAB (Biconjugate Gradient Stabilized Method) was
chosen as the solver.
The main results at each node of the computational mesh are the depth of the water, the depthaveraged velocity components and tracer concentrations.

2.2 3D simulation of flow and transport
TELEMAC-3D solves the three-dimensional shallow water equations together with a corresponding
transport equation for a conservative tracer.
3D hydrodynamic equations:

(5)
div u = q

∂u 
1 
∂P 
+ u grad
=
u div υt grad u +  f x −

∂t
∂x 
ρ0 

(6)

1 
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+ u grad
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∂t
∂y 
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(7)

1 ∂P
+ g = 0 ⇔ P = Patm + ρ0 g (z s − z ) + ρ0 g
ρ0 ∂z

Zs

∫
z

∆ρ

ρ0

dz

(8)

3D tracer transport equation:
∂T 
+ u grad
=
T div (υT grad T ) + Q
∂t

(9)
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υh 0 0
υTh 0 0
; υ = 0 υTh 0
υ = 0 υh 0
T
0 0 υv
0 0 υTv

where u = velocity vector (m/s), u, v, w = velocity components (m/s), x, y, z = space coordinates (m), t =
time (s), z s = vertical component of the water surface (m), ρ0 = reference density (kg/m³), ∆ ρ = density
difference (kg/m³), P = pressure (Pa), Patm = atmospheric pressure (Pa), f x , f y = momentum source terms
(kg/(s²m²)), Q = source or sink of tracer (kg/m³s), vt = turbulent viscosity tensor (m²/s), υt = horizontal
turbulent viscosity (m²/s), υv = vertical turbulent viscosity (m²/s), vT= turbulent diffusivity tensor (m²/s),
υT h = horizontal turbulent diffusivity (m²/s), υT v = vertical turbulent diffusivity (m²/s).
TELEMAC-3D basic algorithm is spilt into three computational steps called fractional step method
(Hervouet 2007, Hinkelmann 2005). In the first step, the advection is computed with the Method of Characteristics. In the second step, the diffusion and some right-hand side terms are determined with the FEM,
the transport simulation is then finished. The third step computes the free surface, continuity and pressure
terms using TELEMAC-2D. The BiCGSTAB (Biconjugate Gradient Stabilized Method) was used as the
solver. The main results at each point in the mesh are the velocity in all three directions, the water level
and the tracer concentration.

2.3 Accounting for wind
In this section it is explained how the wind is accounted for in 2D and 3D. Wind causes flow in the horizontal as well as the vertical direction such as circulations and thus also may have a considerable impact
on the transport processes.
2D
In the two-dimensional model, the wind resistance is as part of the momentum source terms Sx and Sy.
The resistance of the wind has the following form, neglecting the slope of the free surface:
1
1
S x , wind =
− ρ air cD vax vax2 + vay2 ; S y , wind =
− ρ air cD vay vax2 + vay2
h
h

(10)

where vax, vay = components of the wind velocity, ρair [kg / m ³] = air density, cD [−] = wind-resistance coefficient.
In the TELEMAC modeling system the following approach is available:

| va | < 5 m / s ⇒ cD= 0,565 ⋅10−3


5 < | va | < 19, 22 m / s ⇒ cD =
(−0,12 + 0,137 | va |) ⋅10−3
(11)

| va | < 19, 22 m / s ⇒ cD= 2,513 ⋅10−3


where va [m / s] = vector of wind velocity
The coefficient c D hides complex phenomena. In fact, the influence of the wind depends on many effects such as the smoothness of the free surface, the distance over which it acts, the location of the measurement station, etc. Generally, the wind is measured 10 m above the water depth. The wind can be constant in space and time. Often a time series of wind velocity and direction with for example hourly values
is used. If data of more than one measurement stations are available, a spatial interpolation is necessary.
3D
In the three-dimensional model, the wind resistance is taken into account through a boundary condition
similar as in 2D. The profile illustrated in Figure 1 shows the effect of a wind-induced circulation. The
wind aligns with the flow at the surface imposing return flow areas along the bottom (Lui and Perez 1971,
Shanahan et al. 1981). A similar velocity profile was expected in the Wannsee.
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close to the bottom and the water surface as done here. The 3D mesh consisted of 17 planes, 1212100
nodes and 1540870 prisms.
The 2D and 3D simulations started with a prescribed initial water level of 29.5 m (SenGUV 2008)
equal in all points of the computational mesh and initial flow velocities were zero. The following boundary conditions have been selected for the hydrodynamic simulations (Fig 2, right):
i) Neumann-boundary conditions: At two inflow boundaries, discharges were imposed. They were set
as constant values representing mean discharge conditions (SenGUV 2008). A value of 30.7 m³/s
was imposed as inflow boundary condition at Pichelssee and 8.3 m³/s as inflow boundary condition
at Teltow channel.
ii) Dirichlet-boundary conditions: Water levels were prescribed at outflow boundaries at Jungfernsee
and Glienicker See. The prescribed constant water level is equal to 29.5 m. As the water level variations are small, choosing a constant value is justified.
The horizontal turbulent viscosity was set to 0.0001 m²/s and the friction coefficient of ManningStickler was set to 30 m1/3/s. For the 2D and 3D simulations of hydrodynamics and transport a time step
of 3 seconds was chosen corresponding to a Courant number of about 6.
The computations for the hydrodynamics were carried out with constant boundary conditions until
steady state was reached and then the simulation of transport has been carried out. In these simulations,
the spreading of a passive tracer was investigated. The COD (chemical oxygen demand) which is a representative component of treated waste water, has been considered as passive and conservative tracer.
As initial conditions, the tracer concentration was assumed to be 0 mg/l and the tracer’s turbulent diffusivity was set to 0.0001m²/s (as the turbulent viscosity). The mean COD concentration record of seven
years (2000-2007) was determined and set to 12 mg/l at the upper open boundary (Pichelsee) and to 10
mg/l at the lower open boundary (Teltow channel) (SenGUV, 2008). It was expected that the duration of
the inflow of the tracers is 10 hours.
Strong storms in the Unterhavel generally occurred during the winter months coming from southwest
and west. The climatological winds from 10 years collected data of hourly values at the station Wannsee
have been considered. Two scenarios are computed in the following:
i)
South wind with a velocity of 5.7 m/s representing mean conditions.
ii) West wind with a velocity of 15.5 m/s, representing the maximum conditions.
The transport simulations have been carried out for 120 days, and then west and south wind were imposed for 5 hours.
4.2 2D results
The 2D flow field and tracer concentration distribution are presented in the Wannsee as well as its bathing
beach for the cases without wind and with south wind (mean conditions, Fig. 3). As the flows are in opposite direction for the case with and without wind, this has a considerable influence on the tracer concentration.

Figure 3. Wind field (left), 2D flow field and tracer concentration at Wannsee with south wind (top) and without wind (bottom), after 5 hours
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to move northwards (Fig. 7). Moreover, the velocities decrease with increasing water depth, and in the
deeper layers horizontal circulations occur. Further, it can be observed that the velocity at the free surface
is smaller for the south wind compared to the west wind. The reason is that the west wind is about 3 times
higher than the south wind.

Figure 6. Flow field for west wind at three horizontal levels at Wannsee: A) free surface, B) mid-depth, C) bottom, after 5
hours

Figure 7. Flow field for south wind at three horizontal levels at Wannsee: A) free surface, B) mid-depth, C) bottom, after 5
hours

5 CONCLUSIONS
In this paper, two- and three-dimensional numerical simulations of wind-induced flow and transport processes in the Unterhavel river in Berlin, Germany are presented. Mean wind and a storm have been considered. The 2D and 3D results show that the wind has a considerable influence on the flow fields as well
as the tracer distributions. Complex horizontal and vertical circulations occur. In same cases the velocity
follows the direction of the wind at the surface, while the velocity is in the opposite direction at the bottom.
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ABSTRACT: The objective of this study is to evaluate the applicability of SWAT model for the simulation of daily runoff in the coastal watersheds of Southeast China. Jinjiang watershed, which is located in
south-eastern Fujian Province of China, was taken as a study area. Three hydrological gauging stations,
Shilong, Shanmei and Anxi, were used to calibrate and validate the SWAT model at multiple time scales.
Based on the measured daily runoff data of the three stations, the model was calibrated from 2002 to
2007, and validated from 2008 to 2010. The calibration and validation results were evaluated by Ens, R2
and PBIAS. Through parameters sensitive analysis, seven sensitive parameters were identified, and all the
parameters were manually estimated. The results shows that Ens and R2 were both greater than 0.9 for
annual and monthly runoff in all three locations. All PBIAS values were less than 7%. As for daily scale,
the Ens and R2 were both greater than 0.75, and PBIAS was less than 6.5% for all locations and periods.
It indicates that SWAT model performs well for the coastal watershed of Southeast China.
Keywords: Daily runoff, Simulation, Calibration, Sensitive parameters, SWAT, Jinjiang watershed, China

1 INTRODUCTION
Water quantity and quality is crucial for the socio-economic development and environmental stability, especially for the region of coastal watershed of Southeast China. The global climate changes and human
activity have impacted the temporal-spatial distribution of precipitation, interception, evapotranspiration
and soil infiltration, and eventually may cause water resources shortage, flood-drought disasters and ecological problems such as land erosions (Wei et al. 2010; Wang et al. 2008; Blair et al. 2014; Saghafian. et
al 2008; Wu et al. 2012). It is meaningful to strengthen the research of simulation of hydrological processes, which is essential for revealed the interrelationship of climate change and human activity (e.g.
land use change, hydraulic engineering construction, etc.) with hydrological cycle. As a distributed physically-based model, SWAT is capable of simulating temporal-spatial variations in hydrological processes
and assisting in understanding the influence mechanisms behind the human activity and climate changes.
It is one of the most popular models for simulating hydrological processes (Behera and Panda, 2006).
Among of them, Nie et al. (2011) and Baker et al. (2013) used SWAT model to examine the land-use
change effects on yearly runoff. Guo et al. (2008) studied the effects of climate and land-cover changes
on annual and seasonal streamflow by SWAT model in the Poyang Lake Basin in Southern China. Dixon
et al. (2012) simulated the monthly runoff response to urbanization. These previous applications mainly
focused on annual, seasonal or monthly time scales, but there are fewer studies on the daily scale. In this
study, the SWAT model was applied to simulate the runoff in Jinjiang Watershed which is located in the
south-eastern coastal of China, and the efficiency of simulation for annual, monthly, and daily scales was
evaluated.
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2 STUDY AREA AND DATA
2.1 Study area
Jinjiang watershed (from 117°40′32″E to 118°12′52″E and from 24°49′57″N to 25°34′
22″N) is located in south-eastern China and covers an area of 5629km2。It`s total length is approximate
302 km (main section is 182 km) and is the third largest river in Fujian, one province of China. There are
two major river branches within the catchment-the east branch goes through Shanmei gauging station and
the west branch goes through Anxi gauging station, merging 2.5 km upstream of the Shilong gauging station. The drainage area upstream of Shilong was selected as study area (5042 km2, Figure 1). Forest is the
dominant type of land use, followed by orchard, cropland and urbanized area. The watershed is characterized by a subtropical climate, with an average annual temperature and precipitation of 20℃ and
1686mm. More than 60% of the annual precipitation falls between May to August with both convective
storms and typhoons.
2.2 Input data
The datasets for the SWAT model required are topography, land use, soil and hydro-meteorological data,
which are described as follows.
(1) Topography. The topographical information came from DEM (Digital Elevation Model) with a resolution of 30 m 30 m obtained from the International Scientific Data Platform of the Chinese Academy of
Sciences (http://datamiffor.csdb.cn/admin/datademMain/jsp).
(2) Land use. The land use map in 2006 was obtained from Landsat TM by manual interpretation after radiometric and geometric correction, and was divided into seven types: forest, cropland, grassland, orchard, water, urban, and bare land (Figure 2). The dominate land use type is forest, which accounts for
55.65% of the study area, flowed by orchard, cropland and urban, which account for 20.97%, 12.25%,
and 7.77%, respectively.
(3) Soil. The digital soil type map with the resolution of 1:500,000 was obtained from the Soil Fertilizer
Laboratory of Fujian Province, and reclassified into eleven soil types for the study area. Their hydrological features were obtained by using the SPAW software developed by USDA (Saxton and Rawls, 2006).

Figure 1. Location map and observed sites of the study area

(4) Hydro-meteorological data. The study selected years 2001-2010 as the study period. The daily river
discharge data from 2001-2010 at Anxi , Shanmei and Shilong gauging station were obtained from the
Water Conservation Agency of Fujian Province. Meteorology data including daily rainfall, maximum
temperature, minimum temperature, wind speed and relative humidity from 2001 to 2010 at two meteorological stations, and 32 rain gauges in the catchment were obtained from Meteorology Agency of Fujian
Province. All the hydro-meteorological sites show in Figure 1.
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Figure 2. Land use for 2006 in the study area

3 METHODS
3.1 SWAT model
SWAT model divides a basin into sub-basins based on DEM, and further into hydrological response units
(HRU) with a homogenous land use, soil type and slope. With each HRU, daily balance is calculated by
considering the processes of rainfall, infiltration, evapotranspiration, surface runoff, lateral flow and
groundwater flow. Then outflows from individual HRUs are routed along the river system to give total
river runoff. In this study area, the basin was delineated into 99 sub-basins with a threshold area of 3000
ha based on the DEM, and three gauging stations. The land use, soil and topography maps were overlaid
to create a total number of 886 HRUs over the study area. The HRUs were selected by ignoring the land
use, soil and slop areas covering less than 5%, 20% and 20% of the total sub-basin area, respectively. Surface runoff was calculated from daily rainfall by the Soil Conservation Services (SCS) curve number
method, the Penman-Monteith method was selected to calculated potential evapotranspiration, the storage-pool method for infiltration and lateral flows, and the kinematic storage method for groundwater
flows. Channel flow routing was achieved by the Muskingum method.
3.2 Model calibration and validation
A sensitivity analysis was done to identify the most sensitive parameters of SWAT, which would improve
the efficiency of SWAT calibration. In this study, latin-hypercube one factor at a time (LH-OAT) algorithm was used to identify the most sensitive parameters. The use of multi-site method can improve
SWAT model calibration and validation (Cao et al, 2006). Therefore, the study used the observed runoff
of three gauging stations to calibrate the model. The year 2001 was selected as warm-up period. Next, the
most sensitive parameters were calibrated manually against the observed daily runoff from 2002 to 2007.
The model validation was done by running the same model parameters for different simulation periods
using the daily rainfall data (2008-2010) as input. The model performance for the runoff was evaluated
using statistical methods, such as the Nash-Suttcliffe coefficient of efficiency (Ens), coefficient of determination (R2), and Percent Bias (PBIAS). Model performance is accepted as satisfactory if Ens>0.5,
R2>0.7, and PBIAS<±25% for runoff (Moriasi et al., 2007).
4 RESULTS
4.1 Sensitive parameters analysis and calibration
Through parameters sensitivity analysis procedure, the seven most sensitive parameters of the model were
identified including SOL_AWC (available water capacity of the soil layer), RCHRG_DP (deep aquifer
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percolation fraction), CN2 (initial SCS curve number for moisture condition), GWQMN (threshold depth
of water in the shallow aquifer acquired for return flow to occur), ESCO (soil evaporation compensation
factor), SOL_K (saturated hydraulic conductivity), and CANMX (maximum canopy storage). Next, all
the sensitive parameters were manually estimated followed the rules that firstly calibrate long time scales
(yearly and monthly runoff) to short time scale (daily runoff), and firstly calibrate upstream (Anxi and
Shanmei gauging stations) to downstream (Shilong gauging stations). The adjusted value range or optimal
values of these parameters were listed in Table 1.
Table 1. Sensitive parameters and optimal values in study area
No
1
2
3
4
5
6
7

Name
SOL_AWC
RCHRG_DP
CN2
GWQMN
ESCO
SOL_K
CANMX

Rang
0-1
0-1
35-98
0-500
0-1
0-2000
0-100

optimal value
0.11-0.34
0.3
44-94
30
0.5-0.8
0.2-79.2
4

4.2 Runoff calibration results
4.2.1 Yearly runoff
The Shilong sub-watershed simulation results of yearly runoff for the period 2002-2010 are given in Figure 3a, which shows that most of the year simulated runoffs were consistent with the observed runoffs in
addition to the dry years. In the yearly calibration period for three gauging stations, all Ens and R2 are
above 0.94, and PBIAS are less than 4%. For the validation period of 2008-2010, all Ens are above 0.96,
R2 are above 0.99, and PBIAS are less than 6.7%, which suggest very good model performance.
4.2.2 Monthly runoff
Figure 3b shows the simulation results of monthly runoff for Shilong gauging stations. The model captured the monthly runoff hydrographs both for the low and high flows. Model performance for calibration
period was Ens>0.94, R2>0.95 and PBIAS<4.1%, and for the validation period Ens>0.91, R2>0.94 and
PBIAS<6.2%, suggesting SWAT model is well performance for monthly runoff simulation.
4.2.3 Daily runoff
The simulated and observed daily runoff in Shilong gauging stations for the simulation period (20022010) are compared in Figure 3c. The consistency of the simulated and observed values is clear. In addition to Anxi Ens=0.761 for calibration period, all the Ens and R2 values for the daily calibration and validation are greater than 0.8, and PBIAS are less than 4.1%, PBIAS values are less than 6%. Model performance for the daily calibration and validation period were less favorable than yearly and monthly scales
but still reasonable.
5 CONCLUSIONS AND DISCUSSION
1) The SWAT model was well calibrated for the coastal watershed of Southeast China, with satisfactory
reproduction of annual, monthly and daily runoff processes over a nine year period at three gauging stations.
2) Compared with studies for other areas, the values of sensitive parameters were reasonable.
3) It is natural that the daily indices are worse than the annual or monthly index, as there are more variability and instability in daily runoff processes.
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b

c

Figure 3. Comparison of simulated and observed runoff for yearly scale (a), monthly scale (b) and daily scale (c) in Silong
gauge station
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A Powerful Method of Measuring Sea Wave Spectra and their
Direction
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ABSTRACT: Coast-lines and estuaries are often areas where dense population, industrial plants, housing
and recreation facilities concentrate. More recently, offshore activities like oil-exploration platforms and
wind schemes became established as well. Therefore, knowledge of the physical processes which interact
on the coast and in coastal waters is very important. The physical processes are driven by several factors:
tidal forces, wind forces, as well as hydrological and meteorological phenomena. The consequences of
these processes, namely the variations of the water level and the movements of waves can be observed
very easily. Water level is measured by gauging stations and the waves are recorded by special devices.
Besides the need of precise measurements of sea levels there is an increasing demand for assessing waves
in their height and direction for different purposes like sea-wave modelling and coastal engineering. The
design of coastal structures such as piles, breakwaters, and offshore structures like wind farms must take
account of the direction of the impacting waves. To date, records of wave directions are scarce. The reason for this might be the high costs of purchasing and operating such measuring devices. These are usually buoys, which require regular maintenance. Against this background, the German Federal Institute of
Hydrology (BfG) developed a low-cost directional sea-wave monitoring system that is based on commercially available liquid-level radar sensors.
Keywords: Wave, Wave-height, Wave-direction, Sea state, Wind-force, Wind-direction, Directional wave
spectrum, Datawell Directional Waverider buoy, North Sea
1 INTRODUCTION
Marine structures for shore protection and quay-walls of ports and harbours are well known examples of
coastal engineering works. Nowadays, platforms and rigs for the exploitation of oil, gas as well as offshore wind-farms play a major role. All these structures are subjected to the hostile actions of winds,
waves and tidal currents as well as many other influences like corrosion (Goda, 1985). In order to understand this physical environment, comprehensive investigations have to be made in order to design these
structures so that they can sustain the rough forces of sea and coastal waters. Information about these dynamic loads from the sea on all these structures are required. Sea-level is one of the core variables in
these processes. It is measured at tide-gauges (TG) with special devices. Nowadays, radar-sensors are
widely used and well accepted (NOAA, 2009; Blasi & Barjenbruch, 2009 and Blasi, 2008). The main advantage of these devices is its non-contact measuring principle, which makes them robust and maintenance-free and hence particularly suitable for operational under unfriendly marine condition. It is worth to
mentioned, that these systems have proven their functionality and robustness at different locations, covering a wide range of environmental conditions (“Borkum Südstrand” in the North Sea, since 2002; lagoon
of Venice (Italy), since 2007; research Platform “FINO 1”, since 2008). Detailed descriptions of radarsensors are given in (Mai and Zimmermann, 2000) and (Wilhelmi and Barjenbruch, 2008) for more insitu applications.
In addition to the measurement of sea-levels by radar sensors, it is possible to determine waves in their
heights. In order to measure waves, which have a higher frequency, the measuring device has to work
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ABSTRACT: The HF-Coastal Radar “WERA” is a shore based remote sensing system to monitor ocean
surface currents, waves and wind direction. This very reliable long range (up to >200 km) monitoring system provides reliable data maps of the coastal zone with high spatial and temporal resolution. These data
can be used for decision makers to optimize coastal zone management and planning and in case of emergencies it can be used to support hazard management.
The new data management system provides easy and fast access to all archived current, wave and wind
data. The data are stored in an archive and can be accessed as time series plots for individual grid cells or
as animated maps for the entire measured area. For each grid cell all data are marked with quality flags
which can be used to exclude suspicious data from the analysis. Various output formats are available to
compare the ocean radar data with data acquired from other sensors or numerical models.
In addition to use the measured data for planning and real-time monitoring, a special forecasting mode
can be used to improve predictions of ocean currents and waves in case of risk management. Due to the
outstanding accuracy of the radar the acquired data can be assimilated into numerical oceanographic
models. In case of accidents in a distance of up to 200 km off the coast the real-time ocean surface current
data can help Search and Rescue (SAR) operators. Presently, SAR tools are based on hydro-dynamical
and atmospheric models to provide hindcast and forecast situations. Even if these oceanic numerical
models are efficient to produce instantaneous maps of currents, the accuracy of derived Lagrangian trajectories is not sufficient for search and rescue purposes.
Results of various experiments with drifters to simulate a drifting persons or containers show the significant improvement of the drift simulation, when using real-time current data provided by radar systems instead of using results from numerical models only. This improved quality of the drift prediction can be
very useful for various applications.
The same tool can be used for backtracking a monitored oil spill and estimate the origin to identify the
polluter. Furthermore the improved numerical models can be used to provide more reliable metocean
forecasts (sea states and currents) to be used by ferry operators. Data and experimental results from the
French coast demonstrate the efficiency of these instruments.
Keywords: Data management system, Ocean radar, WERA, Decision-making
1 INTRODUCTION
1.1 Coastal Radar WERA
The array type HF-Coastal Radar WERA (Gurgel, et al., August 1999) is a shore based remote sensing
system to monitor ocean surface currents, waves and wind direction. The measurement range of these systems can reach out to more than 200 km for current mapping or more than 100 km for wave measurements, depending on the operating frequency.
Publications about the results from systems installed all over the world have proved the accuracy of
these systems (Liu et al., 2014; Cochin et al., 2006). The accuracy of the current mapping was tested by
means of comparisons between the measured data of ADCPs or drifters with the ocean radar system. The
results from various studies typically shows an excellent correlation factor of >0.9 (Cochin et al., 2006).
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These data can be used for decision makers to optimize coastal zone management and planning and in
case of emergencies it can be used to support hazard management.
2 DATA MANAGEMENT SYSTEM
2.1 Standard Data Management System Structure
The standard WERA data management system used to store the measurement data in individual files,
with part of the file name being composed of the unique time stamp of the measurement start time.
Raw measurement data was stored in binary format to save space, post-processed data in ASCII format.
Generating e.g. a time series of data for an individual grid cell was slow, because for each time stamp
the corresponding data file had to be opened and the required data point read out using customized
scripts. 3rd party software had to be used to plot results.
2.2 New Data Management System Structure
The new WERA data management system uses a MySQL database to store measured data. MySQL is a
very powerful open-source relational database management system (RDMS) and allows subsequent tools
in the WERA system to have a structured base from which data can be retrieved and stored. Using a database, in comparison with having data stored in text files, brings several benefits, some of them:
• Data can be stored in binary form, not in ASCII characters, optimizing space requirements.
• RDMS allows setting indexes, foreign keys, queries from simultaneous users and other benefits
which allow a faster, ordered and secure way of storing and retrieving data.
• RDMS use the standard and widely known SQL code. This allows users of WERA systems to
develop their own routines or modify the existing structure of the database to satisfy particular
needs.
• Usage of other open-source software (e.g. phpMyAdmin for MySQL databases).
The database was designed to both minimize storage requirement and, at the same time, to take advantage
of indexes and foreign keys for fast retrieval of required data.
The new WERA data management system includes several software tools which processes and store
the oceanographic data measured by reading the data files provided by WERA and storing the information to the database in an organized manner using SQL commands. In standard configuration, these
tools are executed automatically without any human intervention.
Additionally, the data management system includes a user-friendly web application that allows accessing all the data stored in the database (Figure 1), as well as creating time-series and exporting the data to
different formats (Figure 2).
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Figure 1. Web application to access data stored in the database.

Figure 2. Example of time series created from data stored in the new database.
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Having the possibility to access the past data from the database in an organized and fast manner facilitates
the development of Quality Control routines that, in addition to the usual quality control tests on the data,
also evaluate the consistency of the data in the time axis, rendering quality values that are more reliable
and robust. After quality control is performed, corrupted data and artifacts can be easily identified and
neglected. (Clifford R. Merz et al., 2014)
On the other hand, data with excellent quality standards can be selected and used for sensitive applications such as data assimilation. The tests and evaluations performed on the data during the Quality Control routines may be configured according to local conditions and to optimize the results obtained.
The standard data processing chain of the new WERA data management system already includes Quality Control routines. In the same way, the web application for viewing the data also allows visualization
of different levels of quality.
The relatively easy access to the data provided by the database can also be exploited to make forecasts
in coastal zones.
3 USING THE NEW DATA MANAGEMENT SYSTEM
3.1 Integration of the WERA data into external data servers
The New Data Management System of WERA enables browsing, viewing and applying quality controls
to the data of several WERA station of a WERA network. The next step in the life of the WERA data
flow is to be integrated in end-user applications.
In order to do this the WERA data must be usable by standard external metocean data servers, this is
made possible by activating the Netcdf export of the New Data Management System. The data are exported to the Netcdf data format using the CF (Climat and Forecast) convention. The data can then easily
be integrated for instance in a THREDDS (Thematic Real-Time Environmental Distributed Data Services) Data Server also named TDS, which is a web server that provides meta-data and data access for
scientific datasets, using OPeN-DAP, OGC WMS and WCS, HTTP, and other remote data access protocols. This technology is already used by national agencies such as NOAA or IFREMER. This enables
joining into a same data server the numerical modeling outputs with the data of various sensors included
the WERA measurements.
Based on the TDS architecture, derived applications such as web data viewers based on the WMS protocol can be implemented and made available to a large panel of users (Figure 3).
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Figure 3. Example of data flow from the WERA stations to the end users using as center elements the WERA New Data Management System and a Metocean TDS system.

3.2 Drift Prediction using the new Data Management System
The accuracy of the WERA measurement, combined with the quality controls and the data exports allowed by the New Data Management System offers an ideal dataflow usable by surface drift computation
systems. CURDRIFT© is one of those systems, it was developed by Actimar and allows to setup and run
forward and backward drift computations for objects and oil slicks at sea, through a Web interface. The
system needs a flow of surface currents and surface wind fields in the interest area, it can use any source
of gridded surface currents and wind (WERA measurements, statistical forecast based on WERA measurements, numerical modelling, numerical modelling after assimilating WERA measurements…).
The outputs of CURDRIFT© are statistical results which are shown as contours delimiting several areas, depending on the spatial presence probability of the objects at sea, at the end of the drift scenario.
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Figure 4. Simulated scenario of CurDrift©, container drift. Cyan : mean trajectory. From red to green : decreasing probability
to find the object.

4 CONCLUSION
The new Data Management System for the ocean radar WERA provides easy and fast access to all archived current, wave and wind data. Due to its improved quality flagging for each grid cell and for each
measurement, suspicious data can easily be excluded from further use and analysis of the data.
The new MYSQL data base structure and the option to export the quality flagged data into various
output formats make it easy to import and use the data in all kinds of end-user applications or numerical
models.
The data can e.g. be used for planning, real-time monitoring and drift prediction. A special forecasting
mode can be used to improve predictions of ocean currents and waves in case of risk management.
This way it will support the user in decision making.
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ABSTRACT: A land based high frequency (HF) radar system was installed at the coast of the Yellow
Sea, about 35 km east of the city of Yantai in China. The system measures surface currents and waves operationally since July 2013. The HF radar is part of a nowcasting modeling system currently under development for the north coast of the Shandong Peninsula. The data has been used to improve the understanding of the hydrodynamic processes and for calibration and validation of a coupled flow and wave model.
From July 23 to September 10, 2013, a bottom-mounted ADCP was deployed within the coverage area
for assessing the accuracy of the radar. Comparisons between the current velocities measured by the two
instruments showed good agreement. The analysis of the radar data helped to identify the relevant processes responsible for the characteristic current patterns within the area of interest. Spectral analysis of
the surface current velocities and local wind data showed that tides and large scale circulations within the
Bohai Sea and Yellow Sea are the dominating driving forces of the local surface currents in the area.
Harmonic analysis was performed to characterize the tidal currents in the region. Low pass filtering revealed the presence of a longshore current of low frequency. A detail description of the applied methods
and filtering techniques is presented.
Keywords: HF radar, ADCP, Ocean surface current, Spectrum analysis
1 INTRODUCTION
Coastal areas around the world are highly populated and intensively used. Their proper management is of
vital importance and there is an increasing need to monitor such environments. Regarding marine measurements a distinction can be made between in-situ and remote sensing techniques. Conventional in-situ
instruments such as tide gauges, wave buoys or stationary ADCPs present reliable accuracies but are usually limited in spatial coverage due to high costs and time-consuming deployments. Remote sensing observations can cover larger areas and land based systems such as high frequency (HF) radars are installed
and maintained at comparatively low cost. In this respect HF radar systems have considerable advantages
over in-situ measurements. The accuracy of remote observations does however still not match the quality
of in- situ measurements. HF radar transmits electromagnetic (EM) waves in the frequency band between
3-30MHz. The EM wave is reflected by the roughness of the sea surface. The backscattered signal contains information of ocean surface currents and wave heights. In Gurgel et al. (1999), details of the principle of HF radar are given.
Nowadays, HF radars are gaining popularity. They have been deployed in a wide range of coastal environments and provide real time current and wave data over large areas. The data has been used among
others to calibrate and validate models (Mau et al. 2007), analyze the spatial and temporal characteristics
of surface currents (Cosoli et al., 2012), study the error of radar measured surface currents (Hubbard et al.
2013), or to assimilate real time data into models for marine forecasts (Yu et al., 2012). The application of
such systems for early warning of tsunamis is also gaining ground (Lipa et al., 2006).
In the framework of the SPLASH project, a cooperation between the Research and Technology Centre
Westcoast and the Yantai Institute of Coastal Zone Research, a WERA system manufactured by Helzel
Messtechnik was deployed (Helzel et al., 2006). The system comprises of antenna arrays installed at two
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3 ASSESSMENT OF THE ACCURACY OF THE HF RADAR
The surface currents observed by the HF radar were compared to the measurements from the bottom
mounted upwards looking ADCP. Both devices measure current velocities however in different spatial
and temporal domains. The radar data at one grid point represents an average over the horizontal grid cell,
while the ADCP measures currents at a point location averaged over several vertical layers. Due to side
lobe effects there is considerable noise in the ADCP data close to the free surface. Therefore in this study
values at a layer located 1.5 m below the sea surface were used.
Figure 2 shows time series of the comparisons of the east and north components measured by the two
instruments. Generally both components of the radar follow the trend of the ADCP measurements, while
in the second half of the measuring period the east component shows a better agreement. The agreement
was quantified by means of root mean square deviation (RMSD) and correlation coefficients between the
time series measured by the instruments. The results are summarized in Table 1. To eliminate the influence of local variability, low pass filters were used to remove higher frequency currents before repeating
the assessments. Cutoff frequencies of 3, 25 and 48 hours were chosen. The main tidal frequencies in the
area are semidiurnal and diurnal. Removing frequencies below 25 hours therefore means filtering out major tidal currents.
In general, there is better agreement in terms of the east component (U) than for the north component
(V). Only for the cut-off of 48h the correlation is lower for the east component (U). RMSD values decrease with increasing cut-off frequency values. That means that for short variations of the surface currents the discrepancies between the two devices are higher while for longer term trends there is good
agreement. The RMSD values resulted always below 10 cm/s. The correlation of north component of
long-period current is up to 0.84 if the locally dynamic current is removed.
The discrepancies between the measured values might be related to the generally low magnitude of the
currents (below 0.3 m/s) and the different spatial and temporal averaging schemes. Other sources of uncertainty are surface waves and athmospheric effects. Figure 2 shows that the differences change in time
which is an indication of the influence of variable wave conditions and air characteristics. The sampling
frequency of the ADCP is 0.05 Hz and orbital velocities of higher frequency wind waves can induce noise
to the currents measured close to the sea surface. On the side of the radar the accuracy is affected by reflections at the ionosphere which increases the background noise and by increased air humidity which disturbs the transmitted and echoed signal (Helzel et al., 2010). Still there is good agreement between the
measurements in certain bands of frequency. Therefore we think that the HF radar can provide reasonable
free surface currents and it is useful to investigate the main features of the currents over large areas.
Table 1. Overview of the discrepancies between free surface currents measured by the two instruments
U (east)
V (north)
Scheme
Correlation
RMSD [m/s]
Correlation
RMSD [m/s]
Raw data
0.69
0.08
0.45
0.09
Cut-off 3h
0.76
0.06
0.49
0.09
Cut-off 25h
0.80
0.04
0.55
0.06
Cut-off 48 h
0.65
0.029
0.84
0.04

4 METHODS OF ANALYSIS
The currents in the area are induced primarily by tides, earth rotation, winds and sea water density distribution. Currents are also driven by large scale currents outside the observed area. To distinguish the different influences of these forces spectrum analysis was performed. As ocean circulations move within the
rotating earth system, instead of component spectrum analysis, rotary spectrum analysis was used (Gonella, 1972). In rotary spectrum analysis the power density is resolved with respect to the angular velocity of
the current vectors. By definition counterclockwise rotation is positive while clockwise rotation is denoted by negative values. Harmonic analysis of tidal currents was also carried out. As a result of harmonic
analysis tidal ellipses, consisting of major axis, minor axis and orientation, were determined for the main
tidal constituents. The analysis was only performed for data with a signal to noise ratio above one. The
frequency of inertial currents in the area (37.8°N) results equal to 1.26 cpd (circle per day).
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6 CONCLUSIONS
Results of the investigation of the effectiveness of the land based HF radar for measurement of free surface current velocities near Yantai in China are presented. The discrepancies in terms of RMSD values
between the HF radar and ADCP resulted below 0.1m/s. The general variation of tidal currents and longer
term trends, as recorded by the ADCP, were also detected by the radar even though there are periods of
considerable deviation. The discrepancies between the current records from the two instruments might be
related to the different spatial and temporal integration. Other sources might be related to the difficulty in
removing the influence of electronic noise from the HF radar data and wave orbital velocities from the
ADCP data. The radar data was used to obtain the main patterns of current velocity in the area. Different
techniques were adopted to improve the understanding about the characteristic patterns of surface currents. Spectrum, harmonic and correlation analysis lead to the identification of the main features. Within
the period of analysis from July to August, 2013, a low frequency (quasi constant) current with magnitudes of up to about 0.2 m/s flowing alongshore was identified. The currents are considered to be a part of
a large-scale density induced circulation between the Bohai Sea and Yellow Sea. It was found that tidal
and longshore currents are of similar magnitude and the energy from diurnal components is approximately twice the one from semi-diurnal currents. The local wind can bring noticeable effect on the currents,
especially in places where the low frequency current is weak. The findings are in good agreement with
previous studies and the applicability of the HF radar was confirmed. Additional analyses of the local current patterns are currently underway. The data, in quasi-real time, is being used for the development of
flow and wave models and being integrated within a nowcasting modeling system covering parts of the
Shandong Peninsula.
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ABSTRACT: The aim of this paper is to determine the best-fit probability distribution for the rainfall data
in the Schoeckelbach basin which is situated at the northern Graz in Austria. In this paper, in order to find
the best-fit probability distribution model, a parameter estimation technique (L-moments method) is used
and for goodness of fit test, three methods are used as Chi-Square, Kolmogorov-Smirnov and the root
mean square error (RMSE). In this paper, a comparison between four commonly used rainfall frequency
distributions are carried out such as Generalized Extreme Value (GEV), Gumbel, Log-Pearson type III
(LP III) and 3-parameter Log-normal (LN III). The results are shown that the best-fit probability distribution for the Schoeckelbach basin is Gumble’s distribution. This best-fit probability distribution can be
used to determine the Intensity-Duration-Frequency relation (IDF) for the Schoeckelbach basin.
Keywords: L-Moments Method, Gumbel Method, Rainfall analysis, Best-Fit Probability Distribution,
Goodness of fit test.
1 INTRODUCTION
Rainfall analysis is the first step to determine the rainfall event in many hydrologic design projects. One
of the most important parts of a rainfall analysis is Intensity-Duration-Frequency (IDF) analysis. For this
reason, the annual extreme data is fitted to a proper probability distribution model in order to estimate
rainfall quantities. In order to obtain the best-fit probability distribution model, the parameters for a few
commonly used rainfall analysis distributions should be estimated and then the best-fit probability distribution could be selected among these probability distributions. In this paper L-moments method, which
was introduced by Hosking (1990), is used. Also for goodness fit analysis, three methods are used as ChiSquare, Kolmogorov-Smirnov and the root mean square error (RMSE) method. After these analyses, it is
possible to choose the best fit probability distribution.
This probability distribution model is necessary because the fitted distribution can not only be used to
interpolate, but also to extrapolate for finding return periods of extreme values that were not apparent during the relatively short period of observation.
2 PARAMETER ESTIMATION USING L-MOMENTS METHOD
In this paper, L-moments method is used to estimate the parameter of four selected distributions as (a)
Gumbel, (b) Generalized Extreme Value (GEV), (c) Log-Pearson type III (LP III) and (d) 3-parameter
log-normal (LN III) distributions. Table 1 summarizes the distribution parameters. In this Table, γ is the
location parameter that defines the point where the support set of the distribution begins, µ is the scale
parameter that stretches or shrinks the distribution, σ is the shape parameter that affects the shape of the
distribution, RTr is the Tr-year return precipitation and Γ is the Gamma function. The optimized distribution parameters were computed for each distribution and they are shown in Table 2.
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Table 1. Distribution parameters using L-moments method.
Distribution

Parameters

RTr= γ + µYTr

γ= L1 − 0.5772µ
L2
log 2

µ=

Gumbel


 Tr − 1  
YTr =
− ln  − ln 

 Tr  


RTr = γ +

σ
µ  
 Tr − 1   
1 −  − log 

σ 
 Tr   





=
σ 7.8590c + 2.9554c 2
=
c

GEV

2
ln 2
−
3 + τ 3 ln 3

µ=

L2σ

(1 − 2 ) Γ (1 + σ )
−σ

γ= L1 −

µ (1 − Γ (1 + σ ) )
σ

µ = L1
γ=

σ=
if

LP III

α=
if

α=
LN III

2

α

sign (τ 3 )

L2 Γ (α ) πα
Γ (α + 0.5 )

1
then
3
1 + 0.2906 z

0 < τ3 <

3πτ 32
z=

z + 0.1882 z 2 + 0.0442 z 3

1
< τ3 < 1
3

then

z=
1 − τ3

0.36067 z − 0.59567 z 2 + 0.25361z 3
1 − 2.78861z + 2.56096 z 2 − 0.77045 z 3

Refer to [Yuanfang et al. 2004]

Table 2. The optimized distribution parameters.
Parameters

GEV

Gumbel

LP III

LN III

γ

46.04

46.40

2.654

25.47

4

1

9

5

µ

11.47

11.84

0.056

3.177

3

1

16

4

σ

0.048

22.84

0.551

9

43

01

-
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In the next step, the goodness of fit tests should be done. The goodness of fit of a statistical model describes how well it fits a set of observations. Measures of goodness of fit typically summarize the discrepancy between the observed values and the values expected under the model in question. Such
measures can be used in statistical hypothesis testing such as to test for normality of residuals (RMSE
test, [Haan, 2002]), to test whether two samples are drawn from identical distributions (KolmogorovSmirnov test, [Seckin et al., 2010]) or whether outcome frequencies follow a specified distribution (Chisquared test, [Seckin et al., 2010]).
3 THE BEST-FIT PROBABILITY DISTRIBUTION
In this paper, these three tests are carried out on the data and the results are shown in Tables 3 and 4.
Table 3. The results of the goodness fit tests.
Chi-Squared
Distribution
Value
Rank

RMSE

Kolmogorov-S.

Value

Rank

Value

Rank

Gumbel

0.87164

1

2.04

1

0.10534

4

GEV

2.7235

3

10.22

3

0.09448

2

LN III

2.9641

4

6.18

2

0.08165

1

LP III

2.6844

2

14.40

4

0.09764

3

As it can be seen Table 3, the results are a little complicated because the results of the KolmogorovSmirnov test are very closed to each other for different distributions and their ranks in this test are very
different with Chi-Square method and a little with RMSE method. This Table also described that the
Gumble distribution is the best-fit distribution in both Chi-Square and RMSE tests. Also, the results of
Chi-Square test are shown that the values for LN III, GEV and LP III are much closed whereas the value
for Gumbel distribution is very smaller than the others (also in RMSE method).
As a final comparison, the box-plot for sorted observed rainfall and all modeled rainfalls with various
distributions are plotted in Figure 1. As this Figure shows, the Gumbel distribution is completely fitted
the observed data whereas the LP III is almost far from the observed data especially for the maximum and
minimum values in the sorted data. GEV and LN III are almost fitted the observed data but LN III gave
the smaller values and GEV gave greater values. Due to this reason, GEV is better than LN III and finally
these distributions are ranked as they are shown in Table 4.
Table 4. The final decision rank.
Distribution

Final decision

Gumbel

1

GEV

2

LN III

3

LP III

4
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Figure 1. Box-plot for daily observed data and for all distributions.

4 CONFIDENCE LIMIT
A confidence analysis is used in statistical analysis to represent the uncertainty in an estimate of a curve
or function based on limited or noisy data. The confidence limits are expressed as follow [Mahdavi 2003]:
X Tr ,u= X Tr + S ∆X

(1)

X Tr ,=
X Tr − S ∆X
l

(2)

aσ
in which X Tr = RTr (the Gumbel distribution parameter) and ∆X = .
n

2

Also, a =1 + 1.3K + 1.1K where S is a constant (for 90% confidence S=1.645), σ is the standard deviation, n is the number of data, K = µ is the Gumbel parameter and X Tr ,u and X Tr ,l are the upper and
lower confidence limits respectively for the return period of Tr. Based on these equations, a 90% confidence analysis is constructed and the final result is shown in Figure 2. This diagram indicates that the
best-fitted probability distribution (Gumbel) is suitable for all observed data and they situated completely
between 90% confidence limits.

Figure 2. Confidence analysis (90%).

Now, this best-fit probability distribution can be used to determine the IDF relation which is necessary in
rainfall-runoff modeling of the Schoeckelbach basin.
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Evacuation Alarm Using the Improved Magnitude Method to Damage
Caused by Typhoon 9918
R. Hashimura
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ABSTRACT: In 1999, Typhoon 9918 struck Kyushu Island, which is located in Western Japan. During
the strongest stage of the typhoon, the central pressure was 930 hPa and the maximum wind speed was
46.3 m/s near the center of the typhoon. Due to the significant storm surges and high and long period
wind waves, the typhoon caused extensive flooding to land area and enormous damage to maritime structures. The improved Magnitude (iM) Method can be used to estimate the damage length of maritime
structures that will occur along the coast before a typhoon strikes. The usefulness of a forecasting of the
damage length on an announcement of storm warnings and evacuation using an iM Method for coastal
residents is discussed. The result shows that this forecasting method is useful for disaster prevention management to coastal residents.
Keywords: Forecasting, Evacuation, Alarm, Vulnerability, Magnitude, Damage length
1 INTRODUCTION
The forecasting of damage length which occurs along the coastal areas is very important in the economic
activities and security of fishermen, the operation of port facilities and the safety of port workers and local residents along the coastal region. Typhoon 9918, which maintained a maximum wind speed of almost
45 m/s near the center, struck the Kyushu Island in the western part of Japan. The anomalous storm surge
was induced in the closed seas of the western region of the Kyushu Island by Typhoon 9918. The maximum anomaly is estimated to be about 3 m at the northern part of the Yatsushiro west coast (Figure 1). In
total, 16 people were killed, 62,772 houses destroyed or damaged, and 1,883 houses were flooded. There
was no forecasting system along the damage length that occurred by the typhoon passing through Kyushu
Island. If an announcement of storm warning and evacuation had been provided for residents along the
coastal area before the typhoon struck, these victims might have been spared.
The forecasting method based on the magnitude of a typhoon center is described. The usefulness of a
forecasting system for announcements of storm warnings and evacuations using an improved Magnitude
Method for coastal residents is discussed.
2 IMPROVED MAGNITUDE METHOD
The author proposed an improved Magnitude Method which is calculated based on 74 typhoons over past
25 years from 1980 to 2004. This method is proposed for forecasting the damage length of maritime
structures caused by an approaching typhoon on each coast along the coastal regions in Kumamoto Prefecture (Figure 1). All typhoons passed an area delineated by a latitude of 30° N and 35° N and a longitude of 127° E and 132° E in a 25-year period. The number of typhoons passing through the delineated
area is 74. The paths of typhoon are classified according to 13 types. The magnitude method is defined
based on the maximum wind speed near the center and the size of the typhoon at a latitude of 30° N. The
size of typhoon is defined as the radius of the area in which the wind speed is greater than 15 m/s. The
maximum wind speed is classified into 10 ranks and the size is classified into 8 ranks. The magnitude is
ranked from 1 to 17 as shown in Table 1. The damage length is defined as an alongshore length of dam943
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IS for Decision Support in Usage of Landscapes after Recultivation
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ABSTRACT: The information system (IS) MARE was developed as the system for information and risk
evaluation. The system is based on integration of problem-aimed data from monitoring of dynamic
processes in hydrology, hydrogeology and hydrochemical status of a landscape and selected geodynamic
processes in real time. This system enables to carry out a sensitivity analysis and to evaluate related
scenarios as a base for knowledge based decisions about concepts of regional development or, as a base
for more effective and more complex evaluation of variants of activities for revitalization or hazard
avoiding. The system is being tested on areas of Most and Chabarovice, which are the water-flooded
residual pits after open pit mining.
Keywords: Information system, Decision support system, Data mining, Multi-criterial analysis, Complex
system, Fuzzy logic
1 INTRODUCTION
In the last century, there were extensive changes done the landscape in the areas of the testing Brown coal
mining in two steps there. Groundwater level was lowered by deep mining in the first step. The open pit
mining as the second step was followed by partial filling in of the residual pits by dumps and/or flooding
of the pits by water creating artificial lake at the end. Thus, a brownfield environment was created, which
structure changes significantly in time and space, changing the conditions for possible various utilization
due to this. Accountable decisions about next exploitation of these landscapes and areas ask for complex
information based on multidiscipline approach. It is the only way how to take into account all the possible
risks, which could limit the intended development.
Most processes, we can observe in the nature, are of very complex structure. The same could be said
also about problems connected with geological processes. In this article we will focus our effort only on
processes, which occur in areas revitalised by usage of hydric method, namely on evaluation of
geotechnical risks, that are connected with this method.
In the era of automatic monitoring and automatic information systems, there is a possibility to use
information management for to gain and evaluate data by automatised equipment. This same equipment
can also be used for evaluation of these data, which could further be used for to support decision making
about necessity of preventive actions in order to avoid damaging of property (this could be such a case,
when the local authority has to care about a part of real estate, which could be endangered by risks in a
area revitalised on previously exploated mines).
But, then we have to create mathematic model, which could describe the reality as much as possible.
As known, the processes in the nature cannot be described by simple functions or formulas. In opposite,
the processes are very complex and, it is not easy to describe them in a full scope. Thus, we have to use
method, which enables to work out data of different nature, i.e. both qualitative and quantitative values.
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2 MULTI-CRITERIAL APPROACH
When making a multi-criterial evaluation of risks, a method should be used, which allows to evaluate the
total value of risk connected with the landscape and its future exploitation. For to be able to calculate such
clearly de-fined risk values for each locality, it was necessary to propose the system of finite steps (methodology), which enables, after certain exactly defined steps, to calculate or to estimate the crisp risk value
for the landscape. It the same time, it has to inform us about uncertainty or plausibility of this value for
decisions in the future.
For this reason, it was necessary to propose an integrated method, which incorporates both the
classical deterministic approach and the approach known from theory of complex systems. It was also
necessary to consider the fact, that we don´t have all the data necessary, in requested time or spatial
density. That´s why it was necessary to combine classical mathematic or statistic methods for evaluation
of time series together with tools, which enable to transform unmeasurable or estimated or even
approximatively factors into numerical model with the goal to evaluate and predict features of the system
after extreme change of conditions for some of its input parameter.
This methodology have been integrated into Information System MARE, which is system for decision
support in usage of landscapes after re-cultivation. IS MARE was developed as the system for
information and risk evaluation. The system is based on integration of problem-aimed data from
monitoring of dynamic processes in hydrology, hydrogeology and hydrochemical status of a landscape
and selected geodynamic processes in real time. This system enables to carry out a sensitivity analysis
and to evaluate related scenarios as a base for knowledge based decisions about concepts of regional
development or, as a base for more effective and more complex evaluation of variants of activities for
revitalization or hazard avoiding.
For to be able to evaluate a definite size of risk for each site, it was necessary to create a
comprehensive procedure (method). It must be able to calculate a clear value of risk in the site after some
exactly defined steps and, it must be able to evaluate the plausibility of this value for future decisions. It
has to be noted, there are not exactly measured values available for some factors, with requested
frequency or in real time.
3 METHODS
For to be able to evaluate a definite height of risk for each site, it was necessary to create a comprehensive
procedure (method). It must be able to calculate a clear value of risk in the site after some exactly defined
steps and, it must be able to evaluate the plausibility of this value for future decisions. It has to be noted,
there are not exactly measured values available for some factors, with requested frequency or in real time.
3.1 Covering of the area by system of cells
In this case, we have covered the part of researched landscape by a mesh of cells. Such a mesh should
cover all the important points of the site, i.e. old landslides, old environmental problems, area of interest
for investors etc.
3.2 List of factors involved in the process
In this step, we create a list of factors, which could be involved in the process we describe. In the application MARE we suppose, that for example following factors could occur: Underground water, fast temperature changes, dump, mining bed, landslides, type of soil, tidal forces, terrain profile, factor of stability,
abrasion of lake or river banks, saturation of soils by water, industrial factors, rainfall and microclimate,
subjective evaluation, contamination of water by metals from dumps, eutrophication, nutrients from
dumps and coal seams, abrasion of banks, stability of slopes, setting down, firing-up of seams, amount of
rains, partial pressure in pores, level of surface water, air temperature, soil temperature, pH and Eh of water, mechanical stress, 3D movements of soils and undergrounds etc.
3.3 Coincidence matrix
While the geological process takes place, there are more factors, which can have influence on the process.
But, these factors do not act on the principle „each with all others, one by one“. In other words, the coin958

cidence matrix of these factors is not full. Even more, because relations between some factors cannot be
equivalent in both directions (for example, the rainfall can have influence on stability of a slope but, the
rainfall cannot be influenced by stability, etc.), the coincidence matrix will not be symmetric.
In order to inactivate not-used relations between factors (better said, between pairs of factors), which
cannot not be in any relation, we create and fill-in a coincidence matrix of these factors, where we
describe, whether there is (could be) any relation (not known yet) between certain pairs of factors.
3.4 Calculating by Saaty´s matrix
Having selected totally N factors, we should create a matrix N × N. In each cell of the matrix, there
should be described (by numbers) the relation „The importance of factor X against factor Y“. There could
be used more methods known from economy or statistics, so we suppose to use Saaty´s matrix („SM“)
because of its simplicity. The cells of the SM have to be filled in by numbers, which are the ratios saying
how much times (we suppose) the factor X is more (or lesser) important in comparison with factor Y.
When some factor has not been involved in the process, then we have to take out its line and column
from the matrix (the SM cannot work with zero values). The SM should be created for more scenarios
that could come into reality. These scenarios should cover foreseen possible (real) combinations of input
conditions, which can occur. In this way, it is possible to be prepared for more hazardous situations in
advance. The automatic system for decision support must have access to actual data and, after their
evaluation, it must be able to switch over to other scenario, when it finds out an extreme change of input
conditions. In such a case, the SM must be re-calibrated (automatically or manually) in order to be in
accordance with reality again.
As said above, it is important to work out such scenarios, which calculate with extreme changes on
inputs, i.e. when the stability of the system changes. Let us call them „critical scenarios“(CS). The CS
should cover all the spectrum of possible hazardous situations, such as „heavy rain + soil soaked by water
+ inconvenient slope + ... etc. “.
3.5 Calculating of the factor´s participant in the process
It is necessary to know the intensity of each factor inside the given process. We have to operate with factors of different types and with different scopes of intensity. Even the way of description differs from factor to factor.
One of the method for comparing of such phenomenon is the Multi-Criterion Analyse („MCA“). When
using this method, we have to gain two different values of each factor, which we call factor´s value
(„FV“) and uncertainty („UN“).
For this reason, we have programmed a number of small applications, which make possible to evaluate
FV of each factor and its subfactors in the process. This calculation has been based on „penalisation
points“ - the worse the subfactor for process is, the more penalty points it gets. The limits for FV are 0
and 10 points.
The next characteristic (UN) describes the way we have got the data. Roughly said, the more precise
the method for data acquire, the lower the UN, and vice versa. The evaluation begins on 100% for the
data obtained by direct measurement by instruments etc., then we have 80% for data calculated by
interpolation, 60% for data indirectly calculated from other phenomenon etc., until 30% for data given by
expert´s opinion.
3.6 Ranges for evaluation of the factor´s participant
Based on the fact, we work with dynamic a complex system, it is necessary to respect dynamical character of some factors in their mutual combination(s), which in the reality can lead to extreme scenarios.
These extreme scenarios can the whole system make unstable, which can cause for example important
surface erosion, activation of landslides etc.
For to be able to work out data of different nature, we use fuzzy logic. So it is possible to incorporate
different kinds of factors into evaluation, even with different types of ranges. Thus, we can calculate for
example with influence of rainfall, temperatures, grain of the soil, abrasion of lake banks, covering by
vegetation, evaporation, grade of slope, tidal forces etc. all together.
For this steps, we have to set up bottom and upper limit and to create a scale used for description of
actual intensity of each factor. This description should cover all the possible states of the factor we can
meet. Let us explain this on following examples.
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An example:
Ri = IF: (factor A is Ai) AND (factor B is Bj) AND...
... AND (factor K is Km) THEN (the risk Z is Zs)
The number of scenarios has no limit.
Using the symbol μ(x) for the DOM, the previous formula can be expressed as follows:
Ri = IF: (μAi(x) = Ai) AND (μBi(x) = is Bj) AND...
... AND (μKi(x) = is Km) THEN (μZi(x) = is Zs)
The meaning of the symbol μA(x) is „for the measured value (x) of the factor A, the factor A is a member
of the fuzzy set with the degree of membership equal to μ(x)“.
The function „AND“ is the one known from classic binary sets. Using this notation, each rule Ri can be
expressed in following way:
Ri = μZi(x) = μAi(x) AND μBi(x) AND ... AND μKi(x) = MIN(μAi(x), μBi(x), ..., μKi(x)),
where the function MIN(x) means „minimum from all the values in the brackets at the point (x)“.
After obtaining results Zi of each rule Ri , we have to aggregate (combine) them into a final fuzzy set Z,
which we can described as „the fuzzy set of the final risk“. For this aggregation, we have to use the function „OR“, known again from the classic set theory. Based on this fact, we can write following formula:
μZi(x) = μZ1(x) OR μZ2(x) OR ... OR μZS(x) = MAX (μZ1(x), μZ2(x), ... μZS(x)).
where the function MAX(x) means „maximum from all the values in the brackets at the point (x)“.
Because the graphic expression of this set is not simple, there are more methods for to evaluate its
shape (we can also speak about de-fuzzyfication) - one of them is „Centre of Gravity“ (COG), which is
based on calculation of coordinates of the gravity centre of the boundary shape of the fuzzy set. This coordinate is the number, which describes the value of risk, we want to know.
For not to forget to incorporate any important scenario, we can use following scheme, where we can
see all the possibly realised scenarios. It means we draw different (possible or expected) ways between
different scales of factors. The different ways (rules, scenarios) have been traced by lines of certain shape.
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4 CONCLUSION
The method described here has been tested and implemented on model sites Lake Most and Lake Chabarovice. The information system, connected with this method, collets available data including making
overview of classified information about sites, including possibility of their further processing. This system also enables to administrate the site based on both historic and newly created analysis for strategic
and operating decision about technical exploration. The tested sites are characterised by complex geologic, geotechnic and hydrogeologic conditions.
The results of this work can be used over long time period due to the fact, that there will be next opencase mines closed in next years. The aim when creating the IS MARE will also be to secure its easily
extension-ability also for other environmental data, which makes it possible to use also for other areas
touched by human activities, such as re-cultivation, or on areas endangered by geo-hazards etc. We
suppose, the users will be mostly owners and estate-keepers or authorities.
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Hybrid Modelling of a Filling and Emptying System of a Navigation
Lock
F. Belzner & C. Thorenz

Federal Waterways Engineering and Research Institute, Karlsruhe, Germany

ABSTRACT: When an emergency stop at the inland navigation lock “Iffezheim” occurs, the closing of
the roller wagon valves without any external force cannot always be guaranteed. The Federal Waterways
Engineering and Research Institute (BAW) was commissioned to investigate this problem. With a 1D/3D
hybrid model of the filling and emptying system of one lock chamber, the discharges in the culverts for
different valve opening positions were determined. The CFD toolbox OpenFOAM was used to calculate
the vertical forces acting on the roller wagon valves. Conducting a sensitivity analysis, it could be shown
that small geometrical variations have a great influence on the forces. Furthermore, the investigation
showed that the forces are very dependent on the width of the two gaps up- and downstream of the valves
between valve and shaft. In this paper the engineering problems and the investigation strategy for the navigation lock “Iffezheim” will be presented. This includes the procedure for the 1D/3D hybrid modelling
of the filling and emptying system with OpenFOAM and Flowmaster®. It will give an overview over a
chosen practically orientated approach for solving these problems and the results will be discussed.
Keywords: OpenFOAM, CFD, Hydraulic structures, Lock, Valve
1 INTRODUCTION
Navigation locks serve the shipping to overcome height differences like they exist on dams. The navigation lock “Iffezheim” located close to the German city Baden-Baden at the river Rhine is one of Europe’s
largest and most powerful inland navigation locks. It consists of two lock chambers with a length of
270 m and a width of 24 m. The maximum lift height is 12.50 m. For each filling, an amount of
77.000 m³ water is needed. Every year about 30 million tons of cargo are transported through the lock.

Figure 1. Footprint of the filling and emptying system of the lock Iffezheim
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Figure 7. Pressure deviation for a valve opening width of 25 %

As boundary conditions for the inflow and the outflow boundary of the 3D model a stationary pressure
was specified. For the velocity field, Neumann boundary conditions were applied. The forces on the valve
were computed directly within OpenFOAM from the pressure and the shear stresses. Corresponding to
the flow rates, which were determined with the 1D model, the forces acting on the roller wagon were
scaled afterwards with the square of the flow rate ratio:
𝑄

𝐹𝑣 = 𝐹𝑂𝐹 ∙ �𝑄1D �
3D

2

(2)

where Fv = vertical force acting on the valve, Fv, OF = vertical force acting on the wagon (result of 3D
model), Q1D = flow rate in 1D model, Q3D = flow rate in 3D model.
One exemplary pressure distribution for a valve opening width of 25 % is shown in figure 7.
4 RESULTS
4.1 General results

Performing twenty 3D calculations for valve opening positions between 2 % and 100 %, the vertical forces acting on the roller wagon during the whole opening process could be determined. The results of the
investigation are shown in figure 8. Lifting forces are positive, forces acting downwards on the wagon are
negative. The shown forces are an average over about 100 time steps after a quasi-stationary solution was
reached.
Considering the results of the CFD calculations, the vertical forces acting on the roller wagon depend
on the valve opening and in particular on the width of the two gaps e1 and e2. With increasing valve opening the gap e2 increases and the flow above the wagon intensifies, which leads to decreasing pressure
above the wagon and smaller downward forces. The investigation showed, that the forces are strongly dependent on the actual sizes of the gaps.
In principle the shape of the curve (figure 8) can be divided into three states:
- State I: Small opening width. Due to the discharge under the wagon, the pressure under the
wagon decreases. The downstream gap e2 (figure 2) is still closed and the pressure in the shaft
equals upstream pressure.
- State II: Further valve opening releases a gap at the downstream sealing line. Flow above the
wagon occurs and the pressure above the wagon decreases. As a consequence, the forces acting
downwards decrease.
- State III: At valve opening widths of about 30 % and 60 % the downstream gap e2 is reduced
by the horizontal cross studs. Subsequently, the flow above the wagon decreases and the pressure increases. As a consequence, the forces acting downwards increase.
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Simulation of Flood Scenarios with Combined 2D/3D Numerical
Models
N. Gerstner, F. Belzner & C. Thorenz
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ABSTRACT: To determine flooded areas in case of failure or revision of a weir in combination with a
coincidental 100-year flood event, extensive water level calculations have to be done. The Federal Waterways Engineering and Research Institute was commissioned to estimate the hazard potential for this
situation at the Main river. In close vicinity to the barrage the flow is characterized by a threedimensional velocity field. In contrast to these three-dimensional small-scale effects, the flow in the far
field of the barrage and over the wetlands can be approximated as two-dimensional. In order to simulate
the variety of effects correctly with an appropriate effort of time 2D- and 3D-models were built. Neither
the two- nor the three-dimensional model can reproduce all the relations in a sufficient way. Furthermore
the parametrical correlations of boundary conditions of the two models highly influence each other. The
approach of joining a two- and a three-dimensional model in order to create a hybrid model will be
shown.
Keywords: Hybrid modeling, Flood, Weir, OpenFOAM
1 INTRODUCTION
In the first half of the 20th century, 34 barrages were built at the river Main between Kostheim and Viereth. The Federal Waterways and Shipping Administration commissioned the Federal Waterways Engineering and Research Institute to estimate the hazard potential due to failure of a weir gate. The calculated water levels were compared to existing water levels of a 100-year flood event. Thus the impact on the
flooding situation caused by failure of a weir gate can be judged.
According to the German Association for Water Management and Environmental Construction distinctions between failure and revision of a weir gate have to be made. In case of a failure a weir gate cannot
be moved out of the flow cross section at the time of an arriving flood. In case of a revision an inspection
cover blocks a weir field. Considering failure of a weir gate the upstream water level of the barrage needs
to be estimated for a 100-year flood event. In all scenarios the most powerful weir is considered. Real-life
examples are chosen to demonstrate the creation of a hybrid model and the processing of the given task
respectively.
In case of failure or revision of a weir gate the flow regime in close vicinity to the weir is characterized
by a three-dimensional flow intensified by the small number of weir fields. Hence, the application limits
of one- and two-dimensional numerical approaches will be exceeded. To limit the computing costs a
three-dimensional multiphase model is set up with OpenFOAM covering only areas where vertical acceleration cannot be neglected.
Since the flow in the far field of the barrage and across the wetlands can be approximated as twodimensional, a 2D-model was used. It stretches over several kilometers of the river valley estimating the
consequences of the failure for the region.
In order to compute the upstream water level in case of failure with respect to all two- and threedimensional effects both models are necessary. The hydraulic boundary conditions and results of the two
models influence each other.
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tailwater level and backwater. This correlation is in fact unknown at the beginning of the investigation.
Accordingly, temporary results of the 2D model must serve as hydraulic boundary condition. On the other
hand, correlations found by the 3D model are integrated into the 2D model.
The 3D model can be seen as addition to the 2D model considering the more exact simulation of highly turbulent flow in close vicinity to the weir where the assumption of a two-dimensional flow is no longer valid. The procedure for coupling the two models in general can be done as follows (see figure 3): To
gain an overview over the flow regime around the weir a first calculation run of the 2D model is carried
out. Results of this calculation are the discharge through the weir and the tailwater level. Furthermore the
difference between upstream and downstream water level can be calculated. Nevertheless, the water level
difference is quite inaccurate due to the two-dimensional character of the model. To verify the water level
difference the resulting discharge and tailwater level of the 2D model are transferred to the 3D model as
hydraulic boundary conditions. Taking these hydraulic boundary conditions into account, the result of the
three-dimensional model provides more detailed information about the backwater. Comparing the estimated backwater values of the two models, a statement can be made whether the hydraulic capacity of the
weir in the 2D model is accurate. Accordingly the overflow coefficient integrated into the weir of the 2D
model needs to be adapted to the flow conditions of the 3D model.
After the adaption of the 2D model another simulation run is carried out. The relation of flow over the
wetlands and discharge through the weir changes due to the adapted overflow coefficient. The newly estimated values for flow through the weir, tailwater level and backwater are controlled by another simulation of the 3D model. This iteration course is repeated until an acceptable deviation between the two- and
the three-dimensional model is reached.

Figure 3. Iteration: Iterative procedure of coupling the 2D- and 3D-model

Since the necessary amount of iteration steps and occurring range of boundary conditions are unknown at
the beginning of the investigation, an approach is needed to limit the number of simulation runs of the 3D
model. A functional correlation between “discharge through the weir”, “tailwater level” and resulting
“backwater” of the 3D model is wanted. Here, a mathematical function with two variables representing a
three-dimensional surface in space was chosen. Using a polynomial of second order in x- and y-direction,
an equation with nine unknowns results. Hence, nine simulations of the 3D model with different combinations of hydraulic boundary conditions are needed to solve the equation.
The equation is given as:
ax² + by² + cxy² + dx²y + exy + fx²y² + gx + hy + i = z

(1)

Value ranges of the parameters “discharge through the weir” and “tailwater level” can be estimated based
on the first simulation run of the 2D model. E.g. in case of failure of a weir gate at the weir Rothenfels it
was decided to set the range of the discharges from 1975 to 2175 m³/s and the range of the tailwater levels
from 149.05 to 150.05 m a.s.l. The results are nine different combinations of boundary conditions considering a minimal, average and maximal discharge and tailwater level respectively within the parameters
ranges.
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draulic correlations of the 3D-model. The adapted 2D-model combines the advantages of both models,
the dimension of the 2D-model and the accuracy of the 3D-model.
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Generation of a 3D Mesh Using snappyHexMesh Featuring
Anisotropic Refinement and Near-wall Layers
D. Gisen

Federal Waterways Engineering and Research Institute, Karlsruhe, Germany

ABSTRACT: A workflow for 3D mesh generation in hydraulic engineering using the tool snappyHexMesh is delineated in this article. snappyHexMesh is the standard mesh tool of the free CFD software
package OpenFOAM®. 3D hydraulic engineering problems typically include scales ranging from the order of decimeters to hundreds of meters, curved structure geometries, and a free surface, making it necessary to apply multiple levels of local refinement in several regions. As a real-life example for the process,
a hydro power dam tailrace mesh is chosen. Its dimensions are about 133 m x 105 m x 12 m and it is
needed to investigate the flow field within the tailrace, supporting the projection of a fishway. Beginning
with geometry generation and completing with quality control, the workflow is split into seven steps that
are explained separately, including practice guidelines based on experience. Made decisions in the example model in general as well as pros and cons of anisotropic refinement and layer insertion in particular
are discussed.
Keywords: Mesh, Anisotropic, snappyHexMesh, OpenFOAM
1 INTRODUCTION
The standard tool for generation of computational meshes (also: grids) in the free, open source software
package OpenFOAM is called snappyHexMesh. Third-party mesh formats like e.g. FLUENT (.msh) or
I-DEAS (.unv) can be used as well. However, they need to be converted, which can produce compatibility
problems. The major disadvantage of snappyHexMesh is its non-intuitive operation by control files and
command line and the patchy documentation, which is replaced in practice by a combination of Internet
research, exchange with colleagues and troubleshooting using trial-and-error method. The present contribution aims to mitigate these problems, providing detailed documentation of problems occurring through
the mesh generation process and thereby enabling solution transfer. As an example from the field of hydraulic engineering, the tail water of a hydropower plant including draft tubes is employed. Its dimensions
are about 133 m x 105 m x 12 m and it is needed to investigate the flow field within the tailrace, supporting the projection of a fishway. Knowledge of application and structure of both OpenFOAM and visualization tool ParaView is premised.
The workflow is split into seven steps including two optional ones (refineMesh and addLayers).
Names of files, paths, (sub-)dictionaries, variables and program options are written in italics. Terminal
commands within the text are printed in Courier. File excerpts are bordered in addition.
2 METHODS
For computations, OpenFOAM 2.2.2 (Weller et al., 1998) including the tools snappyHexMesh and refineMesh is applied on a Linux cluster. For 3D visualization, ParaView 4.0.1 is run locally on
openSUSE 12.3.
Some filters in ParaView cannot handle arbitrary polyeders. Hence, every mesh loaded is split by default into tetrahedra and pyramids (checkbox Decompose polyhedra in ParaView). That causes deceptive
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visual output and an overstated number of volume elements. Since deactivating the split function can lead
to crashes (segmentation faults), it should be applied only for screenshot creation and with a previous
backup of the current view settings using Save State. The option Crinkle clip, which moves a given cutting plane upon next local cell borders, is recommended for viewing Clips and Slices.
Figures shown in the following are exported in a width of 1890 pixels and their correspondent height.
This equals a printing width of 6.3 inch = 16 cm at 300 dpi (dots per inch).
3 MESH GENERATION WORKFLOW
3.1 General settings
Standard OpenFOAM folder structure is used for mesh generation. For clarity, the mesh is generated in a
separate directory and copied into the actual case directory at last. The following settings are written in
system/controlDict/ to save every grid generation step in sub-folders numbered in ascending order:
application
startFrom
startTime
stopAt

snappyHexMesh;
latestTime;
0;
endTime;

endTime
deltaT
writeControl
writeInterval

30;
1;
timeStep;
1;

Because the process is always based on the latest sub-folder present in the directory, this and every subsequent sub-folder have to be removed before iterating a step using rm –r FOLDER_NAME .
3.2 Step 1: CAD drawings and export
To start with, the geometry is drawn using a CAD (computer aided design) program. For large scale hydraulic engineering models (dimensions in order of the river width or smaller), structures, banks, and bottom are typically fixed. The position of flow boundaries such as upstream and downstream, atmosphere
(“lid”) and possible longitudinal in-stream boundaries, in contrast, needs to be chosen. It has proven to be
useful to draw the geometry always up to maximum positions of the river margins, since a reduction is
possible very easily by reducing the basic mesh (in the following step), whereas a later enlargement,
however, makes necessary re-work with the CAD program.
The model is drawn and later calculated in local (relative) coordinates. Shifting the model to e.g.
8-digit global coordinates would facilitate the comparison with field data, but increase either inaccuracy
or computational requirements massively. The local point of origin (circle in Figure 1a) is set at the intersection between the left (in flow direction) bank and a virtual plane at the end of the three draft tubes of
the hydropower plant. This makes it easy to find in situ and to read distances from the hydropower plant
on the longitudinal axis. As a convention, the x-axis is pointing in the main flow direction, and the z-axis
is pointing opposite to the direction of gravity. Hence the y-axis yields across the river. Z-coordinates are
initially left in sea level in order to simplify drawing based on the construction plans.
After finishing the drawing, geometry parts with identical properties are being exported together into
files in STL (STereoLithography) format. Typical criteria for sameness are type of boundary condition,
roughness, or wall layers. In the present example, turbine inlet 1–3, draft tube 1–3, weir inlet 1, sheetpile
walls with roughness, and other walls without roughness are exported to one file each. Binary is chosen as
data format, since ASCII tends to cause files significantly larger when dealing with complex geometries.
The bottom boundary is created on the base of echo sounding data using Janet 2.12.2. Finally, the STLs
are copied into the sub-folder constant/triSurface/.
3.3 Step 2: blockMesh
Using the OpenFOAM tool blockmesh, a basic mesh in the form of a rectangular box covering the entire
simulation domain is created. Its settings are stored and changed in the dictionary constant/polyMesh/blockMeshDict/. As general refinement method, OpenFOAM applies uniform edge bisection in the three spatial directions. By choosing the basic edge length to Δ = 1.60 m in the sub-dictionary
blocks, a total of five refinement stages (up to (1.60 m)/25 = 0.05 m) with an even centimeter digit are
available, which eases mental arithmetics during mesh generation. Cubes are chosen as cell form, since
they represent the optimum geometrical shape for node movements in a later step (OpenFOAM Founda984

tion, 2014) and for turbulence modeling with a Large Eddy Simulation (LES) in the simulation itself
(Spalart, 2001).
A total of six boundaries of the basic mesh are declared as xmin, xmax, ymin, ymax, zmin and zmax in
the sub-dictionary boundary. If they reside within the borders of the STL geometry, they are recognized
as simulation boundaries in the next step automatically. If they do reside outside of the STL geometry,
they are cut and discarded. In the present case, height of the atmosphere (zmax) and position of the outflow boundaries (xmax and ymin) can be varied without changing the geometry.
The result of blockMesh (Figure 1b) is stored under constant/polyMesh/ differing from the results of
the next steps and can be viewed in ParaView as Time 0.
3.4 Step 3: castellatedMesh
Following the preparing steps, snappyHexMesh is called for the first time. The tool reads its settings from
system/snappyHexMeshDict/ (a template can be copied from the tutorial mesh/snappyHexMesh/ motorBike/). The dictionary contains parameters for the three steps, castellatedMesh, snap, and addLayers, in
three correspondent sub-dictionaries. For space limitations only the most important parameters are discussed here. Besides descriptive comments in the dict, the presentation of Jackson (2012) is adjuvant for
understanding. For calling the first step only, it is set:
castellatedMesh true; snap false; addLayers false;

After executing snappyHexMesh | tee log1, the result is stored into the folder 1/polyMesh/. The
prompt output is sent towards the Linux system tool tee by the vertical bar (“pipe”), which stores the output for possible later use into the text file log1.
castellatedMesh performs three actions on the mesh: (a) dividing all cells cut by STL geometries,
(b) refining cells within defined local domains, and (c) discarding cells outside of the STL borders. The
processes are explained in the following sections.
(a) The sub-dictionary refinementSurface (code excerpt below) contains all boundaries of the model.
The minimum and maximum number of bisection respectively refinement steps is given by two entries
behind level. Maximum refinement is applied to the cells at every bend in the STL file, whose featureAngle φ ≥ resolveFeatureAngle φrFA (in degree). φ is the angle between two face normals sharing a common
edge. It is computed through the dot product of the unity normal vectors and resides always within the interval [0°, 180°]. In other words, φrFA is exactly the angle an virtual face may bend towards in positive or
negative direction without causing maximum refinement at the resulting featureEdge (Figure 2). With the
code given in the excerpt, every cell cut by the STL walls is split into 2³∙² = 64 new cells minimum. Only
if the STL bends more than φrFA = 30° within a certain cell, it is split into 2³∙³ = 512 new cells.
Entered values φrFA outside of [0°, 180°] are automatically set to –1.0e+15 (refinementParameters.C),
resulting in maximum refinement for every bend.
nCellsBetweenLevels 2;
refinementSurfaces
{
walls
tube_1
...
}
resolveFeatureAngle 30;

// decrease cell count
{ level (2 3); }
{ level (4 4); }

(b) Isotropic refinement inside of the boxes defined in the sub-dictionary geometry is possible in the subdirectionary refinementRegions. With mode inside, as chosen in the tutorial template, the first entry of
levels (not to confuse with level from above) is treated as a dummy value and the number of cell splits is
determined by the second entry. Another option is mode distance, which refines up to the distance from
the domain given in the first entry by the number given in the second entry.
It is useful for the definition of the box borders to create a castellatedMesh without refinement beforehand and to load it in ParaView along with the STLs. Employing the filter slice, borders in x, y, and z directions can be visualized and moved until they cut the exact cell needed. Cells are cut if a part of their
volume lies inside a refinement box. The respective spatial coordinate may then be read and copied from
ParaView to snappyHexMesh.
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Figure 1: Steps of mesh generation: a) CAD drawings, b) blockMesh, c/d) castellatedMesh view and section, e) refineMesh
and snap, f) addLayers. Flow direction from right to left.

Figure 2: Principal sketch of featureEdge, face normals, and angles φ and φrFA.
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(c) All dispensable cells that are part of blockMesh, but not inside the computational volume, are discarded. They are not connected to the point locationInMesh, as one or more STL surfaces are blocking the
way. An occasional problem appears when some outer cells are still connected to this point through tiny
gaps between two STLs and therefore are not removed in the step (so-called “creeping” since the mesh
“creeps” through the gaps). The following countermeasures can be applied against creeping:
1. To make sure that all STLs needed are present in the folder, console output is showing no errors, and all boundaries are defined in snappyHexMeshDict’s sub-dictionaries geometry and refinementSurfaces.
2. To check if the point locationInMesh is inside the intended mesh, but not at an edge. The latter
can be ensured by adding arbitrary digits, e.g.:
locationInMesh (10.49 -10.01 83.003);

3. At concave surface joints: Extension of the STLs in outside pointing direction to allow them to
not only touch but intersect each other in the shared edge. This is employed here at the edges
between the bottom and the vertical walls.
4. Visual search for holes with ParaView. The mesh is opened, colored by vtkCompositeIndex or
cellLevel, and Surface with Edges is activated. It is viewed from the inside by zooming and repicking the camera center (Pick Center). The searching domain can be downsized systematically using blockMesh. Typical problems are at curved edges, because they cannot be represented
exactly by the triangle based STL mesh. If a hole is found, a local refinement box (see b)
around the problematic element can help. In case it is caused by two STLs not fitting perfectly
together, they should be re-exported from the CAD program with a higher resolution.
5. In some cases, creeping can be fixed by moving the basic mesh few centimeters in an arbitrary
direction, whereby the STLs cut the cells at slightly other positions. However, success of this
solution is random, hence it should be used as last resort only.
Following a visual check using ParaView, meshing is continued with anisotropic refinement.
3.5 Step 4: refineMesh (anisotropic, optional)
Inside every cell layer possibly containing a water/air interface during the simulation, sudden changes to
the z resolution should be avoided. So far, only cells inside the isotropic refinement box at the turbines
(see Figure 1c) have the uniform height of ∆z = 20 cm. For adjustment of all further cells close to the water level, anisotropic refinement with refineMesh is deployed. It substitutes every affected cell just by 21
and not by 23 new cells, making the computation faster. However, depending on the mesh volume and
number of simulations, it can be timesaving to refine just isotropic where needed, since the step refineMesh requires a high effort.
At sudden resolution jumps, numerical-induced currents may arise from the Volume of Fluid method
used in the simulation. When the mesh resolution at the water/air interface increases by factor 2 as shown
in Figure 3, the three cells depicted receive three differing filling states: water (α = 1), air (α = 0), and a
mixture of both (α = 0.5). Due to gravity acceleration g, the fluids tend to order themselves according to
their density (here proportional to α), inducing balancing currents (arrows) without real influence.

Figure 3: Creation of balancing currents between cells filled up to different states.

refineMesh is a separate tool contained in OpenFOAM and not part of snappyHexMesh. Its application
makes most sense following castellatedMesh, as the cell splitting results are easier to predict for orthogonal than for non-orthogonal cells, e.g. resulting from snap (step 5).
The tutorial multiphase/cavitatingFoam/les/throttle3D/ contains files Allrun, refineMeshDict, and
topoSetDict.X, which may be used as templates. The following settings are applied to refineMeshDict:
directions (tan3); useHexTopology yes; geometricCut no; writeMesh no;
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Precedent calling snappyHexMesh, snap false and addLayers true are set. By setting relativeSizes false,
required length units may be set directly and are easier to envision. Edge length in the mesh far from the
wall amounts to 0.10 m in tube_1, to half of that (0.05 m) in the coarsest layer (finalLayerThickness), and
to 0.025 m in the layer closest to the wall (Figure 1f). minThickness is practically switched off by the
small value 0.001 m. For parameter featureAngle φfA, a high value is preferred contrary to resolveFeatureAngle φrfA (see castellatedMeshControls), because layers are only inserted if φ < φfA. Despite the equal name, featureAngle φfA must not be confused with featureAngle φ between the normal vectors of two planes. According to own tests, in contrast to φrfA also values of φfA above 180° do influence
the result, therefore maximum value 360° is set. An explanation of this behavior has not been found yet.
nSmoothThickness and nLayerIter are both reduced to cut the mesh generation time. maxThicknessToMedialRatio is set to maximum value 1 to minimize thinning of two wall layers approaching each
other in a pointed angle between two walls.
A common mistake is to use the STL names defined in geometry in addLayers, too. In fact needed are
the names from 5/polyMesh/boundary/ that often have additions like _OBJECT, _patch0, or _CADfix
from the first and last line of the STL. If ASCII STLs are being used, they can be removed optionally in
the STL file.
Especially when applied to multi-curved surfaces such as the draft tubes, addLayers with default settings often generates not any or faulty layers. As a first counter-measure, near-wall isotropic refinement
should be increased in refinementSurfaces. If nevertheless, even with the settings given above, no continuous layers arise, all entries in meshQualityControls may be deactivated by setting them to maximum respective negative values for debugging purposes. Afterwards, they are activated again line-by-line under
observation of the results to find the cause of the problem. A lasting change of these parameters is discouraged, as only symptoms, but no reasons for mesh problems can be fought through it and mesh quality
decreases.
In general, layers can be omitted in hydraulic engineering problems with little or no influence on the
bulk flow from boundary layer effects or roughness. Due to insertion of the layers, cell deformations may
form inside the computational domain depending on number and thickness of the layers, since additional
cells demanding space are created. As, in this case, the flow between two cells does not point through the
center of their shared face, interpolation gets necessary during the simulation causing inaccuracy. Other
mesh generators like e.g. that of StarCCM+ avoid this downside by reserving a volume close to the walls
for layers preceding to the generation process (CD-Adapco, 2013). This requires an integrated workflow
preventing selective re-iteration of single steps.
3.8 Step 7: checkMesh
After optional layer insertion, for a final check of the mesh, the command is executed:
checkMesh –latestTime | tee log.cm.6

From the output, cell count and agreement with predefined quality criteria are gained. Cells with quality
problems are stored into single sets, for instance in skewFaces for high skew cells (conceivable as geometrical deviation from the ideal form, e.g. deviation from a rectangular cuboid in the case of a general
hexahedron). Using
foamToVTK –faceSet skewFaces –latestTime

a VTK file is generated, which can be opened with ParaView to determine the positions of the bad cells in
the mesh (view as Wireframe). It can be tried to improve the quality by global and local refinements. If
the cells reside in areas irrelevant for the task and/or are few by number, they can be tolerated as well.
After completion of the seven work steps, the final mesh is copied from 6/polyMesh/ in the mesh folder to constant/polyMesh/ in the computation folder. From own experience, boundary conditions using free
water surface are more stable if this is close to z = 0, since hydrostatic pressure gets very small. Therefore, the mesh, created in natural height, is translated at last in the computation folder by an even amount
in z direction using the command
transformPoints -translate '(0 0 -80)'
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ABSTRACT: Flow past a surface-piercing cylindrical structure exhibits a substantial amount of freesurface variation along the obstacle surface at high Froude numbers. The free-surface variations and the
corresponding pressure gradient result in a remarkable downward flow with a strong velocity component
in the radial direction. The interactions of turbulent vortical structures with the free-surface as well as the
cylinder and bottom wall are numerical investigated for a turbulent flow past a circular cylinder in a rectangular channel. The flow was experimentally investigated by Graf and Yulistiyanto (1998) at the Reynolds number of 1.48×105 and at the Froude number of 0.5. The turbulent flow is modeled using the
URANS approach with the standard k-ε and the k-ω shear stress transport (SST) turbulent models along
with the scale-adapted simulation (SAS) approach based on the SST model. A two-phase volume of fluid
technique is employed to simulate the variation of free-surface. The comparison of numerical prediction
with the measurements shows that the free-surface variation around the cylinder can be reasonably captured by all numerical models. It demonstrates that the numerical prediction of the free-surface around
obstacle is not sensitive to turbulence models applied in this study. Although the size of the mean horseshoe vortex at the front and the lee-wake vortex at the downstream of the obstacle are differently predicted, all numerical solutions appear to reasonably reproduce the mean flow fields including the distinct
counterclockwise circulation at the downstream side of the cylinder that was observed in the experiments.
The turbulent kinetic energy (TKE) distributions around the obstacle are underestimated by URANS
computations with wall functions. Even though its magnitude is still underestimated, the URANS with
wall-integration yields better prediction of TKE, especially in the wake region. The preliminary high
resolution SAS simulation demonstrates that the scale-resolving simulation improves the numerical prediction in terms of mean flow and turbulence statistics.
Keywords: Turbulent flow, Free surface, Cylinder, Numerical simulation
1 INTRODUCTION
The flow past a wall-mounted cylindrical obstacle is dominated by the horseshoe vortex and the lee-wake
vortical structure. Due to the presence of the adverse pressure gradient induced by the obstacle, the approaching turbulent boundary layer undergoes a three-dimensional separation leading to the formation of
a complex horseshoe vortex system around the obstacle. The strongly turbulent horseshoe vortex system
produces a high bed-shear stress underneath of the primary vortex. The turbulent horseshoe vortex typically reveals the presence of an elongated pocket of intense positive turbulence kinetic energy (TKE) production in the vicinity of the vortex system (Devenport & Simption 1990). The lee-wake vortices are
caused by the rotation in the boundary layer over the cylinder surface. The shear layers emanating from
the side edges of the cylinder roll up to form these vortices in the lee-wake of the obstacle (Sumer &
Fredsøo 1997). Flow past the surface-piercing cylindrical structure exhibits a substantial amount of freesurface variation in the vicinity of the structure along with a run-up in the front and a depression around
the side edge and at the back at high Froude number (Fr). When the Fr is large, the combination of the
Reynolds stress anisotropy and the free-surface fluctuations makes a significant contribution on the flow
in the vicinity of the obstacle (Graf & Yulistiyanto 1998, Rouland et al 2005).
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Turbulence models most widely used in recent hydraulic engineering tools to simulate flow around
bottom mounted cylindrical obstacles are unsteady Reynolds-averaged Navier-Stokes (URANS) model
employing the standard k − ε (Liu & Garcia 2008), a nonlinear k − ε (Nagata et al. 2003), the Wilcox’s k - ω (Khosronejad et al. 2012), the k - ω shear stress transport (SST) model (Rouland et al.
2005), or the Reynolds stress model (Salaheldin et al. 2004). Notwithstanding the fact that URANS computations in general fail to capture the location and the shape of the mean horseshoe vortex (Apsley &
Leschziner 2001), URANS approach is considered as a practical hydraulic engineering tool due to the
huge discrepancy of time-scales between the coherent structures and other flow processes, like scour. It
should be noted that all aforementioned URANS computations were applied for the low Fr (≤ 0.2) flows.
Overall mean properties of the flow around the cylinder can be captured even with the rigid-lid freesurface condition, provided that the Fr is small enough. For high Fr flow, however, the appropriate modeling of the free-surface along with employing advanced turbulence modeling technique is essential to accurately reproduce the flow around obstacle. For example, Rouland et al. (2005) demonstrated that the
numerical modeling with the rigid-lid approximation of the free-surface cannot capture even mean radial
velocity fields at the side and behind of the cylinder at the Fr of 0.5.
The large eddy simulation (LES) is the most advanced engineering technique to resolving the flow at
affordable Reynolds number (Re). Recent LES of flow around a circular cylinder have focused on flows
over the geometrically two-dimensional obstacle (Parnaudeau et al. 2008, Lysenko et al. 2012). LES of
flows past a free-surface piercing circular cylinders were also conducted (Kawamura et al. 2002, Yu et al.
2008). However, their studies concentrated on the flow at low Reynolds numbers, where the bottom wall
was treated with the slip, symmetric boundary condition. Large eddy simulation of wall bounded flows at
practical Re will not be feasible within the near future. Over the last decade, hybrid RANS/LES is emerging into a useful and powerful engineering simulation tool to simulate a wide range of complex flows at
high Re. Detached eddy simulation (DES) developed by Spalart et al. (1997) of turbulent flow around
wall-mounted cylinders were carried out at high Re, which elucidated the distinct mechanism of horseshoe vortex induced by the three-dimensional boundary-layer separation and the strong interaction of vortical structures with the cylinder and bottom walls (Paik et al. 2007, Kirkil et al. 2009, Escauriaza and
Sotiropoulos 2011). These works, however, were carried out with the flat, rigid-lid assumption of the
free-surface at low Fr. More recently developed scale adaptive simulation (SAS) operates in the so-called
scale-resolving simulation mode which automatically balances the contributions of modeled and resolved
parts of the turbulent stresses (Menter & Egorov 2010). The SAS model changes smoothly from a LES
mode to a RANS mode through various stages of eddy resolution. The SAS behaves in many situations
similar to the DES, but has no an explicit influence of the grid spacing on the RANS mode which allows
for a safer passage from RANS to SRS, especially for complex applications where high quality LES
meshes can’t easily be generated for the detached flow regions (Egorov et al. 2010).
The objective of the present work is twofold. The first is to investigate the performance of the URANS
computations employing widely used two-equation turbulence models, such as the standard k-ε and the kω SST models to reproduce free-surface variation and flow behavior around a free-surface-piercing cylinder at the Fr of 0.5. The second is to test the performance of the SAS approach to the same flow and to
study the effect of the scale-resolving turbulence modeling on the flow in the vicinity of the cylinder. We
further study the sensitivity of numerical solutions to the wall boundary conditions by employing two different computational meshes for wall-function and wall-integration calculations.
2 NUMERICAL METHODS
2.1 Governing Equations
The governing equations for the mean flow are the unsteady, incompressible Reynolds-averaged NavierStokes (RANS) equations.:
∇ ⋅ (u f ) = 0

∂ρ f u f
∂t

(1)

+ ∇ ⋅ (ρ f u f u f ) = −∇p rgh + (g ⋅ x )∇ρ f + ∇ ⋅ (τ ) + Fb

(2)

where the tensor product ufuf = uiujeiej, and Fb is the external force term. The only difference from the
original RANS equations is that the piezometric pressure prhg = p – ρf g∙x where x is the coordinate vector
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and ρf is the density of fluid is solved instead of the pressure p. Hence the term − ∇ p + ρf.g in the momentum equation of the vector form of RANS equations is re-written as − ∇ prhg − (g∙x) ∇ ρf..
The free-surface variation is significant at the present high Fr. The interface of water-air fluids is captured by means of the two-phase volume of fluid (VOF) method. The location of the free-surface is obtained by the volume of faction α1, calculated by solving its transport equation with an artificial surface
compression term (Weller 2008).
∂α 1
+ ∇ ⋅ (α 1u f ) − ∇ ⋅ (α 1 (1 − α 1 )u rα ) = 0
∂t

(3)

where urα is the compression velocity accounting for the global maximum value of the velocity field. This
additional convective term in the phase fraction equations is introduced to suppress the smearing of steep
gradients induced by the numerical diffusion. In this study, the compression coefficient controlling the intensity of the free-surface compression is set to 1.0 which corresponding to the conservative compression.
Two turbulence modeling approaches are taken into account in this study: the URANS computations
with the k−ω shear stress transport (SST) model and the scale-adaptive simulation (SAS) based on the
k − ω SST model. The standard k−ε model is also considered in the URANS modeling for the comparison. Due to the space limitation, the model equations are not included and a brief summary of modeling
concept is introduced in this section. The k−ω SST model was developed by Menter (1994) to improve
Wilcox’s original model so that an even higher sensitivity could be obtained for flows encountering the
adverse pressure gradient. The SST model is a blend of a k − ω model used for flow near walls, and a
k − ε model for flow in region far from walls. This model is fairly robust and generally yields a good solution near solid boundaries. It is also often found to do a better job at capturing recirculation regions than
other models (Menter 1994). For this reason, the k − ω SST model has been chosen for the present application in which there is a strong adverse pressure effect which is responsible for the formation of the horseshoe vortex in the vicinity of the obstacle.
The scale-adaptive simulation (SAS) concept is described in much detail in the cited reference Menter
& Egorov (2010). The difference between the standard RANS and SAS models lies in the treatment of the
scale-defining equation. In traditional RANS models, the scale equation is modeled based on an analogy
with the k-equation using simple dimensional arguments. The scale equation of the SAS model is based
on an exact transport equation for the turbulence length scale. The introduction of the von Karman length
scale into the system of equations allows the model to adjust its behavior to resolved scales. This method
was re-visited by Menter & Egorov (2010) and avoids some limitations of the original Rotta’s model. As
the flow exhibits sufficient inherent instabilities and the computational mesh is sufficiently refined, the
source term including the von Karman length scale is activated and dominates the other terms, yielding
the full activation of the SAS functionality. The resulting SAS model behaves in many flows similarly to
DES, but with less explicit impact of the grid spacing on the model formulation (Egorov et al. 2010).
2.2 Numerical Approaches
The governing equations are solved numerically by means of the finite volume method implemented in
the open source CFD toolkit, called OpenFOAM. Overall fully second-order-accurate setup both in time
and in space is used for the simulations. PIMPLE pressure-velocity coupling algorithm is used. The generalized second-order-accurate backward, implicit, differencing scheme is used to evaluate the time derivatives. Spatial discretization for the convective term is achieved using a high- resolution (bounded central) difference scheme based on normalized variable diagram (NVD), called by Gamma scheme. This
scheme is bounded by blending the second-order central difference and the first-order upwind schemes.
The smooth transition between two schemes is controlled by the blending coefficient which has a value in
the range between 0.1 and 0.5. Smaller value provides a good resolution (less diffusive) solution, while
high value is more numerically stable. In this study the value of the blend coefficient is set to 0.1.
One of the major difficulties in the VOF method is ensuring the transport of sharp interfaces without
artificial numerical diffusion or dispersion. In the VOF model, the boundedness of volume faction is
maintained by utilizing a bounded central differencing (Limited Linear) scheme combined with a solution
procedure referred to as multi-dimensional universal limiter for explicit solution (MULES).The number
of sub-cycles for the volume fraction for each physical time-step is set to 4 and the number of correction
loops over the volume fraction is set to 2.
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the scale-resolving simulation works well to reproduce the mean flow field and the turbulent vortical
structures with intense unsteadiness in the vicinity of the wall-mounted cylinder.
5 CONCLUSIONS
The present results show that numerical simulation accounting for the free-surface variation of turbulent
flow around a free-surface-piercing circular cylinder results in the dramatic change of the mean flow features in the wake region. The present numerical results demonstrate that the resolving of the free-surface
variation is an essential prerequisite to accurately capture the mean flow fields as well as the dynamic behavior of the lee-wake vortices downstream of the cylinder at the Froude number of 0.5. URANS computations employing wall functions can reasonably predict the time-averaged velocity vector fields, but significantly underestimate the turbulent kinetic energy distribution associated with the horseshoe vortex and
the lee-wake vortices. The URANS simulation with wall integration of the viscous layer improves of the
numerical prediction of the turbulence statistics. The URANS computations yield the quasi-steady-state
flow fields in the vicinity of the obstacle regardless of the wall treatment, while the scale-adaptive simulation appears to well reproduce the large-scale instability of the lee-wake vortices.
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Reservoirs
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ABSTRACT: Design and construction of pump storage reservoirs are influenced by land use conflicts
and difficult to realize nowadays. Therefore, underground pump storage reservoirs (UPSR) are regarded
as a possible alternative due to minor environmental impacts and less land use conflicts. However the feasibility of such a project needs to be analyzed from a technical, economic and legal point of view. In a
first step, the hydraulic processes were investigated for different geometries by using a hybrid modelling
approach as a key prerequisite for feasibility.
Keywords: Flow Processes, Underground pump storage reservoirs, Hybrid modelling, OpenFoam
1 INTRODUCTION
Pump storage reservoirs are of high importance for the German energy turnaround and the transition from
the fossil fuel and nuclear energy age to volatile renewable energy sources. Renewable energies such as
wind energy, solar energy and hydropower energy show high temporal and spatial fluctuations while the
demand depends on human activities. The resulting difference between energy demand and energy supply
requires new energy storage capacities in different time intervals from sub second to seasonal ranges.
Traditional pump storage reservoirs are often critically evaluated due to conflicts with nature conservation and population. Therefore, research is required for innovative and new pump storage concepts avoiding the aforementioned conflicts. Underground pump storage reservoirs are regarded as one promising alternative due to the possibility of subsequent use of old and abandoned mines (coal, ore or salt).
The hydraulic processes in these underground pump storage reservoirs (Fig. 1) are an important prerequisite apart from mining, technical, economic, approval and operational aspects. Consequently, the hydraulic processes in underground pump storage reservoirs are investigated in detail on the basis of an hybrid modelling approach using OpenFoam and a small scale physical model.
2 EXISTING CONCEPTS
The idea of using underground cavities for underground pump storage reservoirs is not new. First concepts were developed and discussed in the fifties of the last century (e.g. Issakson, 1968, Schumann,
1979) but were never realized in practice. The importance and possibilities of underground pump storage
reservoirs increased due to the decrease of fossil energy resources, the retreat of nuclear energy (at least
in Germany), the development of renewable energies and an increase of land use conflicts during the past
years. Therefore, different implementation concepts are investigated in Germany by different working
groups. Three different concepts are mentioned in the following even if the level of detail is still very different and a clear comparison is not possible so far. The energy research Centre in Lower Saxony investigates possibilities for the Harz mountains in Northern Germany by using old and abandoned ore mines
(Beck and Schmidt, 2011). The University of Duisburg-Essen works on possibilities to use old coal mines
in the Ruhr area (Niemann, 2013) and finally an underground pump storage reservoir is discussed as an
alternative for a traditional pump storage reservoir in Forbach / Black Forest / Southern Germany (Achatz
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ABSTRACT: The widely known CFD-toolbox “OpenFOAM” is a well-designed C++ library that allows
the numerical simulation of various engineering applications. Through its object-orientated structure and
the open source code concept it is very flexible and can be adjusted to very specific problems. However,
little documentation and the lack of a graphical user interface make the usage in the beginning more difficult than most commercial software. This contribution is aiming to show the functionalities and capabilities of the toolbox for hydraulic engineering applications, including a short description of the meshing
process, the numerics of the solver as well as a short overview of the applicability and the limitations of
the solver “interFoam”, which is most commonly used in hydraulic engineering applications. Most information described in the paper stems from years of experience with OpenFOAM at the Federal Waterways
Engineering and Research Institute (BAW), where the tool is used to investigate complex questions concerning waterway structures like locks, weirs, fish passages or the interaction between ship and waterway.
Keywords: CFD, OpenFOAM, interFoam, Multiphase, Hydraulic engineering
1 THE TOOLBOX OPENFOAM
The widely known CFD-toolbox “OpenFOAM” (Open Field Operation and Manipulation) is a welldesigned C++ library that allows the numerical simulation of various engineering applications. Through
its object-orientated structure it is very flexible and can be adjusted to very specific problems. Since the
code is open source, code analysis and manipulation are possible. In general, the library is designed for
tackling complex physical problems, which can be described with the means of partial differential equations (PDEs). These PDEs are then discretized on the basis of the Finite-Volume-Method (FVM) in space
and with a Finite-Differences-Scheme in time. With its specific data types for describing the PDEs and
the usage of operator overloading, OpenFOAM allows formulating the equations in a way that resembles
the mathematical formulation (Weller et al. 1998). Thus, operators like divergence, gradient or laplacian
can be simply written as div1, grad and laplacian. A Message-Passing-Interface based parallelization concept is embedded seamlessly which enables highly effective massive parallel computing. As the code is
open source, parallel computing with OpenFOAM is limited by the hardware resources available and not
by the number of licenses available. But, as the parallelization is based on a domain decomposition approach, the efficiency of parallelization is only given, if the problem size is large enough (Hinkelmann
2003).The class based structure divides the software into the smallest possible units, where each is designed for performing one specific task. Through the object orientated structure the maintenance of the
code and development of extensions are generally made easier, as it is possible to add functionality at the
outer layers of the code without the necessity to know everything about the inner layers of the libraries.
Furthermore, code duplication is avoided, since all parts of the library can be used at multiple positions.
With its ingenious concept for the discretization, which is described below, the software allows the usage
of arbitrarily shaped cells in the mesh. The official version of OpenFOAM is distributed under the GNU
1
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license by ESI/OpenCFD (www.openfoam.org). Besides the official release some forks and adaptions are
available. One noteworthy release is the community-driven distribution by the “extend-project”, which
aims to “open the OpenFOAM CFD toolbox to community contributed extensions in the spirit of the
Open Source development” (www.extend-project.de). Containing various valuable user-developed extensions, it is widely used by many researchers. With the ongoing developments the differences between the
two main release branches are growing, therefore switching between different versions is not recommended. The following description refers to the official version 2.2.2. The programme package can be installed or compiled for most Linux distributions; versions for Mac OS are available. Running OpenFOAM on Windows is possible but entails several restraints. For post-processing results of OpenFOAM
simulations, the open source software ParaView or other common post-processing tools like Tecplot or
Gnuplot can be used. With ParaView, even domain decomposed cases (that were calculated in parallel on
several CPUs and are stored in separate directories for each domain), can be post-processed without reconstructing the case. In contrary to most CFD programmes, OpenFOAM is not delivered with a graphical user interface for performing the pre- and post-processing of the simulations. Settings and data are
saved in ASCII text files, where the names of the files and folders have to correspond to a predefined
structure. Simulation results are saved in folders named according to the time-step or iteration.
2 FINITE VOLUME DISCRETISATION
Since an analytical solution of the PDEs is rarely possible, the solution has to be approximated. For this,
the FVM is used here. The discretization process can be divided into two parts: the geometric and the
equation discretization.
2.1 Geometric discretization
For discretizing the space, the computational domain is divided into a finite number of volumes, where
the solution is to be calculated. The amount of volumes (=computational cells) influences the calculation
effort and is therefore limited by the available resources. With decreasing cell size, the accuracy of the results and the computational effort is increased. Therefore, it is necessary to choose the grid size very carefully.
The mesh in OpenFOAM is specified through cells with an arbitrary number of faces, which are defined by a number of vertices (points). For each face an owner and a neighbour cell is specified. In the input data, lists of the points, faces and cells are stored either as plain text or as binary files. In an additional
file, the boundary faces and their boundary specification are assigned. With this simple but effective concept of saving the mesh data in combination with the applied numerical concept for equation discretization, the computational cells can be of arbitrary shape, which is a big advantage for modelling complex
geometries. The mesh should fulfil typical quality considerations: The cells should not overlap, the faces
of the cells should be flat and neighbouring cells should fulfil orthogonality, i.e. the face normal vectors
should be on the connection line between the centres of the neighbouring cells. Since OpenFOAM uses a
collocated variable arrangement, all primary variables are stored at the cell-centres.
2.2 Equation Discretization
To solve the equations that describe the flow transport, a transformation from partial differential equation
to linearized algebraic equation is to be performed. For a generic transport equation this can be done as
follows (Jasak 1996).
The generic transport equation for the field variable 𝜙 in integral form can be formulated as:
𝜕𝜌𝜙
𝜕𝑡
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By using the Gauss theorem, volume integrals can be converted into surface integrals, which can then be
written as sums over the regarded control volume:
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𝜌 represents the density, U is the velocity field, through which the variable 𝜙 is transported through the
domain, Γ describes the diffusion coefficient and 𝑆 includes all source terms. Index P denotes the midpoint of the control volume, index f indicates the value at the surface of the control volume.
The first term accounts for the temporal variation of the generic variable 𝜙, the second term describes
the convective transport, the third term quantifies the diffusive transport and the right hand side in the
equations specifies sources and sinks. The exact way of discretization is defined through the chosen discretization scheme. Since the discretization in OpenFOAM works on a “per operator basis”, different
schemes (e.g. upwind or different TVD schemes are available) for each operator can be chosen during
runtime. As described below, this choice has a large influence on the accuracy of the results and must
therefore be handled with care.
Apart from the choice of the spatial discretization schemes, the user has to define the temporal discretization method. OpenFOAM offers the choice between Euler implicit, Euler explicit or CrankNicolson discretization. With the explicit discretization, all variables in the equation system stem from the
previous time-step. With this approach, the result is of first order accuracy and the time step has to be limited strongly to ensure stability. In OpenFOAM, an automatic restriction based on the CFL-criterion is
available. In contrast, the implicit method implies the usage of all variables from the next time-step, resulting in a large linear system. The order of accuracy is also of first order, but the time-step restrictions
are much less severe. For achieving second order accuracy, the discretization can be blended between the
implicit and the explicit scheme. In standard literature an equally weighted blending between implicit and
explicit calculation is labelled as Crank Nicolson Method (Ferziger und Perić 2002), however in OpenFOAM the user can blend between a 50:50-weighting and the fully implicit method. That means, the entry ddtSchemes {default CrankNicolson 0;} refers to a fully implicit temporal discretization, whereas ddtSchemes {default CrankNicolson 1;}implies the standard Crank Nicolson
scheme with 50 % implicit and 50 % explicit discretization.
The discretized equation results in a sparse matrix system with the form: [A] [𝜙] = [R], which can be
solved using iterative solution techniques. The sparse matrix [A] contains all coefficients of the dependent
variable, which are stored in the column vector [𝜙]. [R] holds all right-hand-side terms (Jasak 1996). For
the solution of the sparse matrix system, OpenFOAM provides a library of several iterative, linear solvers. This includes e.g. the “Conjugate Gradients” class of solvers (i.e. PCG, BiCG, BiCGStab) or, as state
of the art, an “Algebraic Multigrid” solver (e.g. GAMG). For reducing the number of necessary iterations
preconditioners of different type can be used. For more detailed information the interested reader is referred to standard references about linear solvers as Saad (2003). The choice of the matrix solver and the
usage of preconditioners and smoothers has a significant influence on the calculation time, where the applicability of the solvers is mainly dependent on the matrix size. The results however should be comparable, when the same residual sizes are set.
3 MESHING
The OpenFOAM toolbox includes a meshing toolbox that allows the generation and manipulation of
structured and unstructured meshes. The meshing generation is performed with two main utilities:
blockMesh and snappyHexMesh. blockMesh allows the generation of block structured, bodyfitted meshes. On the basis of coordinates, the boundaries of the domain are defined. In the further settings, the names of the boundaries and the size of the cells can be specified. In general, all meshes are
created in three dimensions. For a two-dimensional mesh, the mesh gets only one cell in the third dimension and the faces normal to the third dimension get a specific boundary condition (“empty”).
With the snappyHexMesh utility the mesh can be adapted to complex external geometries. The
mesh generation is based on a blockMesh grid and consists of three successive steps (see Figure 1):
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Figure 1. Grid generation steps with the native OpenFOAM meshing tools: a) blockMesh grid, b) snappyHexMesh castellated,
c) snappyHexMesh snapped, d) snappyHexMesh addLayers

Castellated mesh generation: In the first step, the input mesh is locally refined according to the predefined settings. Cells close to the surface of the external geometries and cells in predefined regions are refined by orthogonal division of the block structured cells. Afterwards, all cells that overlap the external
geometry are deleted from the mesh. This results in the so called castellated mesh.
Snapping: In the second step, cells that are intersecting with the geometry surface are deformed such
that the mesh fits the external geometry. This process is performed in an iterative manner to assure that
the shape of the surface resembles the external geometry’s surface and fulfils the required mesh quality
parameters. Cells on the inside are deformed, too, in order to avoid too distorted cells.
Addition of boundary layers: The third step adds boundary layers to the mesh. This is done by first
shrinking the existing mesh and then inserting stretched block structured cells at the surface of the external geometry. These layers have the purpose of improving the modelling of boundary layer flow. If local
head losses are dominating the flow and friction losses can be neglected, the creation of boundary layers
can be avoided. As the creation of boundary layers in snappyHexMesh often results in a decreased
mesh quality, the necessity of boundary layers is to be thought over before the simulation setup.
The snappyHexMesh grid generation can be performed in parallel. This is advantageous, if large
meshes are to be created. With OpenFOAM it is also possible to use meshes that are not created with the
native tools. For the conversion of these meshes, several tools are available (e.g. fluentToFoam,
starToFoam etc.). To the experience of the authors, the usage of externally created grids can be difficult, since they often do not fulfil the required quality standards of OpenFOAM.
For hydraulic engineering applications like the modelling of stretched river parts it is often useful to
create anisotropic cells which are stretched in the flow direction and small in vertical direction. For that
the blockMesh can be created in an anisotropic manner. Yet this is not always advisable because this
affects the complete basic grid. After the grid generation the quality of the mesh can be reviewed with the
utility checkMesh. This tool generates statistics for the mesh (amount of points, cells, outer bounds etc.)
and checks the quality of the cells. Thereby the following quality parameters are considered: orthogonality, skewness, cell aspect ratio. This check compares all cells with an optimal hexahedral cell, with an orthogonality of 1, no skewness and a cell aspect ratio of 1. If cells do not meet the cell quality criteria, predefined in the meshQualityDict, the mesh check fails. It is recommendable to carefully examine the
critical cells, since they can severely influence the stability and accuracy of the simulation results. Since
OpenFOAM only offers restricted methods for the manipulation of single cells after the mesh generation,
grids with severe quality restraints should be generated again. Bad quality cells mostly evolve in the range
of complex external geometries as well as in the boundary layer region. Experience has proven that
avoidance of boundary layers or addition of refinement regions in the bad mesh quality zones helps improving the mesh quality. Since quality controls and layer settings in snappyHexMesh can only be set
for the whole domain, it can sometimes be useful to generate multiple grids separately and combine them
afterwards. For merging multiple meshes into one, the mergeMesh and stitchMesh utilities can be
used. When a mesh is to be transformed, scaled or rotated, the tool transformPoints can be used. A
more detailed description of the meshing process with OpenFOAM’s native utilities can be found in the
paper of Gisen (2014).
4 CASE SETUP
After the meshing, solver settings, calculation settings and boundary conditions have to be defined. For
that, a case must contain at least the following subfolders: 0, constant, system. In the 0 folder, files
with the boundary and initial conditions of all primary variables are stored. The constant folder con1010

tains all constant parameters like gravity, surface tension and the mesh data. In the system folder, the
chosen discretisation schemes, iterative solving methods and parameters that control the solution process
like the time-step size or the maximum Courant number are defined. The system folder will be read
during runtime, which means that a change of settings in this folder is immediately effective. Since appropriate choice of boundary conditions and discretization schemes are crucial for a successful simulation
setup, more details on these topics are given below.
4.1 Boundary Conditions
In OpenFOAM boundary conditions are defined per variable at each boundary patch. It is possible to define generic type boundary conditions like fixed values (Dirichlet) or fixed normal gradients (Neumann),
additionally derived boundary condition types are available that combine several generic conditions with
additional restrictions. It is necessary that the conditions for various variables at one patch match, so that
the boundary conditions result in a physically sound combination.
4.2 Discretization Scheme and Iterative Solvers
In the fvSchemes file the user has to define, which discretization schemes are to be used. As explained
before, the discretisation of the equation is based on a per operator basis. This means that one discretization scheme can be chosen for each operator. With the choice of the schemes, stability and accuracy of
the calculation are strongly influenced. Therefore a lot of effort should be put into the choice of the
schemes. The chosen schemes in the official tutorials of the toolbox are mostly chosen such that the simulation runs fast and stable (i.e. using upwind schemes) whereas for real world applications higher accuracy (higher order schemes) is needed in most cases.
The fvSolution file specifies the iterative solvers and limiters that should be used for solving the
PDE systems. The choice for the iterative solvers strongly affects the simulation time but only has small
influence on the actual results, if the error tolerances of the different solvers are set to the same order.
5 MULTIPHASE SOLVERS
In OpenFOAM, multiple multiphase solvers are available. These are namely:
interFoam, LTSinterfoam InterDyMFoam: Solvers that are based on the Volume-of-Fluid Method
(as explained below). These are useful for simulations, where a sharp and well defined interface
between the fluid phases exists.
twoPhaseEulerFoam, multiphaseEulerFoam, multiphaseInterFoam: Solvers that are based on the
Eulerian-Eulerian approach (for detailed information refer to Rusche, 2002).
For hydraulic engineering applications the first three are of most relevance, whereas the last three are rather used for applications where small-scale flow regions (i.e. as in chemical engineering) are considered.
In the following the interFoam solver is analysed in detail. The interFoam solver is made for simulating
flow of two inmiscible fluids, which share an interface that is significantly larger than the cell size. The
continuous fluid regions should contain a multitude of cells. In this approach, only one mass and one
momentum conservation equation is solved for both fluids. For that, density and viscosity of both fluids
are averaged according to the volume fractions in the cell. Mass and momentum transfer between the
phases is neglected.
5.1 Basic equations
The Volume of Fluid (VoF) method is used for tracking the position and shape of the interface through
solving an additional advection equation for the volume fraction in each cell. Together with the NavierStokes equations this results in the following set of equations that has to be solved for each cell during
each time step:
(4.)

𝛻∙𝑈 = 0
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+ 𝛻 ∙ (𝑈𝛼) + 𝛻 ∙ (𝑈𝑟 𝛼(1 − 𝛼)) = 0
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(5.)
(6.)

With 𝜌 = density; U = velocity; t = time; p−𝑟𝑔ℎ = 𝑝 − 𝜌𝑔 ∙ 𝑥 = modified pressure, obtained by subtraction of the hydrostatic pressure from the pressure; 𝑥 =special position vector ; µ= dynamic viscosity; g
=gravity; S = interface between the phases; 𝜎 = surface tension coefficient; 𝜅 = curvature of the surface;
𝛿 = dirac delta; (𝑥 − 𝑥𝑠 ) = distance from the considered point to the surface; n = normal vector on the interface; 𝛼 = volume fraction of the first phase (water); 𝑈𝑟 = compressive velocity counteracting numerical
diffusion. The first equation accounts for the conservation of mass, the second represents the momentum
conservation equation and the third describes the transport of the volume fraction 𝛼. For counteracting
numerical diffusion in the VoF equation, an artificial compression velocity 𝑈𝑟 is introduced. This term
creates a flux in the direction of the gradient of the volume fraction ∇𝛼, e. g. the smeared interface is artificially compressed. It only acts within the zone of the interface as it becomes 0 where 𝛼 = 0 or 𝛼 = 1.
5.2 Discretization with appropriate schemes

Since the numerical solution of advection equations tends to produce numerical diffusion and thereby
smear discontinuities, a special solution technique for the VoF equation is available in OpenFOAM. To
guarantee a bounded solution with sharp interface between the phases, the total variation dimishing
scheme “interGamma” (Jasak 1996) is,used mostly in combination with the flux corrected transport approach “MULES” (MUltidimensional Limiter for Explicit Solutions) (Damian 2013). However, other advection schemes for the flux calculation can also be used. The experience of the authors showed that for
free-surface hydraulic engineering simulations, the choice of the divergence schemes for the VoF equation has significant impact on the quality of the results. In particular, the usage of the Minmod scheme for
the discretisation on the convection term div (alpha, phi) and the interfaceCompression
for the artificial compression term div (alpha, phir) showed good results. For the discretization
of the momentum transport div(U, rho) it is absolutely necessary to use discretization schemes of
higher order, as first order upwind discretization smears the results.
5.3 Pressure-velocity coupling
For the mass and the momentum conservation equation incompressibility is assumed, therefore the densities of the phases do not change over time. The equations of the system are strongly coupled; therefore a
special solution algorithm is needed. In the interFoam solver, a segregated approach is adopted for the
pressure velocity coupling. For this, the PISO (Pressure Implicit Splitting of Operators (Issa 1986)) algorithm is applied. To avoid the “checkerboarding” phenomena, an interpolation method “in the spirit of the
Rhie Chow method” is used (Peng Kärrholm 2006). In particular, the complete solution procedure of the
interFoam solver consists of the following steps (Damian 2013), when the standard PISO algorithm is set:
1 Solve VoF equation on basis of the old velocity field from the previous time step. This gives new
values for the volumetric phase fraction and the dependent density in each cell.
2 Perform the momentum predictor step, where the new momentum is calculated on basis of the
previous velocities which are interpolated as fluxes from the cell midpoints to the cell faces, the
old pressure values and the new density distribution from step 1.
3 The predicted (2.) or the old velocities from the previous timestep are used to set up a linear equation system for solving the new pressure values.
4 The new pressure is calculated.
5 In the last step the predicted velocities are corrected, so that continuity is fulfilled.
The momentum predictor step (2.) is not mandatory, but it can reduce the calculation time in some cases.
The last two steps are performed several times within one time-step; the number of cycles is user-defined
and can be set in the fvSolution file for each case. The fact, that the volume fraction is solved on the
basis of the old velocity field, results in a solution where the variables are “temporally staggered”. This
could be avoided when an additional correction of the volume fraction variable would be performed after
the PISO algorithm. Since the PISO algorithm is based on the assumption, that the time-step size is small
(Co<1) (Jasak 2006), the temporal offset can be neglected. Alternatively, the SIMPLE or PIMPLE algorithm can be selected instead. PIMPLE (in other software this is called SIMPISO) is an extension of the
SIMPLE algorithm which performs only one momentum corrector step but applies a more detailed treatment for the pressure gradient arising from non-orthogonality similar to the PISO algorithm (Aguerre et
al. 2013). When the non-orthogonal correctors are set to unity, PIMPLE reduces to the PISO algorithm.
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5.4 Boundary conditions for hydraulic engineering applications
In the standard toolbox of OpenFOAM, the available generic boundary conditions are often not practical
for hydraulic engineering investigations. Only with some workarounds it is possible to set a fixed water
level or a specific water inflow condition, when simulating with the VoF-solver interFoam. This was the
motivation to develop a set of boundary conditions for hydraulic engineering purposes. In particular, a
boundary condition for a fixed water level (to be used primarily at the downstream side of a model) and
one for a fixed flow rate of water independent from the water level (to be used at the upstream side) were
developed amongst others at the Federal Institute for Waterway Engineering and Research. A more detailed description of this code extension can be found in Thorenz und Strybny (2012). A release of the
code to the public is planned in the near future.
6 APPLICABILITY AND LIMITATIONS OF INTERFOAM
As with every CFD simulation, the accuracy and credibility of the results is highly dependent on the grid
resolution. With a too coarse grid important effects of the flow can get lost. For some aspects, models can
be applied, which compensate the lost information. In hydraulic engineering turbulence and free-surface
modelling is essential. Due to the programme structure of OpenFOAM, all available turbulence modelling
approaches can be combined with almost every solver. OpenFOAM’s VoF-solver interFoam is a valuable
tool for many hydraulic engineering investigations. Through the volume of fluid approach it is suitable,
when the free surface between water and air is of interest. However, the user must be aware, that the interface between the fluids can only be represented with a limited accuracy that is mainly dependent on the
size of the cells. Bubbles or droplets, which are smaller than the control volumes, cannot be represented
appropriately. Therefore, air entrainment or bubble transport and detrainment cannot be modelled in most
hydraulic engineering simulations.
For parallelization the mesh is divided into parts by domain decomposition, for which the computations can then be performed simultaneously. A 0-halo layer approach is used for the information exchange at the domain boundaries (Jasak 2006). When choosing the number of domains, it is necessary to
consider, that the information exchange between the domains can be costly compared to the actual computation time if the domains are chosen too small. An optimal number of cells per computation unit is
amongst other things dependent on the hardware and has to be found via trial and error for every high performance computer. At the BAW typically decompositions that result in a workload of 50 000 to 100 000
cells per core are used for standard cases.
In general, the computation time and the stability of the interFoam simulations are strongly dependent
on the mesh size and quality, the chosen numerical schemes and matrix solvers. For simulations, where
parts of the structure or the grid have to be moved during runtime, the interDyMFoam solver can be used.
interDyMFoam solves the same set of equations as the interFoam solver but additionally includes all necessary features for dynamic simulations. However, the setup of a case with moving parts is not trivial and
there is hardly any official documentation available.
7 CONCLUSIONS
Most information described in this paper stems from years of experience with OpenFOAM at the BAW,
where the tool is used to investigate complex questions concerning the flow in and around waterway
structures like locks, weirs, fish passages or the interaction between ship and waterway. The included
meshing tool and the solvers allow the modelling of complex systems, which can be post processed with
tools like ParaView, Gnuplot or similar software. Due to the sophisticated structure of the library massive
parallel computing is possible, which is almost only limited to the available hardware resources. The experience shows, that the above described interFoam solver is a suitable tool for typical hydraulic engineering questions based on the investigation of water levels, velocities, pressures etc. The named solver is
capable of simulating turbulent two-phase flow, with long, stretched water-air interfaces.
The quality of the results is mainly dependent on the grid quality and the chosen discretization
schemes. In comparison to many commercial CFD software packages OpenFOAM is very sensitive concerning the grid quality; it is therefore advisable to put effort into the grid generation. Further, the user
should be aware, that the chosen discretization schemes have a great influence on the stability of the calculation and the quality of the results. As usual in numerical simulations, the definition of the domain ex1013

tent, the definition of the boundary condition as well as the adjustment of all other settings is also crucial
for getting plausible results.
As only little user-friendly documentation and no graphical user interface exist, the start with OpenFOAM might be not as easy as with commercial CFD software. However, once the concept of setting up
cases is understood, the handling of the OpenFOAM is not more costly than other CFD tools. Further, the
open code concept allows the introduction of new boundary conditions and the adaption of the code.
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Sea Level Rise Impacts and Adaption Measures for Sandakan, Sabah
N.A. Awang, A. Mohd Shah, A. Ahmad, Y. Anak Benson & M.R. Abd. Hamid
National Hydraulic Research Institute Malaysia (NAHRIM), Selangor, Malaysia

ABSTRACT: Sea level rise (SLR) can give various impacts such as inundation in the low-lying areas, increase the coastal erosion and extreme events such as storm surge, wave overtopping, salt intrusion and
damage to existing coastal infrastructure, hence affects the socio-economy and the livelihood of the
coastal communities. The projected SLR along the Sandakan coast for the year 2020, 2040 and 2060 are
0.1 m, 0.25 m and 0.5 m, respectively. This study was carried out to assess the impacts of SLR to Sandakan coast for 2020, 2040 and 2060; and to recommend some relevant adaptation measures to reduce the
impact. Hydrodynamic model with simulations of 2020 and 2040 projected SLR show no significant
change in Sandakan Town when compared to the existing condition, probably due to its high platform
level. However, model simulations for 2060 projected SLR show that the wave heights may increase by
0.18 m compared to the existing 2.6 m, although the wave heights in Teluk Sandakan will not change
much. Similarly, the maximum current velocities will increase by 0.15 m/s in 2060, compared to the existing condition of 0.3 - 0.5 m/s. Overall, more impacts of SLR can be observed at Pulau Duyong due to
its low-lying area. There will be a reduction in land area; about 958 hectares out of the existing 1,800 hectares of mangrove forests and coastal vegetation will be lost due to inundation and erosion, generated by
the 0.5 m projected SLR in 2060. Construction of railings, low walls and rock bunds are recommended as
an adaptation measures to ensure the safety of the people living along the Sandakan coast. There is also a
need to raise the bund and platform levels for jetties and slipways at the Marine Police Complex to avoid
inundation. The estimated cost for the recommended adaptation measures is about RM18.25 Million.
Keywords: Malaysia, Impact, Inundation, Adaptation, Wave, Current

1 INTRODUCTION
In 2010, the National Hydraulic Research Institute of Malaysia (NAHRIM) had carried out “The Study of
the Impact of Climate Change on Sea Level Rise in Malaysia” where Sea Level Rise (SLR) Projections
for the year 2020, 2040, 2060, 2080 and 2100 were produced based on the statistical analysis of the tide
gauge data obtained from the Malaysian Department of Survey and Mapping (JUPEM) and satellite
altimeter data observed along the Malaysian coast. The result shows that the projected SLR along Sabah
coastline for the year 2100 will be between 0.6 to 1.0 m (NAHRIM, 2010).
Consequently, NAHRIM was requested by the Economic Planning Unit (EPU) of the Prime Minister’s
Department, to undertake a comprehensive study on the SLR impacts along Sandakan coast because of its
high population; its outstanding socio-economic development; and vulnerability towards prone tsunami
event and coastal erosion (TRPD, 1996; SSMP, 2005).
The objective of this study is to assess the impact of SLR to the potential hydrodynamics surrounding
the coast of Sandakan due to climate change and global temperature rise. This study will evaluate the
potential inundated area that may be caused by the projected sea level rise for the year 2020, 2040 and
2060; and their impacts to the low lying and risk area in Sandakan, hence recommend some relevant mitigation and adaptation measures to be implemented to reduce their impacts (EPU, 2012).
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4 RESULTS AND DISCUSSION
Hydrodynamic modeling results produced some simulation parameters such as height of the water level,
waves and current speeds. Based on the simulation results, it can be seen that the increased in the water
level for the year 2060 is quite discernible when compared to the baseline (existing) condition.
For the baseline condition, the hydrodynamic simulation results show the maximum water level of between 1.56 to 1.92 m measured at Mean Sea Level (MSL) while the maximum water level for the 2020
projection is between 1.68 to 2.04 m (MSL) (EPU, 2012). Similarly, the maximum water level for the
2040 and 2060 projections found their respective increase of between 1.8 to 2.16 m and 2.04 to 2.28 m
(EPU, 2012).
In addition, the comparative analysis of the Highest Astronomical Tide (HAT) (NHC, 2012) for the
baseline condition and the projection for the 2060 shows an occurrences of water level differences from
0.01 to 0.51 m (Table 1).
Table 1. Comparison of the Highest Astronomical Tide (HAT) (Source: EPU, 2012)
_______________________________________________________________________
No
Item
Observed (m) Forecast (m) *Difference (m)
_______________________________________________________________________
1
HAT
1.2
1.58
2
Model
0.51
1.57
0.01
3
Existing condition (current)
1.64
4
Projection 2020
0.11
1.75
0.11
5
Projection 2040
0.25
1.91
0.27
6_______________________________________________________________________
Projection 2060
0.50
1.45
0.51
* Difference between the current forecasts and projection forecasts

Based on the analysis carried out on the numerical modelling results, there is an increase in the wave
heights that propagate towards the coastline, in line with the rising sea level and these may cause changes
to the current flow pattern. The results of this study is quite reasonable in its degree where the higher the
sea level rise, then the distant the waves penetrate onshore will also increase.
Simulation results does not show significant changes on the SLR impacts for the year 2020 and 2040
compared to the baseline condition. However, simulations for 2060 indicates significant changes in terms
of wave heights in the study area. Although the risk of the increasing wave heights in Sandakan Town is
quite minimal, Pulau Duyong face a higher risk with an increase of 0.18 m.
Hydrodynamic modelling results also indicate that the increase of current speed is proportionate with
the increase in SLR, depending on the depth of the seabed. Based on the baseline condition, the average
current speed recorded highest in the vicinity of the canal between Pulau Duyong and Sandakan Town i.e.
between 0.3 - 0.5 m/s. The coastal areas around Sandakan Town which is protected by Pulau Berhala
shows lower current speeds with an average of about 0.1 m/s.
Based on the statistical maximum current speed, the area surrounding the canal between the Sandakan
Town and Pulau Duyong experience speeds above 0.9 m/s in the baseline condition; and this value is expected to spread wider to the rest of the canal by the year 2060. When SLR occurs, some beaches with
shallow profiles show higher current speeds while other beaches with deeper profiles indicate a reduction
in the current speeds.
Comparison between the baseline and the 2020 and 2040 current speeds shows no significant changes.
However, comparison between the baseline and 2060 current speeds indicates a maximum increase of
0.15 m/s. Figure 3 shows the modelled current speeds for the baseline condition; current speeds generated
by the projected sea level rise for year 2060; and the difference between them.
Table 2 shows the distribution of the Management Unit (MU) for the study area and the analysis of
vulnerability and the impact of rising sea level on the Physical, Ecology and Socio-economy aspects in
the study area. These Physical, Ecology and Socio-economic Indexes are then combined to produce the
Total Vulnerability Index (TVI) as summarised in Figure 4 and Table 3. Some of the adaptation measures
often used in addressing rising sea level are increasing the level of the rock revetment; building sea walls,
improving the existing structures by installing fence or railing as the sea barriers; reclamation; raising the
platform level of the jetty/pier/port; and relocation of residents to a higher ground.
There are also other methods of adaptation, such as building raft houses; floating houses; as well as the
construction of houses on stilts or piles. This study has also recommended some suitable adaptation
measures with an estimated cost to face the phenomenon of the rising sea levels (until the year 2060) as
shown in Tables 4 - 6.
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Table 2. Distribution of the Management Units (MU) in the study area and the analysis of their Physical, Ecology and socioeconomic aspects (Source: EPU, 2012)
MU
1

Study
area
Sandakan Town
(Taman RamaiRamai to Custom
Office)

Physical

Socio-economy

Ecology

Note

Water village coastal length
about 250 m

Majority population –
immigrants.
Main activity - trading &
fisheries

Natural beach

Floating rubbish and
sanitation

Administration
buildings and jetty - coastal length
about 490 m
Coastal road and
protected by rock
revetment –
coastal length 520 m

Main activity - fisheries

Developed beach (jetty
& sea wall)

High platform level
and protected by sea
wall

Trading and commercial
area

Developed beach (jetty
& sea wall)

Highest platform
level and protected
by sea wall

2

Sandakan Town
(Post Office to
Library)

3

Sandakan Town
(Roundabout
beside Post
Office to APMM
Jetty)

4

Sandakan Town
(Navy Base to
Central Market)

Coastal road and
walkway, commercial buildings
and
protected by rock
revetment –
coastal length 390 m

Bustling with economic
activities, popular with
local and foreign
tourist (hotel, shopping
mall & restaurants)

Developed beach (jetty
& sea wall)

Commercial
buildings very close
to the sea

5

Sandakan Town
(Central Market
to Marine Police
Complex)

Coastal road, sea
front, commercial
buildings and jetty – coastal length
- 370 m

Commercial, landing area for small boats,
passengers, vessels &
fishing boats

Developed beach (jetty
& sea wall)

Platform level is
rather low &
almost inundated
during high tides

6

Pulau Duyong
(northern coast
with no
population)

Low lying sandy
beaches with no
development

Fishermen activities
from Kampong
Tanjung Aru

Common island flora
such as Casuarina equisetifolia, Terminalia
catappa, Cinnamomun
sp. & Hibiscus tiliaceus

Subjected to direct
propagation of
waves during the
monsoon season

7

Pulau Duyong
(Kampong
Tanjung Aru)

Well planned
community with
impressive houses
and school

Fishing & agricultural
economic activities

Common island flora,
some has been removed to make way for
public school for community development

Houses built on
stilts

8

Pulau Duyong
(southern area
with no
population)

Muddy beaches
with mangrove
forest

Fishermen activities
from Kampong
Tanjung Aru

Mangrove species such
as Rhizophora
mucronata; Rhizophora apiculata; Avicennia
sp.; Bruguiera sp. &
Sonneratia sp.

mudflats and
mangrove forests exposed to coastal
erosion
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Figure 4. Total Vulnerability Index (TVI) for Sandakan Town (left); and Pulau Duyong (right) (Source: EPU, 2012)
Table 3. Summary of the vulnerability and impacts for each Management Unit (MU) for year 2060 and their adaptation
measures for Sandakan coast (Source: EPU, 2012)
MU
1

Total
Vulnerability
Index (TVI)
High

2

Description

Impacts

Adaptation Measures

Low lying beach profiles
High population at the water
villages along the coastline

Inundation is the major problem here
Land lost due to inundation is about 0.6
ha

Adaptation measures
are incorporated in
periodic maintenance
by local residence

Very low

Coastline is bounded by high
vertical wall
Comprise of government
buildings and amenities i.e.
library, custom complex etc.

Freeboard is approximately 0.5 m
No damage or land lost occur from
SLR due to the high sea wall

None

3

Very low

The coastline is protected by
rock revetment
Comprises of commercial
buildings and Navy base

Freeboard is approximately 0.6 m but
varies places to places
No damage or loss due to SLR

None

4

Low

The coastline is protected by
rock revetment
Comprises of commercial
buildings and tourist area

No damage or loss due to SLR
Freeboard will be reduced from 0.9 m
to 0.4 m in year 2060
Reduction in comfort level

Low wall or railling

5

Mederate

The coastline is protected by
sea wall
Comprises of Market Building and Marine Police Complex

Loading Jetty at the Market Building
will be inudated and this jetty has to be
rebuilt
The freeboard at Marine Police Jetty
will be reduced to 0.1 m in the year
2060. The platform levels need to be
raised or rebuilt
Most of the slipway at Marine Police
Jetty will be inundated in year 2060
and this will jeorpodise its operation.
Thus the slipway levels need to be
raised

Raise platform levels
for jetties and slipways

6

Low

The coastal areas is mainly
covered by coastal forests
No human settlement

Inundation can go as far as 150 m
landward, increase in wave heights and
current speed is 0.175 m and 0.3 m/s,
respectively during the monsoon
season
Loss of land about 94 ha due to 0.5 m
SLR

None
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MU
7

Total
Vulnerability
Index (TVI)
High

8

Low

Description

Impacts

Adaptation Measures

The coastline is low and flat
Consists of picturesque and
well organised water village

increase in wave heights and current
speed is 0.18 m and 0.15 m/s
respectively, may lead to shoreline
erosion and steepening of the beach
profile
Loss of land about 16 ha due to 0.5 m
SLR

Rock bund with
suitable toe at shoreline

The coastal areas is mainly
covered by mangroves
No human settlement

Loss of about 958 ha of mangrove area
due to 0.5 m SLR
In monetary terms, this translates to
about RM 8.8 million

None

Table 4. Cost estimates for 2020 adaptation measures (Source: EPU, 2012)
MU
1
2
3
4
5

6
7
8

Adaptation Measures
None
None
None
None
Raise jetty and slipway platform
levels
Jetty at Market Building
Jetty at Marine Police Complex
Slipway at Marine Police Complex
None
Rock Bund
None

Cost / m (RM)

Length

-

-

Estimated Cost
(RM)
-

30,000
5,000.00
-

150
1000
Total

4,500,000
5,000,000.00
9,500,000.00

Table 5. Cost estimates for 2040 adaptation measures (Source: EPU, 2012)
MU
1
2
3
4
5

6
7
8

Adaptation Measures

Cost / m (RM)

Length (m)

-

-

Estimated Cost
(RM)
-

-

Total

0.00

None
None
None
None
Raise jetty and slipway platform levels
Jetty at Market Building
Jetty at Marine Police Complex
Slipway at Marine Police Complex
None
Rock bund
None
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Table 6. Cost estimates for 2060 adaptation measures (Source: EPU, 2012)
MU
1
2
3
4
5

6
7
8

Adaptation Measures
None
None
Raise jetty platform level
Low wall / railing
Raise jetty and slipway platform
levels
Jetty at Market Building
Jetty at Marine Police Complex
Slipway at Marine Police Complex
None
Rock bund
None

Cost / m (RM)

Length (m)

2,000.00

500

Estimated Cost
(RM)
1,000,000.00

-

-

-

40,000.00
50,000.00
-

100
75
Total

4,000,000.00
3,750,000.00
8,750,000.00

5 CONCLUSION
The projected SLR in Sandakan has been estimated to be around 0.1 m, 0.25 m and 0.5 m for the year
2020, 2040, and 2060 respectively. These values have been derived from the simulation using the
AOGCM models. Hydrodynamic modeling works have shown that these increase in sea levels will result
in corresponding change in the nearshore wave and hydrodynamic flow patterns. In general, the hydraulic
modeling shows that the wave height at the shoreline tends to increase with the water level, as the higher
water levels will allow the waves to penetrate closer to the shoreline. For the year 2020 and 2040 scenarios, the hydrodynamic model results did not show any significant change compared to the existing (baseline) conditions. However, for the 2060 scenario, there will be no change in the wave heights in Sandakan
Bay (existing height is about 0.2 m), while that at Pulau Duyong is much larger, an increase of 0.18 m
compared to the existing height of 2.6 m.
Similarly, hydrodynamic modeling shows that some of the shoreline and shallower areas tend to experience increase in velocity while some of the deeper areas tend to show a decrease in velocity. Since the
tidal flow is still the same, the increase in water levels will create bigger flow area which results in a decrease in velocity. In contrast, for shoreline and shallow areas, as water level increases, there is less frictional effects from the sea bed which results in higher velocity. For the 2060 scenario, the maximum increase in current speed is 0.15 m/s, compared to the current velocities of around 0.3 to 0.5 m/s.
Overall, the impact of the SLR is more pronounced in Pulau Duyong compared to Sandakan Town.
This is probably because Sandakan Town is built up on a raised platform level that is relatively safe from
the projected SLR for the year 2060. On the other hand, majority of Pulau Duyong which comprise of a
low lying area and covered by mangrove forests that grow below the Mean High Water (MHW) mark. It
is anticipated that there will be a reduction of about 53% of the existing 1,800 hectares of mangrove forest
(about 958 hectares) due to erosion and inundation caused by the rise of 0.5 m sea level in the year 2060.
The loss is estimated to be around RM8.8 million.
Some adaptation measures have been proposed to minimise the impact of SLR in the study area, such
as the construction of low walls or railings to give comfort to the pedestrians around Sandakan Town (in
MU 4). It is also recommended that the existing jetties and slipways near the Market Buildings and Marine Police Jetty (in MU 5) to be raised to a higher level to avoid flooding. Construction of dykes and revetment was proposed in Kampung Air, Pulau Duyong (in MU 7) to protect the area from waves and currents action. Overall, the total cost of adaptation involved is estimated to be about RM 18.25 million.
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Influence of Internal Climate Variability on Estuarine Sediment
Dynamics
S. Dietrich & A. Winterscheid

Federal Institute of Hydrology, Koblenz, Germany

ABSTRACT: Climate variability influences the sediment yield in North Sea estuaries such as the Elbe
River Estuary. A clear task for the improvement of sediment management is to evaluate the basic influences between climate, the hydrological regime and estuarine sediments dynamics. Especially longlasting low discharge events highly affect the transport of suspended sediment stream upwards the estuary
due to the intensification of tidal pumping. Climate dynamical interpretations are especially important for
an enhanced understanding of estuarine sediment dynamics.
For this study we investigate the daily Elbe freshwater discharge at the station Neu-Darchau for the years
1902-2013. We perform a hierarchical cluster analyses to group the discharge of the single water years into typical discharge modes. These clusters show distinct interannual to multidecadal variability. We analyse these clusters to evaluate the relationship with large-scale climatic conditions such as sea surface
temperatures (HadISST1) as well as the general atmospheric circulation patterns based on Hadley Centre’s sea level pressure (HadSLP2).
The cluster analysis results in five different clusters demonstrating typical modes of freshwater discharge.
These clusters can be associated with global modes of internal climate variability as well as of global
warming. Internal climate variability on interannual like the North Atlantic Oscillation (NAO) or the El
Niño Souther oscillation (ENSO), over decadal fluctuation like the Pacific Decadal Oscillation (PDO)
through multidecadal variability such as the Atlantic Multidecadal Oscillation (AMO) have been found to
be an important driving force in the calculated discharge clusters. Climate dynamical interpretations are
therefore important for an enhanced understanding of estuarine sediment dynamics and might be thus usable as a improved tool for future sediment management issues.
Keywords: Internal climate variability, Freshwater discharge, Sediment transport, Estuary
1 INTRODUCTION
Climate variability influences the hydrology and thus the sediment yield in North Sea estuaries such as
the Elbe River Estuary (Fig. 1). The maintenance of the navigable water depths in the estuaries is strongly
influenced by freshwater discharge and requires dredging and disposal of large amounts of sediments. Especially those periods of persistent low freshwater discharge (hereinafter referred to as discharge only)
lasting for several weeks or month highly affect the transport of suspended sediment stream upwards the
estuary due to enhanced tidal pumping. On the other side enhances high river runoff the natural output of
fine sediment from the estuary towards the German Bight, thus it supports the dredging and sediment
management in safeguarding the required output rate (BfG, 2014).
To evaluate the link between climate forcing and hydrology that drives sediment transport it is necessary to study the hydrological variability on climate time scales. Evidence from long lasting hydrological
records demonstrates a linkage between persistent climate anomalies and anomalous hydrological behaviour (Arnell, 1992). These anomalies often have its origin in internal modes of climate variability that are
represented as global teleconnetion pattern that affect European climate commonly referred to Hurrell
(1995), Wallace and Gutzler (1981), Barnston and Livezey (1987), or Mantua et al. (1997). All these pat1027

Figure 2. River discharge of Elbe River at gauge Neu Darchau. (a) annual (black) and monthly (light grey) mean values, (b)
seasonal cycle. The whiskers of the boxplots show the 10% or 90% percentile, respectively. The bold black bars
show median values, circles show ourliers. The river discharge is characterizes by strong interannual to decadal variability (a). The seasonal signal shows highest

The leading mode of monthly SST anomalies over the North Pacific exhibits considerable decadal variability and is called the Pacific Decadal Oscillation (Mantua et al., 1997). The spatial pattern of PDO associated SST anomalies is similar to ENSO, however, the relative weighting between the north and the
south Pacific is different: While during ENSO the South Pacific exhibits the strongest magnitude, during
the PDO this is true for the North Pacific (Mantua and Hare, 2002).
The influence of these parameters on runoff of European rivers have already been demonstrated by
several studies for interannual to multidecadal changes (Ionita et al., 2008, 2011; Rimbu et al., 2005) as
well as for extreme events such as flash floods (Petrow and Merz, 2009). However, this paper focus on
two main questions: (1) How often does occur specific discharge conditions of the Elbe River. In the case
of estuarine sediment management we are especially interested in the frequency and seasonality of persistent low discharge conditions? (2) How are these specific run-off conditions related to internal modes of
climate variability expressed by sea level pressure (SLP) and sea surface temperature (SST) fields?
2 DATA AND METHODS
The Elbe River is one of the largest rivers in Europe and especially the Elbe River Estuary is of major
importance for transportation with commercial navigation vessels towards the Port of Hamburg (Germany). The Elbe rises in the Giant mountains in the Czech Republic and discharges into the German Bight,
North Sea. It is approximately 1,100 km long and covers a catchment area of about 150,000 km² (Fig. 1).
For this study we investigate the daily Elbe discharge at the station Neu-Darchau (53° 14′ N, 10° 53′ E)
for the years 1902-2013 (data origin: http://coast.gkss.de/staff/kappenberg/runoff_data/elbe.abfluss). Neu
Darchau is the last gauging station in the lower part of the Elbe River upstream of the weir in Geesthaacht
and is therefore not influenced by tidal dynamics.
The mean discharge of the Elbe River is approximately 700 m³/s and has a pronounced seasonal cycle
with maximum stream flow during spring and minimum values during late summer and autumn (Fig. 2a).
This pattern is according to the definition of the hydrological year (also discharge year) that covers a period of 12 months and accounts for the annual budget of meteoric precipitation that is fallen as ice or
snow and is therefore storaged within the catchment influencing the discharge of the subsequent year. The
discharge year begins in November by definition and is characterized by increasing values until peak values in April, dominated by winter precipitation and snow melt, and subsequent declining values. In addition, the 110 year-long time series for discharge shows a distinct interannual to decadal variability (Fig.
2b).
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We perform a hierarchical cluster analyses to group the discharge of the single hydrological years into
typical discharge modes. Subsequently, we analyse these clusters to evaluate the relationship with synoptic weather patterns to foster a climate dynamical interpretation. Here, we study sea surface temperatures
(SST), sea ice (SIC) as well as the general atmospheric circulation patterns (SLP) based on Hadley Centre’s sea level pressure (HadSLP2, Allan and Ansell, 2006) and the combined sea surface temperatures
and sea ice datasets (HadISST1, Rayner et al., 2003), which cover the period of our freshwater discharge
time series.
2.1

Cluster Analysis

The cluster analysis is applied to detect common patterns in the 110 realizations of hydrological years
(1902-2013). A outlier detection prior to the cluster analysis was not applied, because extreme events are
also in the focus of this study. The discharge data are smoothed with a 14-day running mean filter to remove the high-frequency signal within the data and to obtain persistent periods with similar discharge.
The hierarchical cluster analysis uses the “Manhattan” (also city-block) method when computing the
distance matrix between two observation (Mardia et al., 1979): The Manhattan method calculates the absolute distance between two vectors. In comparison to the euclidean distance measure distant objects (like
outliers) are much less weighted. This distance matrix is used for subsequent hierarchical clustering. At
each stage distances between clusters are recomputed by the Lance–Williams dissimilarity update formula according to the particular clustering method being used. For the analysis the Ward's minimum variance method has been chosen. The aim of the Ward method is the union of those objects that lead to the
lowest increase of the cluster's distribution width. The result is a tree that describes the similarities of the
different hydrological years (not shown). This tree is subsequently cut into five groups. This number has
been chosen according to expert judgement, because the number of five is according to the number of atmospheric and oceanic teleconnection patterns as well as global warming trends that might influence the
Elbe discharge on interannual to decadal timescales.
2.2

Composite Maps

For each of the five clusters composites of major climate variables are calculated. In this context we analyse the correspondence of our clusters to large-scale climatic conditions such as sea surface temperatures, sea ice as well as the general atmospheric circulation patterns based on Hadley Centre’s sea level
pressure (HadSLP2; Allan and Ansell, 2006) and sea surface temperature datasets (HadISST1; Rayner,
2003), which cover the period of our freshwater discharge time series. The gridded HadSLP2 dataset was
created using marine observations taken from ICOADS and land (terrestrial and island) observations from
2228 stations around the globe and has a resolution of 5° x 5°. The HadISST data has a resolution of
1° x 1°. The results are plotted as anomalies to visualize the change versus the long-term mean (19022013).
3 RELATION OF ELBE DISCHARGE WITH GLOBAL TELECONNECTION PATTERNS
In this section we analyse the relation between the freshwater discharge (gauging station Neu Darchau)
with global SLP and SST data. Here, we evaluate the climatic influence on different typical modes of annual discharge events. These modes are derived via cluster analysis of the14 d-smoothed daily discharge
time series that results in five cluster with pronounced specific patterns (Fig. 3).
Cluster 1 hold the largest amount of members: 42 out of 110 investigated hydrological years belong to
cluster 1 (38.2%). It is characterized by the lowest discharge values and the mean values of this cluster
follow the mean monthly discharge shown in (Fig. 2b). This explains why this cluster is the most common one. However, two outliers occur in April (1943) and in July (1952), respectively.
Cluster 2 (23.6% of the discharge years) is characterized by much higher discharge values. The maximum
mean discharge during spring reaches 1,500 m³/s. Some discharge years in cluster 2 also show a second
peak during summer that has, however, no significant influence on the cluster mean value. Beside an
overall higher level of discharge the shape of cluster 2 is similar to that one of cluster 1.
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Modelling the Impact of Climate Change on Phytoplankton Dynamics
and the Oxygen Budget of the Elbe River and Estuary (Germany)
B. Hein, C. Viergutz, J. Wyrwa, V. Kirchesch & A. Schöl
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ABSTRACT: Our results show that in the Elbe river and estuary system climate change could affect
phytoplankton dynamics and the oxygen budget by altering external forces like river discharge and water
temperature. A model-based approach is chosen to describe and quantify the impacts by using a 1-d
hydraulic model (HYDRAX) coupled with a water quality model (QSim). The model QSim represents the
main processes determining the oxygen and nutrient budget as well as the algal and zooplankton growth
in an aquatic system. The coupled models are applied to the Elbe River (585 km) and the connected
mesotidal estuary (142 km). This approach is realized as part of the research program KLIWAS of the
German Ministry of Transport. The multi-model approach of KLIWAS has generated a range of feasible
projections for the whole Elbe River, its estuary, and the coastal regions. A long-term run (1998-2010) of
the water quality of the Elbe River and estuary is used as a reference state. The results demonstrate that
the model is able to represent the intra-annual and inter-annual variability of phytoplankton dynamics and
the oxygen contents. The simulations proof the major importance of river discharge on both state
variables. A decreased river flow increases the water residence time and supports thereby the algal
growth. The riverine produced algal biomass leads to a higher input of living algae and related detritus
from the river into the estuary. There the living algae die off due to light limitation in the deep section of
the Elbe Estuary. During their decay the algae respire more oxygen than they produce. In addition oxygen
is consumed by heterotrophic bacteria utilizing the degradation products of the algal biomass. Both
processes have a significant impact on the oxygen deficit during summer in the Elbe Estuary. An increase
in temperature has the following effect: If the water temperature becomes higher than the optimum
temperature for algal growth, lower algal biomass is produced and transported into the Elbe Estuary
causing less severe oxygen deficits. At least the impact of climate change on the phytoplankton dynamics
and the oxygen for near (years 2021-2050) and far future (years 2071-2100) scenarios is estimated by a
model-based sensitivity analysis and evaluated by comparison with the reference state.
Keywords: Water quality modelling, Elbe Estuary, Climate change, Oxygen, Phytoplankton
1 INTRODUCTION
The potential impacts of climate change on the water quality, and more specifically the oxygen budget
and the phytoplankton development of estuaries, can be derived from existing knowledge of the
ecological functioning of these systems (Palmer et al. 2009, Rabalais et al. 2009, Najjar et al. 2010). In
addition, mechanistic models are able to quantify such implications and become therefore useful tools for
climate change predictions (Cox & Whitehead 2009). Nevertheless, climate change related implications
are hard to identify, because water quality is and will be very much dependent on human activities,
including water management policies of coastal regions and catchments. Especially, the interaction of
climate induced changes and eutrophication in estuaries is an important issue (Howarth et al. 2000). Two
driving forces of water quality are directly altered under climate change, river discharge and air
temperature. Due to altered hydrographic conditions of the catchment, which controls dilution, flow
velocity and residence times, the load of phytoplankton and organic carbon entering the estuary is altered
too. These factors are influencing the oxygen balance of the estuaries. Here, we investigate, with the aid
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of the water quality model QSim, the response of the oxygen budget in the estuary to climate change
induced temperature variations and changing freshwater discharge from the watershed. A first approach
for the river part of the Elbe is described in Quiel et al. (2010).
Today, pronounced oxygen minima can be observed in the freshwater region of the Elbe Estuary.
These oxygen deficits, which occur mainly during summer, are of major ecological significance as they
can have a negative impact on the benthic community and fish (Bergemann et al. 1996). The oxygen
balance of the Elbe Estuary is governed to a large extent by the input of algal biomass and organic and
inorganic matter from the river part of the Elbe. The algae transported from the river into the estuary die
off in the estuary mainly due to insufficient light conditions in the region of Hamburg harbour and
because of zooplankton grazing. The microbial degradation of the algal biomass and related products as
fecal pellets consumes oxygen and as a consequence, a significant oxygen depletion in summer develops
(Bergemann et al. 1996, Yasseri 1999, Kerner 2007). First approaches to quantify the oxygen budget of
the Elbe Estuary are described in Bergemann et al. (1996) and recently by Schöl et al. (in press).
Our study was performed in the framework of a multi-model approach that generated a range of
feasible projections for the whole Elbe catchment including its estuary and the coastal regions (BfG et al.
2014). The projections of air temperature are generated from different regional climate models, while the
projections for discharge are based on hydrological models. All projections are derived from global
climate models and the IPPC emission scenario A1B (IPCC 2007). By using the results of a sensitivity
analysis for air temperature and discharge processed with the model QSim, the projected changes of both
parameters and their effects on the water quality of the Elbe Estuary are evaluated.
2 METHODS
The deterministic model QSim is used for water quality simulation. The oxygen budget, the nutrient and
phytoplankton dynamics are calculated for the reference period (1998-2010) and validated with
measurements.
Based on a "delta change approach" (Hay et al. 2000, Andréasson et al. 2004) model simulations are
used to investigate the response of the water quality to climate change. Based on this approach the future
periods have not been simulated, but instead of it sensitivity simulations have been performed. Thereby
the model input variables air temperature and river discharge are modified by a delta value (river
discharge +20%, -20%, -40% / air temperature +2°C und +4°C and combinations).
As a result of the sensitivity analysis response surfaces for the different water quality parameters are
produced. A relationship to the climate and hydrologic projections resulting from the model chain can be
established by integrating the changes of air temperature and river discharge (Lingemann et al. 2013,
Imbery et al. 2013) in such response surfaces. Due to the multi-model approach of KLIWAS a bandwidth
of climate induced changes for the discharge and the air temperature for the near (2021-2050) and the far
future (2071-2100) is determined.
2.1 The model QSim
The water quality model QSim (Quality Simulation) simulates physical, chemical and biological
processes in rivers (Kirchesch & Schöl 1999, Schöl et al. 2002, Becker et al. 2010, Matzinger et al. 2012).
The model QSim comprises a heat module, which calculates the water temperature, seven biogeochemical
modules for process description of the seston budget, pH-value, nutrients dynamics of nitrogen,
phosphorous and silicium, organic carbon and oxygen content, three biological modules for phyto- and
zooplankton and benthic filter feeders (not applied for the Elbe) and a sediment module which calculates
early diagenesis of sediment dynamics including oxygen, carbon and nutrient fluxes. A brief description
for the biological modules and references are provided in Schöl et al. (in press).
QSim is coupled off-line with the one dimensional hydrodynamic model HYDRAX which simulates
unsteady flow in a network of water bodies (Oppermann 1989, Oppermann 2010). QSim and HYDRAX
are integrated under the graphical user interface GERRIS (BfG 2013).
The standard set of parameters which is either based on literature or on own experimental results was
adjusted for the model application of the Elbe River and Estuary (Schöl et al. in press). The coefficient of
absorption for yellow substances at 440 nm was increased by the factor 10 to parameterise the effect of
high seston content of the Elbe Estuary.
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2.2 Model area
The model area starts about 367 km below the source of the Elbe and ranges from the border between the
Czech Republic and Germany (km 0) to the North Sea at Cuxhaven (km 727). Thus, it comprises the
stretch of the river up to the tidal weir of Geesthacht (km 0 to km 586) and the estuary (km 586 to
km 727). The river reach is modelled to get a consistent input data set for the water quality simulations at
the entrance to the estuary. The influence of the four major and six smaller but furthermore relevant
tributaries is modelled by boundaries. The 1d approach is extended by the implementation of groyne
fields along the river stretch influencing the main channel by lateral transfers (Schöl et al. 2006).
2.3 Input data
2.3.1 Hydrology, water level and meteorology
The upper model boundary at km 0 as well as the main and larger tributaries are forced with daily
discharge data, while for the smaller tributaries only yearly mean discharge is known. Depending on
availability, daily or monthly data are applied for discharges of the sewage plants. The lower model
boundary is forced with the water level of the gauging station Cuxhaven-Steubenhöft.
Regarding the meteorological data, daily sum of the global solar radiation (J/cm²), minimum and
maximum air temperature (°C), mean relative humidity (%), mean wind velocity (m/s) and mean cloud
cover have been provided as daily data by the German Weather Service.
The data from four stations along the river reach (Dresden, Wittenberg, Magdeburg, Seehausen) and
from two stations (Hamburg-Fuhlsbüttel and Cuxhaven) along the estuary were used.
2.3.2 Water quality parameters, phytoplankton biomass and biological parameters
Measured water quality data at Schmilka (km 3.9) and Cuxhaven (km 727) are used to force the model at
the open boundaries. Also for the main tributaries the water quality is prescribed. Data of the River Basin
Community Elbe (FGG Elbe) and of the Observational Network of Water Quality of Hamburg (Institute
of Hygiene and Environment) are used.
The main sewage plants situated in the river stretch of the Elbe (Dresden-Kaditz and MagdeburgGerwisch) as well as in the Elbe Estuary (Hamburg-Dradenau) are also implemented in the model.
Zooplankton abundances are not recorded in the regular monitoring programme of the Elbe. Therefore,
abundances at the upper (km 0) and the lower (km 727) boundaries are estimated with the value of
25 Ind/l. This low abundance is sufficient as an inoculum to enable the development of the zooplankton in
dependency of the food supply by phytoplankton.
2.4 Delta change approach
In this study altered river discharge and air temperature of twelve model chains have been considered. A
model chain consists of the emission scenario A1B, a global climate model, a regional climate model and
a hydrologic model. Based on the results of the model chains, the impact of climate change on the air
temperature and river discharge is calculated in the context of KLIWAS for different time spans (near
future (2021-2050) and far future (2071-2100)) (Lingemann et al. 2013, Imbery et al. 2013).
Table 1 shows the mean change (DeltaMC (MC for model chain)) in river discharge and air temperature
at the river gauge station Neu Darchau (km 536) near the entry to the estuary for the near future and the
far future referring to the reference period (1981-2010). The impact of climate change on the mean air
temperature corresponds to projections for a grid cell of 50x50 km at Neu Darchau. The simulation of the
water quality of the reference state has been conducted for the years 1998-2010 as for this period an
adequate input data set exists.
Referring to the reference period the changes are between -16.43 and + 9.18% for the near future and
between -23.71 to +16.64% for the far future. For the air temperatures the changes are between +0.44 and
+1.74°C for the near future and between +1.69 and +3.61°C for the far future.
The model chains show for the discharge as well as the air temperature a bandwidth of possible future
states. While all projections show an increase in air temperature, no monodirectional change for river
discharge is calculated.
Regarding the biological boundary conditions (nutrient concentration, algal biomass) no projections
are available for future periods. Therefore, the future periods could not be simulated and instead of it
sensitivity simulations based on the delta change approach have been conducted (Hay et al. 2000,
Andréasson et al. 2004). Thereby the input data of the variables river discharge and air temperature used
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(here: air temperature and river discharge). Principally, by filling the climate and hydrologic projections
into the response surfaces only the explicit effect of one climate change projection is depicted.
Additionally, by considering the area adjacent to the projection point the robustness of the system
response can be evaluated. Even more benefit of this approach is gained if like in KLIWAS an ensemble
of projections is considered.
A disadvantage of the delta change approach is that changes in the seasonal pattern of the input
variables air temperature and river discharge are not taken into account as a constant shift of both
parameters is assumed. Prolonged low flow periods in summer, as predicted by some model chains, may
lead to more severe oxygen depletions in the Elbe Estuary. The occurrence of these ecologically critical
situations might be underestimated in this study.
Air temperature is the only meteorological factor considered in this sensitivity analysis. Climate
change also influences wind velocity, humidity and solar radiation. These changes were neglected as it is
assumed that they have minor effects on the water quality.
Nutrients and algae entering the modelling domain via tributaries and other sources have to be
prescribed in form of boundary conditions in water quality simulations. Sixteen concentrations need to be
specified for the QSim model at each boundary. These conditions were kept constant in all sensitivity
simulations outlined for this study. Although changes in the boundary conditions, e. g. nutrient loads, may
have a significant effect on the water quality in the Elbe Estuary they are neither covered by this study nor
within the KLIWAS program by modelling the climate induced changes in the emission of nutrients from
point and diffuse sources (agriculture, sewage plants etc.).
In summary, three dominant mechanisms triggered by air temperature and river discharge have been
recognized to cause the climate change effects of water quality of the Elbe Estuary, particularly the
oxygen content.
1. A decreased discharge, which causes increased retention times in the Elbe River, results in an
increased algal growth and thus a larger amount of algal biomass entering the estuary. The
microbial degradation of this biomass by heterotrophic bacteria and grazing of zooplankton
then causes strong oxygen deficits in the freshwater part of the Elbe Estuary.
2. The rise of air temperature and consecutively of water temperature can have a reverse effect.
The temperature optima for algal growth is exceeded during crucial summer situations,
reducing the algal biomass entering the estuary. The model approach of QSim concerning the
modelling of algae does neither take into account that the considered algal species can adapt to
a new temperature regime nor is it able to simulate a change in the composition of the algal
species (Thomas et al. 2012, Anderson et al. 2013).
3. The solubility of oxygen in water, declining with rising temperature, directly reduces the
oxygen concentration in the river and estuary.
5 CONCLUSIONS AND OUTLOOK
Climate induced changes in river discharge and air temperature have an effect on the oxygen content of
the Elbe Estuary for the near and far future. However, the bandwidth of the projections of the model chain
and the uncertainties in the climate and hydrologic models have to be taken into account by interpreting
the model results. Nevertheless, the delta change approach shows that the climate induced decrease of
discharge and the related increase in algal production in the river has a clear effect on the water quality of
the Elbe Estuary.
Prevention of negative climate induced effects can be achieved by decreasing the algal biomass due to
sustainable restoration measurements including reduction of nutrient emissions in the Elbe catchment.
Furthermore, in the Elbe Estuary more shallow areas may mitigate the critical oxygen situation. The
effects of these options in addition to the climate induced effects should be investigated by further model
studies.
REFERENCES
Anderson, J.J., Gurarie, E., Bracis, C., Burke, B.J. and Laidre, K.L. (2013). Modeling climate change impacts on phenology
and population dynamics of migratory marine species. Ecological Modelling, Vol. 264, pp. 83-97.
Andréasson, J., Bergström, S., Carlsson, B., Graham, L.P. and Lindström, G. (2004). Hydrological change - climate change
impact simulations for Sweden. Ambio, Vol. 33, pp. 228-234.

1041

Becker, A., Kirchesch, V., Baumert, H.Z., Fischer, H. and Schöl, A. (2010). Modelling the effects of thermal stratification on
the oxygen budget of an impounded river. River Research and Applications, Vol. 26, pp. 572-588.
Bergemann, M., Blöcker, G., Harms, H., Kerner, M., Meyer-Nehls, R., Petersen, W. and Schröder, F. (1996). Der
Sauerstoffhaushalt der Tideelbe. Die Küste, Vol. 58, pp. 199-261.
BfG (2013). Das Gewässergütemodell QSim: Handbuch zur Benutzeroberfläche GERRIS. 99 pages.
BfG, DWD, BSH and BAW (2014). KLIWAS Auswirkungen des Klimawandels auf Wasserstraßen und Schifffahrt Entwicklung von Anpassungsoptionen. Synthesebericht für Entscheidungsträger. KLIWAS-57/2014.
Cox, B.A. and Whitehead, P.G. (2009). Impacts of climate change scenarios on dissolved oxygen in the River Thames, UK.
Hydrology Research, Vol. 40, 2-3, pp. 138-152.
Hay, L.E., Wilby, R.L. and Leavesley, G.H. (2000). A comparison of delta change and downscaled GCM scenarios for three
mountainous basins in the United States. Journal of the American Water Resources Association, Vol. 36, pp. 387-397.
Hein, B., Wyrwa, J., Viergutz, C. and Schöl, A. (2014). Projektionen für den Sauerstoffhaushalt des Elbe-Ästuars - Folgen für
die Sedimentbewirtschaftung und das ökologische Potenzial. Schlussbericht KLIWAS-Projekt 3.08. KLIWAS-42/2014.
Howarth, R.W., Swaney, D.P., Butler, T.J. and Marino, R. (2000). Climatic control on eutrophication of the Hudson River
estuary. Ecosystems, Vol. 3, 2, pp. 210-215.
Imbery, F., Plagemann, S. and Namyslo, J. (2013). Processing and analysing an ensemble of climate projections fort he joint
research project KLIWAS. Advances in Science & Research, Vol. 10, pp. 91-98.
IPCC (2007). Fourth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge University Press,
Cambridge.
Kerner, M. (2007). Effects of deepening the Elbe Estuary on sediment regime and water quality. Estuarine, Coastal and Shelf
Science, Vol. 75, pp. 492-500.
Kirchesch, V. and Schöl, A. (1999). Das Gewässergütemodell QSIM - Ein Instrument zur Simualtion und Prognose des
Stoffhaushaltes und der Planktondynamik von Fließgewässern. Hydrologie und Wasserbewirtschaftung, Vol. 43, pp. 302309.
Kleinn, J., Frei, C., Gurtz, J., Lüthi, D., Vidale, P.L. and Schär, C. (2005). Hydrologic simulations in the Rhine basin driven by
a regional climate model. Journal of Geophysical Research, Vol. 110, D4, 18 pages.
Lingemann, I., Nilson, E., Carambia, M. and Krahe, P. (2013). Änderungen des Wasserhaushalts der Elbe im 21. Jahrhundert.
In: BfG. Veranstaltungen 6/2013 „Die Zukunft des Wasserhaushalts im Elbeeinzugsgebiet“. Koblenz, pp. 47-58.
Matzinger, A., Fischer, H. and Schmid, M. (2012). Modellierung von biogeochemischen Prozessen in Fließgewässern.
Handbuch Angewandte Limnologie, Vol. 29, 5/12, pp. 1-32.
Möck, C., Brunner, P. and Hunkeler, D. (2013). Predictive uncertainty of groundwater recharges rates caused by climate model
chain variability and model simplification. Geophysical Research Abstracts, Vol. 15. 1 page.
Moriasi, D.N., Arnold, J.G., Van Liew, M.W., Bingner, R.L., Harmel, R.D. and Veith, T.L. (2007). Model evaluation
guidelines for systematic quantification of accuracy in watershed simulations. Transactions of the American Society of
Agricultural and Biological Engineers, Vol. 50, 3, pp. 885-900.
Najjar, R.G., Pyke, C.R., Adams, M.B., Breitburg, D., Hershner, C., Kemp, M., Howarth, R., Mulholland, M.R., Paolisso, M.,
Secor, D., Sellner, K., Wardrop, D. and Wood, R. (2010). Potential climate-change impacts on the Chesapeake Bay.
Estuarine Coastal and Shelf Science, Vol. 86, 1, pp. 1-20.
Noguer, M., Jones, R. and Murphy, J. (1998). Sources of systematic errors in the climatology of a regional climate model over
Europe. Climate Dynamics, Vol. 4, 10, pp. 691-712.
Oppermann, R. (1989). Eindimensionale Simulation allmählich veränderlicher instationärer Fließvorgänge in Gewässernetzen.
Verlag für Bauwesen, Berlin, Vol. 50, 114 pages.
Oppermann, R. (2010). Das Programmsystem HYDRAX 5.0 - Mathematisches Modell und Datenschnittstellen. 11pages.
Palmer, M.A., Lettenmaier, D.P., Poff, N.L., Postel, S.L., Richter, B. and Wagner, R. (2009). Climate Change and River
Ecosystems: Protection and Adaption Options. Environmental Management, Vol. 44, pp. 1053-1068.
Quiel, K., Becker, A., Kirchesch, V., Schöl, A. and Fischer, H. (2010). Influence of global change on phytoplankton and
nutrient cycling in the Elbe River. Regional Environmental Change, Vol. 11, 2, pp. 405-421.
Rabalais, N.N., Turner, R.E., Diaz, R.J. and Justic, D. (2009). Global change and eutrophication of coastal waters. Ices Journal
of Marine Science, Vol. 66, 7, pp. 1528-1537.
Schöl, A., Eidner, R., Böhme, M. and Kirchesch, V. (2006). Einfluss der Buhnenfelder auf die Wasserbeschaffenheit der
Mittleren Elbe. In: M. Pusch and H. Fischer. Stoffdynamik und Habitatstruktur in der Elbe. Weißensee Verlag, Berlin, Vol.
5, pp. 243-263.
Schöl, A., Hein, B., Wyrwa, J. and Kirchesch, V. (in press). Modelling water quality in the Elbe and its estuary - Large scale
and long term applications with focus on the oxygen budget of the estuary. Die Küste, Vol. 80.
Schöl, A., Kirchesch, V., Bergfeld, T., Schöll, F., Borcherding, J. and Müller, D. (2002). Modelling the chlorophyll a content
of the River Rhine - Interrelation between riverine algal production and population biomass of grazers, rotifers and the
zebra mussel, Dreissena polymorpha Internat. Rev. Hydrobiol., Vol. 87, pp. 295-317.
Thomas, M.K., Kremer, C.T., Klausmeier, C.A. and Litchman, E. (2012). A global Pattern of Thermal Adaption in Marine
Phytoplankton. Science, Vol. 338, pp. 1085-1088.
Yasseri, M.S. (1999). Untersuchungen zum Einfluss von Sauerstoffmangelsituationen auf den mikrobiell-heterotrophen
Stoffumsatz an Schwebstoffen in der Tideelbe. Ad-fontes-Verlag, Hamburg, 97 pages.

1042

ICHE 2014, Hamburg - Lehfeldt & Kopmann (eds) - © 2014 Bundesanstalt für Wasserbau ISBN 978-3-939230-32-8

Assessment of Coastal Vulnerability for Present and Future Climate
Conditions in Coastal Areas of the Aegean Sea
D. Kokkinos, P. Prinos & P. Galiatsatou

Aristotle University of Thessaloniki, Thessaloniki, Greece

ABSTRACT: Vulnerability to flooding for two coastal areas of the Aegean Sea (Chania at Northern Crete
Island and Thrace at Northern Greece) is assessed taking into account climate change effects. Two approaches are applied for the present (1951-1999) and future conditions (2000-2049,2050-2099).
A Flood Vulnerability Index (FVI) is estimated based on run-up and storm surge computations for both
present and future climate. Run-up is calculated from an empirical formula based on area morphology and
wave climate, derived from a Digital Elevation Model of the areas of study and the SWAN wave model,
respectively. For the complete description of the morphology of the areas, an adequate number of crossshore profiles is created at each site. SWAN model is forced by wind data from RegCM3 according to
emission scenario A1B SRES of IPCC. On the other hand, storm surge is calculated from the MeCSM
hydrodynamic model forced by wind and pressure data from RegCM3 for the same emission scenario.
The first approach uses cluster analysis to classify all storms and then evaluates total water level (Ru+ξ)
for each class in order to estimate the corresponding FVI. The second one evaluates Ru for the maximum
annual storm, uses extreme value analysis for extracting the total water level which corresponds to return
periods of 50, 100 and 500 years and then estimates FVI for each area.
The results highlight that the area of Chania is very prone to flooding. Both methodologies indicate very
high vulnerability for the majority of the selected beach profiles describing the area. For the area of
Thrace the first methodology indicates that 45% of the cross-shore profiles for present and 55% for future
wave climate show very high vulnerability to flooding. The second one implies that for extreme waves
and storm surge with a return period of 50 years or more, the area is prone to flooding for both the present
and future conditions.
Keywords: Vulnerability, Flooding, Coastal, Climate change
1 INTRODUCTION
Coastal areas are of great importance for prosperity and economy of human societies. In EU these areas
are inhabited by approximately 200 million people and they should really be protected, in a context of
rapid globalization and climate change. In 2007, EU proposed and developed the Floods Directive
2007/60/EC (FD) in order to reduce and manage the risk of flooding affecting environment and human
societies and activities. This stresses the importance of the assessment of coastal vulnerability to flooding.
Vulnerability, according to the recommendation of the FLOODsite project, is the potential of a system
to be harmed by a hazard (Gouldby and Samuels, 2007). However, the complexity of the morphology and
dynamics of the coastal areas makes it very difficult to adopt a common methodology, for the evaluation
of vulnerability to flooding. The IPCC's Common Methodology was the first method to be widely applied
to assess the vulnerability of countries to sea-level rise (IPCC, 1992). However, the methodology lacks
the flexibility to consider factors of critical significance. In 1991, Gornitz et al. developed and proposed
the Coastal Vulnerability Index (CVI) which was widely applied at USA and Canada coastlines. A more
complex index, Coastal Social Vulnerability Index (CSoVI) was proposed by Cutter et al.(2003) which
combines CVI and some socio-economic parameters. The CSoVI is a combination of variables for North
America and Australia coastal regions. Another effort for the assessment of coastal vulnerability was pro1043

posed by McLaughing and Cooper (2010), but it was focused mostly at the vulnerability to erosion rather
than that to flooding. For the coasts of the Aegean Sea, there are very few studies (Alexandrakis et al.,
2009) concerning the assessment of vulnerability to sea level rise, indicating that approximately half of
the Aegean (Hellenic) coastline is of medium vulnerability, with the other half being highly vulnerable.
In this paper, the coastal vulnerability to flooding is assessed by applying two separate methodologies,
both evaluating a FVI based on run-up (Ru) and storm surge (ξ). The first one, proposed by Mendoza and
Jimenez (2009), classifies storms according to their energy content (Ε) and then evaluates the average Ru
and ξ for each class. It is developed for and applied to the beaches of Catalan coast, but it can be easily
adopted for any coast in the Mediterranean Sea. The second methodology, proposed by Bosom and
Jimenez (2011) is a probabilistic approach where extreme values for Ru and ξ, with a given return period,
are used after fitting an extreme probability distribution with annual maximum storms . These two approaches are applied to two coastal areas of the Aegean Sea (Chania and Thrace) in Greece.
In the following, an analytical description of both approaches, information about wave climate and area data used, derived results and conclusions, are presented.
2 METHODOLOGIES
The first step before applying the two approaches is the characterization of the forcing (storm). A storm is
defined as the event exceeding a minimum significant wave height (Hs) and with a minimum duration of
6 hours. This criterion was proposed by Mendoza and Jimenez (2008) as the minimum conditions required to generate a significant impact to each coast.
2.1 1st approach: FVI based on storm classification
The basic idea of this approach was to group storms into classes based on similar characteristics and evaluates coastal vulnerability for each class, instead of studying their consequences individually. An index
(FVI) is used in order to estimate coastal vulnerability, which is correlated with wave data sets (Ru is
evaluated for the maximum significant wave height Hs of each storm and corresponding values of wave
peak period Tp), storm surge (average value for each storm class) and beach morphology data (beach
slope and beach/berm height).
After the definition and identification of the storms, the energy content (Dolan and Davis, 1992) is
used for their classification into 5 groups (I-weak, II-moderate, III-significant, IV-severe, V-extreme).
t2

E = ∫ H s dt

(1)

t2

where (t1-t2) is the storm duration.
For the classification of the storms, hierarchical agglomerative cluster analysis is carried out. Ward's
minimum variance method is used.
The next step consists of quantifying the hazard. The maximum elevation of the sea level, which is
calculated as the sum of run-up (Ru) and storm surge (ξ) is defined as a hazard. The empirical formula
proposed by Stockdon et al. (2006) is used to calculate the Ru for each storm.
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where Hs is the maximum significant wave height of each storm, tanβ is the beach slope and L0 is the
deep-water wave length associated to the wave peak period (Tp) for each storm. For each value of the
maximum Hs, a concurrent value of ξ is selected. The final Ru for each class is obtained by taking the average of the Ru calculated for all storms within the class.
For evaluating the FVI, an intermediate parameter is used (FIP), as given by Mendoza and Jimenez
(2009),
FIP =

( Ru + σRu ) + ξ

(3)

B
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and variables about their geomorphologic characteristics are extracted from a Digital Elevation Model
(DEM) with lattice dimension of 5m, by using free GIS software.
An adequate number of cross-shore profiles are taken perpendicular to the given beach contour for each
area, for the complete description of the morphology and the production of a comprehensive picture of its
vulnerability to flooding. These profiles are classified into 5 categories according to their slope as given
in Table 3. Then, one representative profile of each category is selected and studied for its resilience to
flooding.

Figure 2. Study areas and grid points for wave data (Thrace (left) and Chania (right)).

3.1 Area of Thrace
The area of Thrace is located at the NE part of Aegean Sea and is about 150 km long. However, the region between Vistonida Lake and Agios Charalampos small port is studied (Fig. 2). A total length of
40km coast comprises a large variety of coastal types, such as small bays, cliffs, long straight beaches and
estuaries. At the west part of the study area there are many small coastal lagoons, while the east part is
characterized by several small estuaries. The dominant activity of the area is tourism, but there are more
secondary socio-economic activities such as agriculture and residential development.
For the purposes of this work, 38 cross-shore profiles are created for describing the morphology of the
area. As mentioned above, they are classified into five groups and a representative profile of each group
was studied. The average slope of the coast is about 10.9% with milder slopes located at west part and
steeper ones located at the east part of the study area. Beach/berm height varies between 0.5m and 6 m.
3.2 Area of Chania
The area of Chania is a coastline about 30km long, located at NW part of Crete Island (Fig. 2). The west
part stretches 20km west of Chania city and is formed by long sandy beaches, while the east part is approximately 10km long and is formed by small embayed ones. The area of study is of high economic value because of the dominant activities, which is tourism and residential development.
For this study, 40 cross-shore profiles are selected for the complete description of the topography.
They are grouped into five categories according to their slope and five representative profiles are studied.
The average slope is about 10% and the range is between 3% and 19%. Beach/berm height varies between 0.4m and 5m.
4 WAVE DATA
4.1 Present and future wave climate
A third-generation spectral wave model (SWAN) is used to simulate present (1951-1999) and future wave
climate (2000-2049, 2050-2099) at regional scale. A high resolution (0.005x0.005 degrees) simulation is
performed, one for each area and their Longitude and Latitude boundaries of each coastline are presented
in Table 1 (Krestenitis et al., 2013). The output results of SWAN model have a time step of 3 hours (Hs,
Tp and wave direction).
The climatic wind data used for the wave simulations are produced in the context of the CCSEAWAVS
project, using the ICTP RegCM3 model (Dickinson et al. 1989) with spatial resolution of 10x10km and
temporal resolution of 6 hours (wind speed and direction were considered 10m above sea surface).
RegCM3 is forced by the A1B SRES emission scenario of IPCC (Vagenas, 2014).
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Table 1. Longitude-Latitude boundaries of each study area
_________________________________
___
Longitude
(deg)
Latitude
(deg)
___________________________________
_

Thrace
[25.15-26.10] [40.30-41.05]
Chania
[23.75-24.15]
[35.50-35.80]
___________________________________

_

The bathymetric data sources used for SWAN simulations consist of: (a) The General Bathymetric Chart
of the Oceans database (GEBCO), (b) Nautical charts from the Hellenic Navy Hydrographic Service (c)
The Global Self-consistent, Hierarchical, High-resolution Shoreline Database, used as zero depth reference.
Simulation results provide wave data for many grid points. In order to reduce the computational cost,
representative points are selected for each area, after a homogeneity analysis (Galiatsatou, 2014). Finally,
after evaluating the results of this procedure, one grid point for each study area is selected (P1.1 for the
area of Thrace and P2.1 for the area of Chania, Fig.2) for the determination of the wave and storm surge
characteristics of each region.
4.2 Present and future storm surges
For the simulation of present (1951-1999) and future (2000-2049, 2050-2099) storm surges a 2dimensional hydrodynamic model MeCSM is used with spatial analysis of 10x10km and time step of 6
hours. MeCSM is forced by wind and pressure data, which were provided by RegCM3 simulations for the
A1B SRES emission scenario of IPCC and have a spatial resolution of 10x10km and a temporal resolution of 6 hours (Vagenas, 2014).
5 ANALYSIS OF RESULTS
As analyzed above, two methodologies are followed for the study of the vulnerability to flooding of the
two areas. The minimum Hs used for the definition of the storms is set to 1,5m for the area of Thrace and
2.5 for Chania. The waves with the proper direction for each coastal region (SW to SE for Thrace and NE
to NW for Chania) are taken into account for the analysis. The evaluation of vulnerability to flooding is
estimated for 5 representative cross-shore profiles selected from each area according to their slope.
5.1 1st Approach
All storms and their characteristics (E, maximum Hs and duration) are extracted from the corresponding
time series using MATLABTM software. Average values of the data for storms of each class are presented
in Table 2.
Table 2. Average values of storm data for each class for the two study areas.
_____________________________________________
Grid Points
Storm ___
1951-1999
_________ ____ 2000-2049
____

_

(Coordinates) Class St* D Hs EC
ξ St
2
(h)
(m)
(m
h)
(m)
_____________________________________________
1
25 13 1.8 21 0.14 64
Thrace
2
37 22 2.1 46 0.14 17
P1.1
3
9
32 2.5 85 0.14 3
(25.30o-40.65o) 4
6 47 2.6 146 0.12 4
5
4 41 3.0 245 0.14 1

D Hs EC ξ
(h) (m) (m2h) (m)
16
35
44
51
60

2.0 32 0.14
2.6 79 0.14
3.1 148 0.15
2.9 208 0.10
3.4 445 0.14

2050-2099
_________
___
St D Hs
EC ξ
2
_ (h) (m) (m h) (m)
40 14 1.8
23 0.13
33 26 2.3
58 0.14
10 40 2.7 134 0.15
3 60 3.1 287 0.01
1 138 3.2 559 0.16

1
396 15 2.9 103 0.09 320
Chania
2
203 36 3.6 343 0.09 202
P2.1
3
80 64 4.3 772 0.10 188
(23.95o-35.80o) 4
10 93 5.0 1467 0.14 33
5
8 114 6.1 2045 0.11 6
___________________________________________
* Number of storms

13
29
51
86
117

2.9
3.4
3.9
4.8
5.5

435
223
117
33
3
__

85 0.09
244 0.09
535 0.09
1167 0.11
2084 0.12

14
36
60
99
135

2.9
3.4
4.0
4.8
6.9

99 0.07
310 0.07
673 0.08
1337 0.10
2913 0.10

For the area of Thrace it can clearly be seen that for future climate conditions, higher values of Hs are estimated. More specific, for the fifth storm class which is the most dangerous for the coast, an increase of
0.4m (13%) is estimated for the period 2000-2049, while the increase is lower (7%) for 2050-2099. All
average Hs values for present and future climate conditions range from 1.8m to 3.4m. The results also
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highlight storms with longer duration for the future climate for all classes. The average duration of the
fifth class storms increases by 80% for the second time period and reached 130% for the third period.
On the contrary, for the area of Chania all values of Hs are shown to decrease (for storm class 5 this
decrease was 0,6m (10%) for the second time period. For the last 50 years (2050-2099) Hs slightly decreases for the first four classes compared with that of the present conditions, while there is an increase
for the 5th class of 0,8 m (13%). With regards to the area of Thrace, all averaged values of Hs for the area
of Chania are almost doubled. This is due to the area topography (non-sheltered area) and the Etesian
wind forcing of the coast. Storm duration appears to have lower values for all classes of the 2nd time period, except for the fifth class where there is a small increase of 3%. For the 3rd period, the results showed
an increase of 18%. It has to be stressed that for future climate conditions there are less storm events of
high energy (class 5) than the present ones.
The last step is the calculation of the FVI for each representative profile of each class. Considering the
aforementioned wave and storm surge data (Table 2) and including the variable of the beach characterizing its ability to cope with each process (B, Table 3), FVI was calculated.
Table 3. Vulnerability to flooding for 5 representative profiles of each site.
_____________________________________________
Time period
B Slope Profile
%
1951-1999
2000-2049
____________
____________

Storm
Class
(m)
% Category
4
_____________________________________________
Thr-Prof1*
1.5
3.8
I
19
L**
Thr-Prof2
1.7
5.4
II
26
L
Thr-Prof3
1.7
6.3
III
10
L
Thr-Prof4
2.0
9.4
IV
16
M
Thr-Prof5
2.8 13.3
V
29
M
Ch-Prof1
0.4
2.9
I
5
VH
Ch -Prof2
1.1
5.5
II
5
VH
Ch -Prof3
2.6
6.8
III
18
M
Ch -Prof4
2.8
9.3
IV
20
H
Ch
-Prof5
3.5
13.0
V
52
VH
___________________________________________
* Thr=Thrace - Ch=Chania
** L=Low-M=Medium-H=high-VH=Very High

5

4

5

M
M
M
H
H

L
M
M
H
H

M
M
H
VH
H

VH
VH
H
VH
VH

VH
VH
M
H
VH

VH
VH
H
VH
VH

_
2050-2099
____________
4
5 _
M
M
H
VH
H

M
M
H
VH
H

VH
VH
M
VH
VH

VH
VH
VH
VH
VH__

From Table 3 it is obvious that high coastal vulnerability to flooding is predicted for the area of Chania
where all 5 representative profiles appear to have high or very high vulnerability for category 5 storms. In
contrary, for the area of Thrace and present wave climate only 2 profiles, representing the 45% of the
coast, appear to have high vulnerability to flooding, while for future conditions this percentage of profiles
with high or very high vulnerability raises to 55%.
5.2 2nd Approach
The maximum storm of each year (maximum Hs) is selected using MATLABTM and Ru is calculated for
present and future conditions and for all 10 representative profiles (5 for each area). The annual maximum
Hs is shown on Fig.3 for both Thrace and Chania. It is observed that Hs is significantly higher in Chania
than that of Thrace.
The next step is to model the annual maximum Ru and ξ using a univariate generalized extreme value
(GEV) distribution function. The return levels extracted using the GEV distribution function corresponds
to return periods of 50, 100 and 500 years.
The results from maximum likelihood estimation of Ru for the area of Thrace are shown in Fig. 4. It
can be seen that extreme values of Ru are decreasing for the future conditions, but still their values are
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Figure 3. Maximum Hs per year for future and present climate conditions.

higher in comparison with the beach heights of the area (Table 3). In addition, the extreme values of
storm surge are significantly high. For the return period of 50 years ξ is 0.39m for the present conditions,
while for the future ones is 0.47(20% increase) and 0.41(5% increase), respectively.
For the area of Chania there were small differences of extreme Ru between the present and future
wave climate conditions (2%), for the 5 profiles. The values of the Ru were high enough to overcome the
beach height in any case. The storm surge predicted from the extreme value analysis is high enough to affect the total water level. For the return period of 50 years ξ is 0.36m for the present conditions, while for
the future ones is 0.39 m (8% increase) and 0.32 m (11% decrease), respectively.

Figure 4. Maximum Likelihood Estimate of Ru for return period (Tr) 50, 100 500 years (Thrace=solid line, Chania=dashed
line).

All FVI values evaluated for the representative cross-shore profiles were shown to be higher than 1 in
every case, which corresponds to very high vulnerability. The predictions suggest that both areas are vulnerable to extreme waves and water level with return period of more than 50 years.
6 CONCLUSIONS
In this work coastal flooding vulnerability is estimated through the evaluation of the FVI, based on run-up
and storm surge computations for both present and future climate. For this purpose two different methodologies are proposed and applied to two regions of Aegean Sea.
Using the first approach, average values of Ru and ξ of each storm class are estimated. The results
show that the most vulnerable area is the site of Chania for both present and future conditions. The area
has high values of berm height (2.6-3.5 m), with beach profiles 3, 4 and 5 representing 90% of the coast,
and the Ru and ξ are also high, resulting in a Flood Vulnerability greater than one ( High Vulnerability).
On the other hand, the area of Thrace is forced by lower Hs (in comparison to that of Chania) and has relatively high values of berm height (1.7-2.8 m). Thus, it appears to be less vulnerable. The most vulnerable
part of the region is the western part, with mild slopes and low berm heights. Future wave climate conditions seem to affect the coast by raising the FVI by one level. It should be noted that the storm surge ξ,
used in the computations, is the concurrent with the Hs maximum of each storm. This results in low values of ξ ranging between 0.7 m and 0.14 m. It corresponds only to 5-10% of run-up for the area of Thrace
and even lower for the area of Chania. So, it is clear that ξ does not remarkably affect the total water level.
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The second approach, based on extreme run up and storm surge with return periods of 50, 100 and 500
years, indicate that both areas are very prone to flooding. The values of Ru, corresponding to each return
period, estimated for the two areas, are shown to be significantly higher in comparison to beach height,
while the tendencies are similar for the future climate (a small increase of 5% is observed). Extreme ξ
values are also high, ranging between 0.35 - 0.53m. They correspond approximately to 16-20% of Ru
(profiles 1-3) and to 10-12% (profiles 4 and 5) for the area of Chania, while for the area of Thrace the
percentage ranges between 25-35% of the Ru for the first 3 representative profiles and between 15-20%
for the profiles 4 and 5. Thus, it can be seen that it greatly affects the total water level.
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NOTATION
ξ

B
E
FIP
FVI
Hs
Lo
Ru
tanβ
Tp

storm surge (m)
berm/beach height (m)
energy content (m2h)
flood intermediate parameter
flood vulnerability index
significant wave height (m)
deepwater wave length (m)
run-up (m)
beach face slope
wave peak period (sec)
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Storm Surges in German North Sea Estuaries and Climate Change –
Investigating Impacts and Developing Adaptation Strategies
E. Rudolph, A. Bockelmann, A. Büscher & R. Seiffert

Federal Waterways and Research Institute, Hamburg, Germany

ABSTRACT: As climate will change in this century and beyond, the German Ministry of Transport
(BMVI) is interested in the effect of climate change on the waterways in the German North Sea estuaries
and therefore initiated the project KLIWAS (www.kliwas.de). In order to find a strategy for adaptation to
climate change it is important to understand today’s situation and analyse the future situation under the
influence of climate change. This concept will be presented by looking into storm surges in the German
Bight. A sensitivity study is used to identify areas along the estuaries of Elbe, Jade-Weser and Ems,
which are vulnerable in case of storm surges and climate change. In a second step the efficacy of several
adaptation measures is investigated. Advantages and disadvantages of the adaptation measures can be
identified. The results give the chance to develop an adaptation route for the waterways in the estuaries of
Elbe, Jade-Weser and Ems in order to mitigate the problems caused by climate change.
Keywords: Storm surge scenario, Climate change, Sensitivity study, Hydrodynamic numerical model,
Wind, Sea-level rise, River run off
1 INTRODUCTION
The German Ministry of Transport (BMVI) is interested in the effect of climate change on the waterways
in e.g. the German North Sea estuaries and therefore initiated the project KLIWAS (www.kliwas.de). In
order to find a strategy for adaptation to climate change it is important to understand today’s situation and
analyse the future situation under the influence of climate change. The impact of climate change for the
estuaries is investigated, vulnerabilities can be identified and an adaptation strategy can be prepared.
This concept will be presented by looking into storm surges in the estuaries along the German Bight.
Climate change is expected to cause a global sea-level rise as well as a local sea-level rise in the North
Sea, an increase in winter precipitation over Europe that can induce higher river run off in the storm surge
season, and an increase in wind speed. These possible consequences of climate change can influence the
height of storm surges in the estuaries along the German Bight.
A sensitivity study is used to identify areas along the estuaries of Elbe, Jade-Weser and Ems, which
are vulnerable in case of storm surges and climate change. In a second step the efficacy of several adaptation measures is investigated. Advantages and disadvantages of the adaptation measures can be identified.
The results give the chance to develop an adaptation route for the waterways in the estuaries of Elbe,
Jade-Weser and Ems in order to mitigate the problems caused by climate change.
2 SENSITIVITY STUDY: IMPACTS OF CLIMATE CHANGE
The height of a storm surge in an estuary is determined by the water level at the estuaries boundary to the
North Sea, the river run off into the estuary and the wind field over the estuary. A sensitivity study on
storm surges in times of climate change is used to investigate scenarios that are not intended to represent
a full description of the future but highlight central elements of a possible future.
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As a result of this sensitivity study, in each estuary areas can be found where the water levels are influenced due to a change in the parameters sea-level rise, river run off or local wind. The local impact of
global climate change on the water levels along an estuary can be identified (Schulte-Rentrop and Rudolph, 2012, Rudolph, 2014). It shows that today’s challenges are likely to grow as a result of climate
change (Seiffert and Hesser, 2014).

Figure 3. Sensitivity study sea-level rise in combination with increase of river run off: Highest water level during storm surge
HW along the estuaries of Elbe (top), Weser (middle) and Ems (bottom) for a sea-level rise at the mouth of the estuaries of 25 cm, 80 cm and 115 cm. Black indicates a river run off for the Elbe of 500 m3/s, Weser of 250 m3/s and
Ems of 32 m3/s, grey indicates a river run off for Elbe and Weser of 3000 m3/s and Ems of 700 m3/s.

3 ADAPTATION MEASURES
In a second step the efficacy of several adaptation measures is investigated. As an alternative to increasing the dike height along the whole estuary, narrow the mouth of the estuary and storm surge barriers in
the mouth of the estuary are investigated. Again a sensitivity study varying the parameters that might
change in a future climate, such as sea-level rise or increase of river run off, is used to test the efficacy of
the adaptation measures.
3.1 Narrow the mouth of the estuary
In order to narrow the mouth of the estuary several measures such as increasing an existing sandbank,
building a new sandbank or building a dam (Seiffert and Hesser, 2014) are investigated. Figure 4 illustrates e.g. the position of a dam of NHN + 10 m height that is built in the area of Neufelder Sand as a narrowing measure for the Elbe estuary.
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The barrier can only protect against storm surges of a certain height. It is possible to identify a sealevel rise scenario where the barrier will not give full protection anymore. It can be considered to operate
the barrier differently or to adapt the barrier to different design water levels.
4 RESULTS
In order to develop a strategy for adaptation to climate change for the waterways in the German estuaries
it is important to understand today’s situation and to analyse the impacts of climate change. The impact of
climate change on storm surges in the estuaries of Elbe, Weser and Ems is investigated using a sensitivity
study. This study analyses the influence of sea-level rise at the mouth of the estuary, wind over the estuary and river run off.
The efficacy of the adaptation measures “narrow the mouth of the estuary” and “storm surge barrier” is
investigated using again a sensitivity study. It shows, that to narrow the mouth of an estuary can reduce
but not compensate the effect of a sea-level rise on the highest water levels during storm surge whereas a
storm surge barrier protects an estuary against storm surges even in combination with sea-level rise. But
both adaptation measures cause restrictions for the ships using the waterways in the estuaries.
The results of the sensitivity studies help to identify vulnerabilities of e. g. shore protection in each estuary due to climate change. Several adaptation measures are tested in a second sensitivity study. The advantages and disadvantages can be investigated. The results give a chance to develop an adaptation route
(Lowe et al., 2009) for the waterways in the estuaries of Elbe, Jade-Weser and Ems in order to mitigate
problems caused by climate change.
REFERENCES
BAW (2004). Validation document - Mathematical Model UnTRIM. Bericht der Bundesanstalt für Wasserbau - Dienststelle
Hamburg. (see BAWiki: www.baw.de)
Casulli, V., Walters. R. A. (2000). An unstructured three dimensional model based on the shallow water equations. International Journal for Numerical Methods in Fluids, 32: pp. 331-348.
KLIWAS (2011). Conference Proceedings KLIWAS - Impacts of Climate Change on Waterways and Navigation in Germany,
Second Status Conference – Federal Ministry of Transport, Building and Urban Development, Berlin – 25 and 26 October
2011. ISBN 978-3-940247-05-6.
Lowe, J. A., Howard, T., Pardaens, A., Tinker, J., Jenkins, G., Ridley, J., Holt, J., Wakelin, S., Wolf, J., Horsburgh, K., Reeder,
T., Milne, G., Bradley, S., Dye, S. (2009): UK Climate Projections Science Report: Marine and Coastal Projections: Met
Office Hadley Centre. Exeter, UK. ISBN 978-1-906360-03-0.
Rudolph, E. (2014). Storm Surges in the Estuaries of Elbe, Jade-Weser and Ems. Die Küste, Vol. 81.
Schulte-Rentrop, A., Rudolph, E. (2012). A Sensitivity Study of Storm Surges Under the Conditions of Climate Change in the
Elbe Estuary. In: FILHO, W. L. (ed.): Climate Change and Disaster Risk Management. Berlin, 295-309, doi: 10.1007/9783-642-31110-9_18.
Seiffert, R., Hesser, F. (2014) Investigating climate change impacts and adaptation strategies in German estuaries. Die Küste,
Vol. 81.

1057

1058

ICHE 2014, Hamburg - Lehfeldt & Kopmann (eds) - © 2014 Bundesanstalt für Wasserbau ISBN 978-3-939230-32-8

Impact of Sea Level Rise on Estuarine Hydrodynamics
R. Seiffert, A. Büscher & F. Hesser

Federal Waterways Engineering and Research Institute, Hamburg, Germany

ABSTRACT: The Elbe, Jade-Weser, and Ems estuaries located in the German Bight (North Sea) are not
only important ecosystems, they are also used as waterways. The hydrodynamic conditions in these estuaries are influenced by several factors. One of them is the sea level in the North Sea. Future climate
change leads to an accelerated increase of mean sea level in the North Sea. We need to know how this affects the hydrodynamic conditions in order to develop adaptation strategies. The objective of this work is
to investigate how sea level rise changes tidal dynamics in the interior of the estuaries. Using 3Dhydrodynamic numerical models we simulate estuarine hydrodynamic conditions. We carry out different
model simulations with and without sea level rise. The analyses show that in most parts of the estuaries
high water levels rise more than low water levels. Hence tidal range is larger in the model simulations that
include sea level rise. As a result of sea level rise the shape of the tidal curve is changed. In many parts of
the estuaries flood current velocities increase more strongly than ebb current velocities. Due to the larger
ratio of flood current velocity to ebb current velocity upstream sediment transport increases.
Keywords: Sea level rise, Tidal dynamics, German Bight, Sensitivity study, Hydrodynamic numerical
model
1 INTRODUCTION
Increasing atmospheric greenhouse gas concentrations lead to changes in climate. Climate change affects
people and wildlife almost everywhere. Due to global sea level rise, coastal areas in particular are affected. The Elbe, Jade-Weser, and Ems estuaries, located in the German Bight (North Sea), form important
ecosystems which provide unique conditions for wildlife. They are also used as waterways and represent
relevant economic factors. Climate change might restrict estuaries in their function as waterways. For the
development of adaptation strategies we need to know how climate change will affect the estuaries. In
this paper we focus on the effects of sea level rise.
To date, few studies have investigated the impact of sea level rise on the hydrodynamics in the estuaries of Elbe, Jade-Weser or Ems. Grabemann et al. (2001) explore the impact of sea level rise on the hydrography and water quality of the Weser estuary. They simulate one climate scenario using a 1dimensional water quality and transport model. Plüß (2004) studies the effects of sea level rise on tidal
dynamics in the Elbe estuary. He carries out simulations with different sea level rises using a 3Dhydrodynamic numerical model. His analysis concentrates on water levels. Zorndt and Schlurmann
(2014) investigate the effects of sea level rise in the Weser estuary. They also use a 3D-hydrodynamic
numerical model. Their analyses focus on changes of characteristic numbers of water level and salinity.
Studies of climate change impacts in the Elbe, Jade-Weser, and Ems estuaries that focus specifically on
the needs of navigation are not available.
Due to upstream sediment transport in many parts of the estuaries good sediment management strategies are needed to ensure safety and efficient navigation. Sediment transport strongly depends on tidal
dynamics. Tidal dynamics, in turn, depend on water depth, among others. Hence the question arises how
sea level rise, which increases the water depth, affects tidal dynamics and with it sediment transport. In
this paper we investigate how sea level rise influences the tidal dynamics in the estuaries of Elbe, Jade1059

Weser, and Ems. Using 3D-hydrodynamic numerical models we carry out different model simulations
with and without sea level rise and compare important tidal characteristic numbers such as tidal high water levels, tidal low water levels, and the ratio of flood current velocity to ebb current velocity.
2 METHOD
For the simulation of hydrodynamic processes we use the hydrodynamic numerical model UnTRIM
(Casulli and Walters 2000; Casulli and Lang 2004) in the version of UnTRIM2007 coupled with the morphological model SediMorph (Malcherek et al. 2005). UnTRIM is a semi-implicit finite difference model.
It solves the three-dimensional shallow water equations and the transport equations of salt, heat, and suspended sediments on an unstructured orthogonal grid. SediMorph computes the sedimentological processes at the alluvial bed of the estuaries. We use it in a morphostatic mode.
For each estuary we apply an individually calibrated model. Figure 1 shows the model domains. The
horizontal resolutions of the unstructured grids vary from a few metres to several hundreds of metres. At
the seaward boundary we force the models with water levels and salinities extracted from a simulation
with a North Sea model. The North Sea model is forced at the open boundary towards the North Atlantic
by water levels composed of partial tides and constant salinities varying between 33 and 35 PSU along
the boundary. For the period of simulation time we choose a period in summer 2006 which is characterised by low wind velocities and rather low fresh water discharges. We apply observed values for the
freshwater discharge entering the estuaries at the weirs. In the Elbe estuary fresh water discharge varies
between 250 m³/s and 460 m³/s, in the Weser estuary it ranges from 126 m³/s to 159 m³/s, and in the Ems
estuary freshwater discharge lies between 25 m³/s and 50 m³/s in the period analysed. The length of the
simulations is at least two spring neap cycles. For the analyses only the last spring neap cycle simulated
(20 July 2006 till 3 August 2006) is used. Compared with climate simulations, which usually simulate
several decades, our simulation time periods are rather short. These short simulation time periods are possible, because the modelled processes respond rapidly to changes of external drivers.
For each estuary we carry out two simulations. The first simulation without sea level rise represents
today’s state. The second simulation incorporates a sea level rise of 80 cm. This sea level rise is added as
a constant value to the water levels at the North Atlantic boundary of the North Sea model. The value of
80 cm lies within the range of estimates for sea level rise in the North Sea up to the end of this century
(Gönnert et al. 2009). The choice of 80 cm does not imply that this value is more likely than other values.
It is well suited for our purpose of investigating the main processes involved when sea level rises.
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Figure 3 shows the changes in mean high water levels and mean low water levels due to sea level rise
along the fairways of the three estuaries. If the changes were everywhere equal to 80 cm the increase in
water levels would be equal to the imposed sea level rise. In most parts of the estuaries this is not the
case. In many parts high water levels rise more than low water levels. Hence the tidal range is larger in
the model simulations that include sea level rise.
Next, we look at the ratio of flood current velocity to ebb current velocity to estimate the potential impact on sediment transport in the estuaries. The ratio of flood current velocity to ebb current velocity
plays a crucial role for the sediment transport. If the ratio is larger than 1 flood current velocity dominates
indicating a net upstream transport of sediments. Figure 4 shows the ratio of the maximum flood current
velocity to the maximum ebb current velocity in the simulations with and without sea level rise. In many
parts of the estuaries flood current velocities increase more strongly than ebb current velocities. Thus the
ratio of flood current velocity to ebb current velocity increases. Due to the larger ratio of flood current velocity to ebb current velocity more sediment is transported in the upstream direction. An exception is the
upper part of the Lower Ems. The ratio of flood current velocity to ebb current velocity decreases. As
seen from Figure 2 at the station Papenburg, ebb current velocities increase considerably in this part. The
reason for this is the bathymetry of the Ems estuary. Upstream of Papenburg larger areas of river foreland
are flooded in the simulation with sea level rise. During flood flow a larger volume is filled with water.
During ebb flow this additional water leaves these areas through a bottleneck near Papenburg.
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Figure 3. Change of mean high water levels (solid) and mean low water levels (dashed) due to a sea level rise of 80 cm along
the fairways of the estuaries Elbe, Weser, and Ems.
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ABSTRACT: As a consequence of global warming a rise of the mean sea level (MSL) is expected in the
Western Baltic Sea. This fact may have practical consequences to long term planning and use of infrastructure and coastal protection measures. Especially sensitive to an MSL rise are inner coastal waters
like the Schlei estuary and the Bodden coast. The intention of this study was to give a qualitative and
quantitative view of the changes of water level variability due to a given MSL change for these regions.
Nested model simulations with a Baltic Sea model and a high resolution estuary model were performed to
estimate the effect of a given constant rise of sea level at the Skagerak on short term water level variability. The results show significant rise of variability range in conjunction with the rising of MSL, induced
by a volume change of the water body of the inner waters and its relation to the size of inflow section area. The numerical effect of too coarse grid resolution leads to an overestimation of the impact of MSL
rise and approves the use of high resolution models for quantitative predictions. Nevertheless, the presented model results show a significant change in water level variability of the Schlei area in addition to
MSL rise. Therefor practical impacts on infrastructure management can result.
Keywords: Sea level rise, Inner coastal waters, Western Baltic, Sea level Variability, Climate impact
1 INTRODUCTION
As a consequence of global warming a sea level rise of several decimeters is considered to be likely in the
region of the Western Baltic Sea. In shallow waters the MSL change can change the volume of a water
body in order of several ten percent of its absolute value. In context of local hydrodynamic situation this
may have significant impacts on the behavior of environment.
1.1 Description of inner coastal waters
Inner coastal waters in the context of this article are nearly enclosed coastal basins with a narrow outflow
section towards the open Baltic Sea. Their average depth is shallow and in relation to their outflow sections they cover a large area. The exchange of water between the Baltic Sea and the inner waters is limited by their outflow section and causes a damping of the short term water level variability inside these
waters. On the other hand dependent on the basin size short frequency standing waves can be generated
due to wind forcing.
Inner coastal waters of the Western Baltic can be classified into three classes:
1. Elongated chain of basins, connected to each other with a narrow channel with low freshwater
input,
2. enclosed basin with one or multiple narrow channels to the open sea with low freshwater input,
3. enclosed basin with one or multiple narrow channels to the open sea with high freshwater inflow.
The first class is represented by the Schlei estuary. A member of the second class is the Bay of
Greifswald, a member of the third the Szczecin Lagoon. The influence of freshwater inflow in the third
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class is an additional damping of the Baltic Sea influence on variability of the water level, to reduce the
salinity significantly and to grow the influence of landward input of tracers.
The inner coastal waters have in common, that a large area has very shallow average water depth. Only
narrow channels connect them to the sea. Some of the channels are maintained to a certain depth to provide safe navigation to vessels, which are expected to enter them.
1.2 Intention of the study
The inner coastal waters are important regions for economic, ecologic and recreational purposes. They
link the hinterland to the open sea as waterways, providing ports for regional traffic and medium sized
shipyards are located there. Due to their protected location they are important ecosystems with a high diversity of life. Their natural beauty attracts people to use them as recreational places both at the coastline
and on the water. A sea level change has influence on the behavior of the sea level variability and on the
exchange of properties of the water body of the inner waters with the Baltic Sea.
1.3 The Schlei estuary
The Schlei estuary is an inlet extending about 40 kilometers from the mouth at Schleimünde to the town
Schleswig. Its geomorphological creation was in the Weichsel ice age, caused by the extending glaciers.
In the mid ages the Schlei was an important waterway connection to the North Sea with only a land
bridge of about 16 kilometers width dividing it from the Treene, a small river flowing into the Eider. Viking town Haitabu near Schleswig still documents its historic importance (WIKIPEDIA 2014). The waterway is nowadays still used by water tourism as well as small fishery and touristic vessels. The hinterland
is characterized by intensive agriculture. The diffusive freshwater input to the Schlei by small creeks imports also a significant nutrient load into the water.
2 PHYSICAL DESCRIPTION
2.1 Geometry and bathymetry
The Schlei estuary has several basins, which are connected to each other with narrow channels. The
flooded area at MSL is about 52.5 km2 and the water volume at MSL is 0.126 km3. The water depths related to MSL range from several centimeters in the shallow areas up to 15 meters in the channels. As
shown in Figure 1, the estuary is dominated by water depths less than 3 meters MSL.

Figure 1. hypsometric area and volume of the Schlei estuary.
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2.2 Sea level variations in the Western Baltic and the Schlei
Sea level variations in the Western Baltic are caused by different forces. The most important one is the
wind induced setup during periods of strong storms. Typically easterly to northeasterly winds rise the water level, southwesterly to westerly winds induce a lowering of the water level. During a sudden change of
the wind direction the Baltic Sea generates standing basin waves (seiches). These seiches can intensify
the effect of wind setup. The typical period of such variations is 27 or 36 hours. Further sources of variability are the semidiurnal tides with about 0.2 meters of amplitude local wind setup and fjord seiches with
a few centimeters of range.
The sea level variations, which are triggered by the oscillations of the Baltic Sea, are damped slightly
by the relation of the entry channels cross section area to the water volume of the estuary. The damping is
a result of frictional forces and turbulence in the channels connections between the basins of the Schlei.
2.3 Salinity distribution
The salinity in the Schlei estuary decreases about 6 PSU, comparing the value of the mouth at Schleimünde to the value at Schleswig (LANU-SH 2001). Due to the low freshwater input the salinity at
Schleswig is still considerably high. There is no clear mixing zone between freshwater and salt water, because there are many very small input sources distributed around the Schlei.
3 MODEL CONFIGURATION
The numerical model code used is the UNTRIM code, Version 2007. A description of the general numerical background can be found in (CASULLI und LANG 2004). UNTRIM is a finite volume code which is
operating on unstructured orthogonal grids. Two models were used in this study:
1. A model of the whole Baltic Sea, which has a low resolution in the inner and a medium resolution of the coastal structures (Figure 2). This model is driven with water levels of gauge
Smögen, a constant salinity at the boundary and wind fields from the German Weather Service
forecast model.
2. A high resolution model of the Schlei estuary, which has a sufficient resolution of the bathymetry (Figure 2). This model is driven at the seaward boundary by time series calculated by the
Baltic Sea model and the same meteorological fields.
Both models are part of a model tool kit of the Baltic sea which has been developed for consulting
tasks for the fairway management authorities, as described in (SEIß 2012).

Figure 2. Model area and bathymetry of the Baltic Sea model.

1069

Figure 4. Evaluation of water level at Kiel-Holtenau gauge during event “Britta”.

4 ANALYSIS OF RESULTS
The model produces the physical variables water level, currents, salinity, temperature and tracer concentration in as synoptic fields equidistant time steps. These raw data must be further analyzed to condense
the information.
One obvious indicator of variability of the water level is the difference between the maximum and
minimum water level. We use the software tool LZKWF (BAW 2013) to analyze the model results. This
procedure leads to the following derived characteristic quantities:
• Minimum water level reached during analyzed time period NW
• Maximum water level reached during analyzed time period HW
• Average water level of the analyzed time period MW
• Difference between minimum and maximum water level reached during analyzed time period
HW-NW
The difference of these quantities is calculated between the simulation MSL+80 and ACT as well as
MSl+80fine and ACTfine to get the effect of sea level rise on them.
5 RESULTS
5.1 Change of water level variability
The difference HW-NW is used as indicator for the short term (several hours to days) variablility of the
water level. The change of this quantity from ACT to MSL+80 is depicted in Figure 5.
The coarse resolution model here shows a positive difference in this quantity up to 0.75 m. This means
that in addition to the MSL rise of 0.80 m we would expect much greater water level variability in the
Schlei caused by this MSL rise. From a qualitative point of view the result seems to be plausible. The
cross sectional area of the narrow connection to the Baltic Sea becomes wider and the frictional forces at
the bottom reduce drastically in the shallow parts of the estuary. Nevertheless, there are doubts on the
quantitative effect, which can result from a numerical overestimation of these effects. The Baltic Sea itself shows only changes of less than 0.05 m.
The fine resolution Schlei model, which can resolve the bathymetry more accurate, confirms this assumtion. Figure 6 shows the same quantity as a comparison for ACTfine and MSL+80fine. In this model
configuration we find only a rise of HW-NW of up to 0.25 m. This is still a considerable effect, which can
lead to practical consequences on the management of infrastructure and the ecosystem.
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On the other hand, the MSL rise and its increasing variability induce the need of adaption of economically relevant infrastructure like quays and marinas.
Larger water volume of the inner coastal waters and wider cross sectional areas change the mixing relation between Baltic Sea water and freshwater inflow to a more marine environment.
7 CONCLUSION
The change of MSL and its effect on the inner coastal waters of the Western Baltic Sea has been subject
of this study. With two models of different horizontal resolution it was shown, that the numerical effect of
resolution can have strong influence on the quantitative but not the qualitative results. Numerical effects
justify the need to use high resolution models, which are able to sufficiently resolve the bathymetry and
the main current sheers of the considered area.
Two results are evaluated from model results: a mean sea level signal occurring at the Kattegat entry
of the Baltic Sea is transported into the whole Basin without too much change on the behavior of the short
term variability (seiches, tides). But the change in the variability of water level in inner coastal waters like
the Schlei estuary can be significant and reach several decimeters.
Mean sea level change as well as significant changes of the water level variability have practical consequences on planning and management of infrastructure as well as the mixing behavior of the estuary.
The influences may be positive or negative, dependent on the need for adaption measures e.g. for navigational purposes.
NOTATION
MSL
ACT
MSL+80
ACTfine
MSL+80fine

mean sea level
model run of the coarse Baltic Sea model with nowadays MSL
model run of the coarse Baltic Sea model with sea level rise of 0.8m
model run of the fine resolution Schlei model with nowadays MSL
model run of the fine resolution Schlei model with sea level rise of 0.8m

REFERENCES
BAW: LZKWF - BAW-Methoden-Wiki (en). Bundesanstalt für Wasserbau Dienststelle Hamburg, http://www.baw.de/
methoden_en/index.php5/LZKWF, last visited: 05.06.2014.
Casulli, V. and Lang, G.: Mathematical Model UnTRIM Validation Document. Technical Report. Bundesanstalt für Wasserbau, http://www.baw.de/downloads/wasserbau/mathematische_verfahren/pdf/Simulationsverfahren_Kueste_validation_
document-untrim-2004.pdf,
LANU-SH: Ergebnisse langjähriger Wasseruntersuchungen in der Schlei – eine Informations- und Planungsgrundlage. Landesamt für Natur- und Umwelt Schleswig-Holstein, 2001.
Seiß, G.: Das Ostseemodell der Bundesanstalt für Wasserbau. Technische Dokumentation. Bundesanstalt für Wasserbau
Dienststelle Hamburg, 2012.
Wikipedia (ed.): Schlei. http://de.wikipedia.org/w/index.php?oldid=126014116, last visited: 02.06.2014.

1073

1074

Mini-Symposium: Data Management in Hydro-Engineering

1075

1076

ICHE 2014, Hamburg - Lehfeldt & Kopmann (eds) - © 2014 Bundesanstalt für Wasserbau ISBN 978-3-939230-32-8

RichWPS Orchestration Environment for Geo Services
F. Bensmann & R. Roosmann

University of Applied Sciences Osnabrück, Osnabrück, Germany

R. Wössner, A. Abecker & C. Heidmann

Disy Informationssysteme GmbH, Karlsruhe, Germany

ABSTRACT: The application of distributed software architectures is a common trend in geospatial analysis. On the basis of service oriented architectures, web services are used to provide and process geospatial
data. Especially in the European public administration, the implementation of the INSPIRE directive
makes the use of standardized web services mandatory. The web services protocol and interface standards
of the Open Geospatial Consortium are well suited for this purpose. This paper describes how web services, initially in the form of OGC Web Processing Services, can be used to efficiently compose and publish complex geodata-processing workflows in an automated and centralized manner. Therefore, the
RichWPS orchestration environment and software collection is presented which consists of various components that cooperate to realize workflow modelling and orchestration. The environment is optimized for
Web Processing Services, and at the same time provides improved usability for users who are no IT experts. In this paper, the concept and functioning of the service orchestration are described. Following this,
the practical application is demonstrated by means of a use case. Finally, a conclusion is drawn to sum up
the results and outline both the advantages and drawbacks, closing with a brief outlook for further development.
Keywords: RichWPS, Spatial Data Infrastructure (SDI), Orchestration, Web Service, Web Processing
Service (WPS), Workflow
1 INTRODUCTION
With the need for collaborative services increasing and improvements of hard- and software, the application of Service Oriented Architectures (SOA) for geospatial analysis is developing continously. Through
using SOA, it is possible to distribute software functionalities to remote servers (Foerster, Schäffer,
Baranski, & Brauner, 2011). Thereby, data and processing functionalities can be provided to other users
by means of web services (WS). Further, once such a WS is offered it can be used and reused repeatedly,
thus providing a framework of sustainability. At the same time, workstations are generally relieved from
processing load. Infrastructures that are built in this way to handle geospatial tasks, can be subsumed under the broader concept of Spatial Data Infrastructures (SDI) (Kiehle, 2006). One example for such an
SDI is the Marine Data Infrastructure Germany (MDI-DE) which was recently realized, among others by
the Federal Waterways Engineering and Research Institute (BAW). Its purpose is the provision of marine
geo data to the public.
Furthermore, the INSPIRE directive of the European Union (EU) (EU, 2007) obligates authorities in
public administration to participate in the realization of an EU-wide SDI for provision and centralized use
of geospatial data.
In this context INSPIRE defines a set of standardized services that are to be implemented. For this
purpose the WS of the Open Geospatial Consortium (OGC) are suitable for the geospatial domain
(Arbeitskreis Architektur der GDI-DE und Koordinierungsstelle GDI-DE, 2010). The best known INSPIRE-defined services are download services for feature and coverage data. These services can be realized using the Web Feature Service (WFS) or the Web Coverage Service (WCS). Another example are
visualization services for which the Web Map Service (WMS) suits well. Although processing services
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normally play only a minor role, they can be mapped to Invoke Spatial Services and Transformation Services, and can be handled using the Web Processing Service (WPS) (Schut, 2007). WPS is a processing
service that was originally designed for geospatial processing but is not necessarily limited to it (Stollberg
& Zipf, 2007), (Stollberg & Zipf, 2009). In its 1.0.0 version from 2007, WPS standardizes the interface of
the WS. This standardization ranges from the WS operations over the exchanged XML-messages, through
to the regulation of usable data types. On one side, this interface is strongly regulated with regard to the
overall design while, on the other side, it leaves certain degree of freedom when it comes to what features
are actually to be supported.
A WPS provides functionality by means of processes that can be accessed via the operations GetCapabilities, DescribeProcess and Execute. OGC WS (OWS) like the WPS are to a certain degree related to
common Web Services of the W3C, although they may differ in significant points. For interoperability
reasons WPS are provided with optional extensions for the Simple Object Access Protocol (SOAP) or the
Web Service Description Language (WSDL) for its description. All OWS follow common principles,
e.g., they share a GetCapabilities operation, from which a description of the properties and abilities of the
service can be retrieved. Through their standardized interfaces, that are currently employed various OWS
could be harmonized.
The RichWPS orchestration environment presented in this paper focusses on the efficient use of WPS
in contexts that conform with the provisions of the INSPIRE directive. Among other things this approach
includes providing efficient interoperability with other OWS as well as a user friendly realization. This
can be achieved by means of composition of existing services, which is considered a key concept in SOA
(Josuttis, 2007) and SDI (Alameh, 2003). A special form of composition is orchestration.
Web service orchestration refers to the coordination of multiple services from a central point of view.
Different web services (WS) are executed in a certain order and form a business process (Peltz, 2003).
The new business process, or its technical representation the workflow, can again be published as a WS.
Building on this, the RichWPS project realizes an orchestration environment that allows users to model workflows in a user-friendly way and to provide the workflows to other users as WPS process. It can
thus be used with a WPS client, e.g., by a geographic information system (GIS). The modelling of workflows takes place graphically in an editor and involves the definition of relations between various WPS
processes. That results in the modelling of the data and the control flow between outputs and inputs. Further OWS are to be supported later on.
The need for a user friendly environment is evident. In practice, domain users do not do IT administration since there is a special department for this. Therefore, domain users are not normally allowed or able
to deploy new WPS processes, services or workflows on their own, and an IT administrator has to be present for final implementation. This way, however, an efficient development of new workflows including
testing, is hardly possible, although this would be crucial for quality assurance and realization of new
functionalities. An automated tool that works in a predefined environment and does not affect further IT
systems enables the domain user to do his work more independently. With the ModelBuilder, RichWPS
aims at providing such a tool.
2 RELATED WORK
In recent years much research effort was invested into the composition of OWS (Stollberg & Zipf, 2007),
(Foerster et al., 2011), (de Jesus, Walker, Grant, & Groom, 2012), (Schaeffer, 2009). Since OWS are WS,
first composition approaches were done by chaining of WS. Chaining according to ISO19119/Service Architecture standard refers to service chaining as: “A sequence of services where, for each adjacent pair of
services, occurrence of the first action is necessary for the occurrence of the second action“ (Schaeffer,
2009). The chaining could be done locally by a client that calls the involved services, or it could be done
in a centralized manner through using a workflow or orchestration engine (OE), cf. (Ivanova, 2006). OEs
are specialized services that can interpret a workflow model and do the necessary calls. The workflow is
then published as an operation by the OE. An important example for a workflow description language is
the Business Process Execution Language (BPEL) which can be used together with numerous OEs. Depending on the level of control a user has over the execution of a workflow, distinction is drawn between
transparent, translucent and opaque chaining. The application of an OE corresponds to translucent chaining (Alameh, 2003). With a great deal of effort WPS processes have already been chained using BPEL
(Kiehle, Heier, & Greve, 2008), (Kiehle, 2006), (Stollberg & Zipf, 2007).
In practice, however, the realization with BPEL is problematic due to technical incompatibilities. For
instance, WPS implements remote procedure calls (RPC) different from common W3C WS. Also, the use
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of SOAP and the application of WSDL distinguish the WPS from common W3C WS (Kiehle et al.,
2008). Thus, the use of BPEL is an option, but it requires numerous adaptions (Kiehle, 2006). Also,
BPEL relies on WSDL as a core standard. However, the provision of a WSDL description for a WPS is
not mandatory (Brauner, Foerster, Schaeffer, & Baranski, 2009), (Stollberg & Zipf, 2007). For this reason, the application in different open source implementations of WPS is solved in different ways. The
picture is similar for SOAP. SOAP allows for the use of further WS standards, the so called WS-* standards. However, where in WPS their application is optional, in practice this means that many variations of
WPS servers with different properties and capabilities have to be considered. So orchestrating WPS with
a W3C WS conform OE is a rather complicated task.
On a more conceptual level, chaining also means that no control structures, e.g., for conditional execution or loops or error handling, can be used although these are essential for scientific application areas
(Akram, Meredith, & Allan, 2006).
Some approaches realize orchestration by using OGC driven interoperability proposals. One approach
frequently used is the covering of an OE behind a WPS which serves as a wrapper or a façade (Zhao, Di,
& Yu, 2012), (Schaeffer, 2009). The WPS provides the workflows of the BPEL OE as WPS processes to
the outside. Calls to these WPS processes are then redirected to the respective operation of the OE without the knowing of the client. This approach has the advantage, that from the view of the SDI, every geospatial processing functionality can be accessed in a standardized way (Stollberg & Zipf, 2009). So, a
workflow is an INSPIRE-conform WPS process. In this context, a deploy and undeploy mechanism for
WPS processes known as WPS-T has been elaborated and tested (Schaeffer, 2008). It was used to deploy
BPEL scripts onto the covered OE. WPS-T is considered to be part of the upcoming WPS 2.0 standard.
Further known approaches are delivered with the WPS 1.0.0 standard itself. One of these is the use of
nested executes as described in the WPS standard (Schut, 2007), (OpenPlans, 2014). In this approach the
chaining information about subsequent processes is transmitted with the request to every process. This
could result either in a centralized chaining or a cascading chaining (Stollberg & Zipf, 2007). However
this approach lacks a centralized provision of the workflow. Another option is to embed the required
functionality, meaning the calls to external services, as a compilation solution into a process (Schut,
2007), (Stollberg & Zipf, 2007). Yet this is a rigid approach that requires experienced informaticians and
relies on compatible clients.
Apart from orchestration, and thinking of modelling and usability, various projects have come up with
modelling tools to support users. In general, most of them are tightly coupled to BPEL and to the W3C
WS standard solutions they apply. Still modelling is rather complex and expert knowledge in informatics
is required (de Jesus et al., 2012), thus inhibiting broader uptake by domain users who are not IT experts.
One more elaborated approach that makes use of the Taverna workbench is described by de Jesus (de
Jesus et al., 2012). This work has been an example for the ModelBuilder presented in this paper.
Taken together, much work has already been conducted to orchestrate WPS and other OWS. Despite
these efforts all approaches have in common that they intent to apply traditional standard solutions borrowed from the W3C domain. For various reasons this results in complex adaptions. Also, the techniques
applied are far from being suited for efficient use by domain experts because they generally require technical knowledge from a different subject. Some works, however achieve good results by focusing on
OGC driven approaches but again these are regularly lacking valued functionality from traditional approaches.
3 THE RICHWPS APPROACH
RichWPS’ approach aims at the harmonization of WPS and other OWS involved in orchestration and, at
the same time, intents to avoid the afore-mentioned shortcomings. The basis for this is its focus on a logical subset of OWS, and the exploitation of their standardized behavior and self-description property. Put
in concrete terms, this means that, through applying an optimized and tailored orchestration language a
workflow description can be created that works with a minimum of information on involved OWS. This
language, the RichWPS Orchestration Language (ROLA) is the key concept of this approach. Around this
language, a sophisticated software suite is developed that is presented in the remainder of this chapter.
The orchestration environment consists of three components: Firstly, a specialized OE that is placed
within a WPS server and is able to execute ROLA described workflows. This component is called
RichWPS server. Secondly, the environment provides the ModelBuilder, a graphical editor for modelling,
deployment and testing of workflows. Thirdly there is a directory server, called the SemanticProxy, which
can be used for searching for information about available services and WPS processes during modelling.
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During modelling outputs are connected to inputs in order to describe the data flow. The ports accept
the three basic data types defined in WPS 1.0.0: Literals, BoundingBox and Complex. Complex data
types can encapsulate any arbitrary data type.
When a workflow has been designed, the graphical model is translated into a ROLA script and transmitted to the server. Upon receipt, the server can then publish the workflow as a WPS process.
3.2 Orchestration
For the execution of workflows the client- and server side required components are implemented, including the OE.
The RichWPS server, is based on a 52°North WPS server 1 that is extended with an OE, able to interpret ROLA scripts. The scripts can be deployed using the WPS-Transactional (WPS-T) interface. This
way, a mechanism that can be reused for other processes is obtained. WPS-T allows for processes to be
removed from the server.
ROLA enforces a strict separation between the workflow description and the process signature that is
to be used for publishing. This makes it suitable for WPS-T and increases readability of the script. Like
other common programming languages ROLA works with a list of commands that has to be processed
sequentially. At creation time the order of the commands is determined by the model diagram. Up to this
point in time, workflows can be described using the following elements: References, assignments, bindings and execution statements. Listing 1 shows a simple example of a ROLA script.
1
2
3
4
5
6
7
8

bind process net.disy.wps.lkn.processes.SelectReportingArea to lkn/selreporting
var.area = "NF"
execute lkn/selreporting
with
var.area as area
in.reportingareas as reportingareas
store
reportingarea as out.reportingAreasNF

Listing 1. Example of a ROLA script.

When selecting the language elements particular attention was paid that they are close to natural language, though the most common use case should be the using ROLA indirectly by means of the ModelBuilder. At the moment, the ROLA is still subject to various modification influences. On the one hand, it
shall be extended with further elements to steer the flow of control; on the other hand it is expected that
the upcoming WPS 2.0 standards will cause numerous extensions. At this time, the support of further
OWS and W3C WS is not even taken into account. ROLA is considered to be a pure orchestration language. Verification whether two processes are logically compatible or at least whether the exchanged data
types are compatible is not realized. For this kind of tasks, the ModelBuilder was developed. Therefore a
test mechanism was designed to be able to deploy a ROLA script on-the-fly on the server, start a test run,
get the results and undeploy the workflow.
When calling a process that represents a workflow the OE is started and provided with the respective
ROLA script. At the beginning, the OE receives the process’ arguments and stores them in the current execution context for later use at calls. It then processes the commands of the ROLA script in a step by step
fashion, whereas calls to remote processes constitute the actual orchestration. Produced intermediate results are stored in the current execution context just like the arguments. After finishing the last process the
OE returns the result to the user and clears the execution contexts. In case of an error, due to incorrect
process use, network error etc. the OE stops the execution and returns a WPS exception.
3.3 Example processing of use case
A use case has already been implemented and could successfully prove that the environment can handle
realistic use case scenarios satisfactorily. The treated scenario belongs into the context of the tasks needed
for the realization of the Marine Strategy Framework Directive (MSFD) and the Water Framework Directive (WFD) issued by Schleswig-Holstein’s Government-Owned Company for Coastal Protection, National Parks and Ocean Protection (LKN). Together with further North Sea resident countries the state of
1

http://52north.org/communities/geoprocessing/wps/
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Figure 4. Execution order.

The workflow is published as a WPS process. A test confirmed that the execution is actually possible.
4 SUMMARY AND OUTLOOK
This paper presents the RichWPS orchestration environment. Using an actual use case, it is shown what
the application could look like in practice. The RichWPS orchestration environment starts in SDIs with
the WPS and is to be extended to include further OWS, and later on, W3C WS. Three vital components
are cooperating to achieve the orchestration: An OE, a model editor for the design of workflows, and a directory service for finding available services.
If compared to established solutions, it is possible to gain a significant reduction of workflow description complexity by considering the specialties of WPS. First and foremost, this advantage benefits the user who models the workflow. Consequently RichWPS enables users to define, deploy and test workflows
without the assistance of IT experts.
With regard to practical application, a use case implementation revealed, that a coherent set of basis
WPS processes and data types is needed. Otherwise a new process respectively a new parser- generator
pair has to be implemented for every task and data type. Currently, there are efforts inside the OGC to
identify required data types for different domains. Also a basic set of processes is often provided along
with the WPS server, in how far they can be used in a specific domain depends on a variety of factors and
has to be evaluated on a case-by-case basis.
It was shown that the overall concept is feasible. However, a few extra functions would add value for
practical application. At the moment, extensions for debugging and performance profiling are considered
as a supplement to testing. Additionally a monitor for the measuring of WPS performance characteristics
is currently under development. With this, the quality of service of WPS processes can be regarded at
composition time. Or it can be used to realize a semi- or fully automatic optimization of workflows by replacing individual process with processes that have a better performance.
How the orchestration environment is actually going to evolve will depend on validations with more
use cases.
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ABSTRACT: Current questions related to changes to marine ecosystems, global warming and the resulting requirements for costal protection as well as reporting obligations of the European Union with respect
to effective framework directives (INSPIRE, MSFD etc.) require interdisciplinary access to the related
spatial data. Therefore an integrated national marine and coastal information system was set up within the
co-operative project "Marine Data Infrastructure (MDI-DE)". Coastal and marine data collected by 11
Federal and State agencies are made available by OGC compliant Web services and documented with
metadata according to the ISO standard. A new Web portal serves as central entry point for data and information from the German coastal zone and the adjacent marine waters. This facilitates intersectoral
views of resources by providing technological solutions of networking and distributed data management.
The benefit of hosting the data locally is that the data from different sources could be merged in almost
any way, custom-made compositions of thematic data layers can be compiled without touching the data
itself. The MDI-DE infrastructure is permanently maintained at BSH as a joint project of Federal and
State ministries under the guidance of a steering group.
Keywords: Marine data infrastructure, Web services, Metadata, INSPIRE, MSFD
1 INTRODUCTION
Governmental agencies collecting environmental data are subject to many reporting commitments. Especially in Europe there is a multitude of reporting duties to comply to. For example, in 2007, the INSPIREDirective (European Parliament and Council 2007) entered into force to establish an infrastructure for
spatial information in Europe with common implementing rules for a number of specific topics such as
metadata, data specifications, network services, data and service sharing as well as monitoring and reporting. But also other directives and international conventions require data and metadata: The Marine Strategy Framework Directive MSFD (European Parliament and Council 2008), OSPAR and HELCOM (Regional Conventions to protect the environment of the North East Atlantic, 1992, and the Baltic Sea, 2000)
are only the most prominent. The federal structure of Germany leads to 11 different agencies or institutes
which are thematically or geographically responsible for the marine environment, marine conservation
and coastal engineering.
2 ELEMENTS OF DATA INFRASTRUCTURES
During the development of the “Marine Data Infrastructure in Germany (MDI-DE) one of the goals was
to use INSPIRE regulations, guidelines and specifications wherever possible (Lehfeldt and Melles 2011).
In this way, the distributed data concerning both the German coastal and the German exclusive economic
zone are processed according to the requirements for data provision by EU member states. A large number of marine monitoring and surveying data has to be provided according to technical interoperability,
i.e. data access via OGC web services WMS, WFS and WPS (Open Geospatial Consortium 2011), data
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documentation via ISO metadata (ISO 19115:data and ISO 19119:services) (International Standard Organization 2003) as well as the paradigm of seamless data, i.e. data harmonization.
During the work on MDI-DE between 2010 and 2013, well established German coastal metadata systems and marine information systems were merged into a novel spatial data infrastructure for marine data
composed of the following infrastructure elements:
•
•
•
•
•
•
•
•

a multidisciplinary network for integrating the major coastal data sources,
an open number of distributed Web servers located at Federal and State public authorities and research centers,
a new Web portal for Ocean and Coast, MDI-DE,
a comprehensive national Ocean and Coastal Information System as catalog services CS-W
providing data mining web services for data visualization and for data download,
a coastal thesaurus for controlled vocabulary making use of semantic technologies,
a coastal gazetteer for documenting geographic names of features which can change shape, location and names over time, and
a coordinated working environment relying on metadata and Web services.

The obvious benefits of this joint effort, i.e.:
•
•

comprehensive provision of distributed marine data,
improvement of workflows with data from heterogeneous coastal sources to produce data products
to support political and economic decisions as well as for reporting and presentation in different
target systems

have been recognized and as of 2014, MDI-DE is in operational mode with joint financing from Federal
and State agencies.
2.1 Technical Infrastructure
Data and metadata of the MDI-DE partners are maintained in distributed infrastructure nodes. This denotes the hardware and software of a local server architecture, which is used to manage and deploy spatial
data and metadata via standardized services. According to the Publish-Find-Bind-principle the individual
components interact with each other by services compliant with Open Geospatial Consortium (OGC
2011) standards.
Binder (2012) gives a comprehensive description of infrastructure nodes which can be set up differently. There is no demand, which Software or Hardware has to be used. The only thing which is mandatory
is that all the services provided by the infrastructure nodes are OGC-compliant and that the metadata is
produced according to a specific marine profile. As an example the infrastructure node from the Federal
State of Lower Saxony is shown in Fig. 1.
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Figure 1. Elements of the MDI-DE infrastructure node in the Federal State of Lower Saxony. Red arrows denote WMS and
WFS, the green arrow indicates the flow of metadata via CS-W and harvesting by the MDI-DE Web portal.

Any information flow is directed towards the MDI-DE Web portal, which is the central node of the MDIDE network. Being implemented by standardized OGC Web services for viewing WMS, downloading
WFS and searching CS-W, the information hosted at distributed infrastructure nodes can thus be used in
another context, which also relies on these standards. In the case of Lower Saxony shown in Fig. 1 all
spatial data and metadata are stored in an Oracle database which is supplemented by the GeoServer for
publishing the WMS and WFS. The second component for maintaining metadata is in this case a metadata editor developed for information concerning the German coastal zone (Lehfeldt et al. 2008). The standardized services provided by these two servers of the local cyber infrastructure are utilized in the central
Web portal of the MDI-DE as well as in the local portal based on the Cadenza software.
In order to speed up response times in the Web portal, the distributed metadata is harvested at the central MDI-DE node using the CS-W interfaces. The services provided are currently available free of charge
and there are no plans to introduce a billing system.
2.2 Metadata and spatial data from the German coastal zone
The European Water Framework Directive (WFD) adopted by the European Parliament and Council
(2000) calls for novel information management in the member states and for automated workflows to
meet reporting requirements. Lehfeldt and Reimers (2004) point out the importance of standardized
metadata for these obligations, which help to discover and share relevant and timely information from
distributed data sources. The Water Information System for Europe WISE maintains a Web portal, water.europa.eu, presenting the current status and activities within this thematic network.
Cross-boundary information exchange becomes an important issue when considering catchment areas,
for example. Apart from producing seamless geographic data, there may be diverse vertical reference systems in place, and different units or measurement methods may be applied. To be able to harmonize
available data with transformation algorithms for an integrated view and analysis these must be documented.
Already in 2003, the NOKIS group (Lehfeldt and Heidmann 2003) agreed on a metadata profile for the
coastal zone, which addresses these issues in a more detail. The selected metadata elements put equal emphasis on horizontal information flow between the actors involved in collecting data and creating data
products for public information and vertical information flow between either hierarchical or cascading information systems.
The agreed Coastal Zone Metadata Profile meets all requirements of existing German information systems (German Environmental Information Portal, www.portalu.de, Federal Spatial Data Portal, www.geoportal.de). Therefore, once an information resource like a dataset, a map, an image, etc. has been documented with this profile it can be discovered by these national portals and by the MDI-DE portal, in par1087

To achieve a seamless integration, each node within the network needs to be equipped with a few basic
components (see Fig. 1):
•
•
•

services for data provision like view-services and download services,
metadata to facilitate the discovery of relevant information provided as a catalog-service
a database as a storage from which the services can be produced and published.

For the provision of spatial data, the Open Geospatial Consortium (OGC) has developed a number of
open and international standards. The most appropriate in this context are the Web Map Service (WMS)
to generate and visualize digital maps in the Web and the Web Feature Service (WFS) to download the
data in an interoperable form such as GML. For both several software packages in the Open Source and
commercial sector are available which can easily be used. The underlying database needs to support these
services. This can be achieved by either installing a spatial database dedicated for this purpose or adding a
data view to an existing database to adapt existing structures to the needs of the services. After thus ensuring the data distribution, the last piece of the puzzle is the corresponding metadata that again is available
through a specialized database or a data view and provided in the Web by any metadata management tool
that offers a standardized Catalogue Service for the Web (CS-W) interface.
Our guideline on “Linking an additional infrastructure node to the MDI-DE network” (Binder 2012) in
combination with our guideline on “Metadata” (Wosniok und Räder 2013) outlines the technological
principles we follow and presents the individual implementations at our partner institutions.
The MDI-DE Web portal provides both a keyword search for geospatial data mining and several theme
based entry points with data and information on particular subjects.

3.1 Data harmonization

Figure 3. Harmonization of Data from MV and SH

In order to present the data from different sources and topics in a homogenous manner it has to be merged
and arrangements must be made on the structure and content to harmonize it. These agreements are strictly based on European guidelines and international standards. Not only names and formats have to be defined, also code lists, units and reference systems. For a unified visualization of the different datasets,
signatures and class boundaries must be defined and applied to the distributed data.
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While interoperability of data essentially is a technical issue, harmonization of data is a much more
complex and time-consuming process that, when carried out carefully, results in widely recognized guidelines for presenting data. This labor-intensive procedure is necessary for every parameter to be provided
by a Web portal which is based on distributed sources. In particular, the qualitative descriptors for determining good environmental status specified in Annex 1 of the Marine Strategy Framework Directive (European Parliament and Council (2008) pose a great challenge nationally and internationally.
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ABSTRACT: Hydro-engineering tasks usually involve high resource requirements. To deal with those
adequately in distributed infrastructures, standardization is needed. The OGC Web Processing Service
provides an interface for executing remote geospatial processes. Although the service has been published
in 2007, there is no tool available to set up complex process chains such as hydro-engineering analysis
workflows. We set up an environment called RichWPS to enable the assembling of such workflows based
on online resources. WPS processes can be linked on a GUI, the workflow is transferred to a server in a
self-developed description language. This RichWPS server interprets the description language script and
executes involved local and remote WPS processes. As a typical analysis task in numerical simulations
environments, we set up a case study to compare field data with modeled data. Individual, reusable processes have been developed for reading, harmonizing and comparing data, not only to test the environment, but also to identify further requirements.
Keywords: Web processing, RichWPS, OGC Services, Service composition, Hydro-Engineering operations, Spatial data infrastructures, Metadata
1 INTRODUCTION
Spatial Data Infrastructures (SDIs) have been established for visualizing and allocating spatial data in distributed networks for a few years now. Starting with basic geodatasets, SDIs increasingly provide data
from other domains. Ocean-specific data is made available in initiatives such as SeaDataNet on the European level or in the Marine Data Infrastructure Germany (MDI-DE). These infrastructures are fostered by
European directives such as the Marine Strategy Framework Directive (MSFD), demanding the delivery
of status reports and data via technologies defined in the INSPIRE directive (Infrastructure for Spatial Information in the European Community). INSPIRE has a 12-year implementation plan and started in 2007.
While the usage of web services and metadata as part of SDIs have been predefined from the start on, the
development of tools for data providers is ongoing on different governmental levels.
The Open Geospatial Consortium (OGC) defines visualization and download web services such as
Web Mapping Service (WMS) and Web Feature Service (WFS). These and other services are well established with tools for production and publication. Other services such as the Web Processing Service
(WPS) (Schut, 2007) still require software tools for an easier integration in SDIs. Web processing is considered to be the next evolutionary step in SDIs (Brauner et al., 2009 and Kiehle et al., 2007). The integration of processing services in distributed service-oriented infrastructures extends the possible uses of
available geodata, for example provided by other web services. Within the GIS community, several processes for geospatial data such as buffering and intersecting features or coordinate transformations have
been developed (Schäffer et al., 2012). The WPS provides an interface with the basic operations getCapabilities, describeProcess and Execute to manipulate geodata with server-located processes. Given the possible varieties of geospatial processing, these operations leave room for the design of individual processes. This generic nature of the WPS enables its usage for applications outside the scope of fundamental
GIS processes (Goodall et al., 2011 and Wössner, 2013).
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Numerical simulations belong to the most demanding computing tasks. Extensive algorithms with
complex data structure, high requirements for performance and data storage demand efficient solutions.
The internet as a communication network offers possibilities to connect different processing resources for
geospatial processing (Simonis et al., 2003) for example in cloud or grid computing environments (Kim
and Tsou, 2013). Although an execution of a complete numerical simulation only based on internet resources is limited by the usually comprehensive requirements, single operations can still be provided as
online resources.
The WPS could serve as a general interface to provide repetitive parts of the overall simulation process
in distributed infrastructures (Foerster et al., 2010). Performing individual analysis tasks with simulation
data using a WPS in an OGC web service environment shows the advantages of distributed computing
and the paradigm of Software as a Service. Users can use software on the web without high own resource
requirements or single processes as part of a repository can be reused in different service chains.
The usage of WPS has been proposed and implemented for example by Maué et al. (2011) or Castronova et al. (2013). However, the proposed approaches rarely consider the usability of setting up the
process workflows or are focused on proprietary systems. A system, which would let users set up processes and process chains from different sources, is still not available.
As part of the research and development project RichWPS, we developed an environment to handle
such complex WPS applications. A graphical user interface enables the design of process workflows and
the RichWPS server interprets the model description in specifically developed description language. The
RichWPS server executes the process chain and allocates process results for process chain users. A case
study comparing measured field data and modeled data from a simulation system exemplarily shows the
abilities of the environment: the processes read data, harmonize, compare and format data are set up in the
environment and used in an interactive user interface.
2 THE RICHWPS ENVIRONMENT
Developing such complex applications within a WPS is still an ambitious task, requiring programming
skills and knowledge of software libraries. The effort for integration in existing software frameworks and
INSPIRE-compliant data infrastructures is high. To extend the options for dealing with composite WPS
applications further tools are required. The RichWPS compositional environment developed by University of Applied Sciences Osnabrück and Disy information systems provides a user-friendly toolset for defining composite workflows based on distributed existing WPS processes. These workflows can be deployed on an adapted WPS server and thereby made available as common WPS processes. The toolset is
able to orchestrate processing steps defined in the scenario and do the subsequent calls.
A directory service called SemanticProxy provides a search interface for processes and services available for modelling geospatial workflows. Users can include them into workflows by using the ModelBuilder, the central client-side application of the environment. The ModelBuilder is equipped with a diagramming user interface and connects to a WPS server that is extended with an orchestration engine. For
transfer and execution, the static model is transformed into a sequential form represented through the specifically developed RichWPS Orchestration Language (ROLA). Figure 1 shows the components of the
environment.
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study, which generates a description of the used process chain modeled in SensorML (Botts and Robin,
2007), an XML-encoding. SensorML already provides a schema for the description of process chains.
The metadata of a result dataset therefore includes, besides the actual result, links to the origin of the input datasets and a description of the process chain.
4 CONCLUSIONS AND FUTURE WORK
The RichWPS system provides a user-friendly interface for composing complex WPS chains from a pool
of singular processes and applicable data. The more processes are available as part of an SDI to complement to and thus build more complex applications, the more the system is able to unfold its potential. The
case study of comparing simulation results from numerical models with measured data shows the possibilities of analysis tools as orchestrated processes in distributed networks. The RichWPS compositional
environment offers an essential benefit for the development of complex tasks in the interoperable environment of OGC web services.
WPS as part of SDIs, however, are still not very widely available (Lopez-Pellicer et al., 2012). The
discovery of WPS requires effective mechanisms which are not available yet (Fitzner et al., 2011), the
other, more important reason might be the generic nature of the WPS specification. While simple GISprocesses have been implemented with little effort, specialized process chains require custom clients for
and effective operational use. Generic WPS clients can be used but cannot provide user friendly input selection and output presentation for any kind of data. One approach to handle this difficulty is to use OGC
standardized XML formats for data in- and output, like we did in our use cases, for example GML (in
WFS), GMLCOV (in WCS) or O&M (in SOS). With the use of standardized data formats the “degrees of
freedom” of WPS can be reduced. Larger and mightier applications can be constructed and an integration
of WPS in spatial data infrastructures based on OGC web services becomes easier.
The usage of common data formats simplifies the integration of online available WPS processes into
data and program structures of institutions. But while the WPS technology is extensively researched, the
belonging, and as part of SDIs essential, metadata for process chains is often neglected. To include the
case study results and its metadata seamlessly in SDIs, we aim to develop ISO-compliant metadata sets in
the future. While single data sets can be transformed from the NcML metadata, and ISO-compliant
metadata profile for generic WPS Process compositions are yet to be developed. The provision of the process chain description could be a feature in a future version of the RichWPS-Server.
REFERENCES
Botts, M., Robin, A. (eds.) (2007). OpenGIS ® Sensor Model Language (SensorML) Implementation Specification. Open Geospatial Consortium (OGC® 07-000).
Brauner, J.; Foerster, T.; Schäffer, B., Baranski, B. (2009). Towards a Research Agenda for Geoprocessing Services. Sester,
M., Bernard, L., Paelke, V. (eds.), Advances in GIScience. Proceedings of the 12th AGILE Conference. Berlin.
Castronova, A. M.; Goodall, J. L., Elag, M. M. (2013). Models as web services using the Open Geospatial Consortium (OGC)
Web Processing Service (WPS) standard. Environmental Modelling & Software, Vol. 41, pp. 72-83, doi:
10.1016/j.envsoft.2012.11.010.
Fitzner, D. (2011), Formalizing Cross-Parameter Conditions for Geoprocessing Service Chain Validation. Int. J. of Applied
Geospatial Research, Vol. 2, No. 1, pp. 18-35, doi: 10.4018/jagr.2011010102.
Foerster, T.; Schäffer, B.; Baranski, B., Brauner, J. (2010, Geospatial Web Services for Distributed Processing. Zhao, P., Di, L.
(eds.), Geospatial Web Services, pp. 245-286, doi: 10.4018/978-1-60960-192-8.ch011.
Goodall, J. L.; Robinson, B. F., Castronova, A. M. (2011), Modeling water resource systems using a service-oriented computing paradigm. Environmental Modelling & Software, Vol. 26, No. 5, pp. 573-582, doi: 10.1016/j.envsoft.2010.11.013.
Ivanova, E. (2006), Orchestrating Web Services – Standards and Solutions. Proceedings of Scientific Conference Mathematics,
Informatics and Computer Science, V. Tarnovo, pp. 137-142.
Jesus, J. de; Walker, P.; Grant, M., Groom, S. (2012), WPS orchestration using the Taverna workbench: The eScience approach. Computers & Geosciences, Vol. 47, pp. 75-86, doi: 10.1016/j.cageo.2011.11.011.
Kiehle, C. (2006), Business logic for geoprocessing of distributed geodata. Computers & Geosciences, Vol. 32, No. 10,
pp. 1746-1757, doi: 10.1016/j.cageo.2006.04.002.
Kiehle, C.; Greve, K., Heier, C. (2007), Requirements for Next Generation Spatial Data Infrastructures-Standardized Web
Based Geoprocessing and Web Service Orchestration. Transactions in GIS, Vol. 11, No. 6, pp. 819-834, doi:
10.1111/j.1467-9671.2007.01076.x.
Kim, I.-H., Tsou, M.-H. (2013), Enabling Digital Earth simulation models using cloud computing or grid computing – two approaches supporting high-performance GIS simulation frameworks. Int. J. of Digital Earth, Vol. 6, No. 4, pp. 383-403, doi:
10.1080/17538947.2013.783125.

1097

Lopez-Pellicer, F. J.; Rentería-Agualimpia, W.; Béjar, R.; Muro-Medrano, P. R., Zarazaga-Soria, F. J. (2012), Availability of
the OGC geoprocessing standard: March 2011 reality check. Computers & Geosciences, Vol. 47, pp. 13-19, doi:
10.1016/j.cageo.2011.10.023.
Maué, P.; Stasch, C.; Athanasopoulos, G., Gerharz, L. (2011), Geospatial Standards for Web-enabled Environmental Models.
Int. J. of Spatial Data Infrastructures Research, Vol. 6, pp. 145-167, doi: 10.2902/1725-0463.2011.06.art.
Nativi, S.; Caron, J.; Davis, E., Domenico, B. (2005), Design and implementation of netCDF markup language (NcML) and its
GML-based extension (NcML-GML). Computers & Geosciences, Vol. 31, No. 9, pp. 1104-1118, doi:
10.1016/j.cageo.2004.12.006.
Peltz, C. (2003), Web services orchestration and choreography. Computer, Vol. 36, No. 10, pp. 46-52, doi:
10.1109/MC.2003.1236471.
Schäffer, B. (ed.) (2009), OGC OWS-6 Geoprocessing Workflow Architecture Engineering Report. Open Geospatial Consortium (OGC 09-053r5).
Schäffer, B.; Müller, M., Kadner, D. (2012), Bringing the Process to the Data - Introducing the WPS AppStore for Geoprocessing Functionality. Presentation, Prague, The Czech Republic, 21.05.2012.
Schut, P. (ed.) (2007), OpenGIS Web Processing Service. Open Geospatial Consortium (OGC 05-007r7).
Simonis, I.; Wytzisk, A., Streit, U. (2003), Integrating Simulation Models Into SDIs. Proceedings of The 6th AGILE International Conference on Geographic Information Science, Lyon.
Wössner, R. (2013), Untersuchungen zur praktischen Nutzbarkeit des OGC Web Processing Service - Standards. Master Thesis. Hochschule Karlsruhe - Technik und Wirtschaft, Karlsruhe.

1098

Mini-Symposium: Modeling Methodology for
Agricultural Research

1099

1100

ICHE 2014, Hamburg - Lehfeldt & Kopmann (eds) - © 2014 Bundesanstalt für Wasserbau ISBN 978-3-939230-32-8

Watershed Runoff and Sediment Transport Impacts from Management
Decisions Using Integrated AnnAGNPS and CCHE1D Models
R. Bingner, R. Kuhnle, & R. Wells

US Department of Agriculture, Agricultural Research Service, National Sedimentation Laboratory,
Oxford, Mississippi, USA

H. Momm

Middle Tennessee State University, Murfreesboro, Tennessee, USA

M. Altinakar, J. Singh, & D. Shen

National Center for Computational Hydroscience and Engineering, University of Mississippi, Oxford,
Mississippi, USA

ABSTRACT: Conservation planning tools that consider all sources of erosion, sheet and rill, gully, and
channels, is critical to developing an effective watershed management plan that considers the integrated
effect of all practices on the watershed system. The Annualized Agricultural Non-Point Source pollutant
loading model (AnnAGNPS) utilizes ephemeral gully evolution capabilities with sheet and rill erosion
estimated from the Revised Universal Soil Loss Equation, and channel erosion components to provide an
integrated assessment of sediment loads. The model was applied to a 167 ha mixed-landuse watershed
near Oxford, MS. From 1982-1995, over 80% of the total sediment load was estimated from channel
sources, while ephemeral gully contributions were minimal (0.7%) as a result of reduced cropland tillage
practices. Fine sediment load was estimated nearly the same as observed. Sediment load from sand was
overestimated nearly twice as much by AnnAGNPS, suggesting the need to apply a model, such as the
National Center for Computational Hydroscience and Engineering 1-Dimensional model hydrodynamic
model (CCHE1D), that describes channel evolution processes. For evaluating large watershed systems,
the Agricultural Integrated Management Systems (AIMS) has been developed through the use of a webbased browser for use by watershed managers in evaluating management practice impacts on sediment
load.
Keywords: Runoff, Erosion, Sediment Load, RUSLE, Gully Erosion, PEG, AnnAGNPS
1 INTRODUCTION
The development of watershed conservation management plans involves many decisions that affect
various aspects of a watershed system, with consequences that are difficult to measure. Evaluations of
conservation practices are often performed as individual practices with their impacts determined locally
without consideration whether combinations of practices would provide a greater impact throughout a
watershed system on reducing sediment loads. Often, conservation practices developed for sheet and rill
erosion are also expected to prevent ephemeral gully erosion. An example is when no-till practices are
implemented expecting complete erosion control, but gullies form in the field producing significant
amounts of eroded sediment (Gordon et al., 2008). Recent studies indicate that ephemeral gully erosion
on cropland in the U.S. can average around 40% of the sediment delivered to the edge of the field and
developing the most appropriate plan to address this is a critical issue (Gordon et al., 2007). Channel
erosion sources have been shown to potentially produce over 80% of the total sediment load within a
watershed (Grissinger et al., 1991). Targeted implementation of integrated conservation practices devised
to address the entire system, rather than isolated sources, can provide the most efficient use of
conservation resources. A combination of conservation tillage, grassed waterways, riparian buffers, and
instream measures may provide greater impact on reducing sediment with less impact on agricultural
productivity. Integrating these and other conservation practices for sheet and rill, gully, and channel
erosion would provide a better overall watershed management plan that improves agricultural production
while improving water quality.
Watershed modeling technology has been developed to aid in evaluating conservation practices
implemented as part of a management plan, but often lacks the capability to identify how a source, such
as sheet and rill erosion, ephemeral gully erosion, edge-of-field erosion, or channel erosion, is specifically
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controlled by a practice or integrated practices. Various watershed technological capabilities incorporated
into an integrated modeling system can be helpful in understanding how a source is controlled from one
or more practices. Integrated technologies can be used to evaluate optimal combinations of integrated
practices at multiple scales that would have the least impact on agricultural productivity, resulting in the
greatest economic benefits, while having the most impact on improving watershed water quality.
Although, without improved research studies, subjective observations will continue to be used to satisfy
quality criteria in lieu of scientifically defensible, quantitative methods to estimate the impact of an
integrated conservation practice approach to addressing all sources of erosion. The U.S. Department of
Agriculture’s Annualized Agricultural Non-Point Source pollutant loading model, AnnAGNPS, (Bingner
and Theurer, 2001) has been developed to determine the effects of conservation management plans and
provide sediment tracking from all sources within the watershed, including sheet and rill, ephemeral gully
(Bingner et al., 2007), and channel erosion. Since the AnnAGNPS channel erosion components have no
geotechnical or channel evolution capabilities, the National Center for Computational Hydroscience and
Engineering 1-Dimensional hydrodynamic model (CCHE1D) (Wu et al., 2004) has been linked together
using topographic analysis tools and common databases to evaluate the effectiveness of in-channel
remedial and control structures on watershed sediment loads. CCHE1D provides integrated technology
with AnnAGNPS for simulations of one-dimensional unsteady flows and sediment transport in dendritic
channel networks.
This study provides an evaluation of the capability of the AnnAGNPS model to simulate runoff and
sediment loads from multi-landuse watersheds, including an assessment of the effects of placement and
integrated combinations of various conservation practices on watershed water and sediment loads from
channel, gully and sheet and rill erosion sources. In addition, a prototype of an Internet-based watershed
management system developed by U.S. Department of Agriculture (USDA) and NCCHE is described.
This system is designed to automate the selection of a watershed and associated input parameters for use
with AnnAGNPS and NCCHE tools.
2 MODELING METHODS
2.1 AnnAGNPS
Requests for improvements in USDA-Agriculture Research Service (ARS) technology by the USDANatural Resources Conservation Service (NRCS) for watershed planning use to account for management
impacts from all watershed sources of sediment led to the development of the USDA AGricultural NonPoint Source pollution model (AGNPS, Bingner and Theurer, 2001). AGNPS is a joint ARS and NRCS
suite of computer models developed to predict nonpoint source pollutant loadings within agricultural
watersheds. The continuous-simulation, surface-runoff computer model called Annualized AGricultural
Non-Point Source Pollution Model v5.4 (AnnAGNPS, Bingner and Theurer, 2001) is the main
component of this suite. AnnAGNPS is designed to assist with determining best management practices
(BMPs), the setting of Total Maximum Daily Loads (TMDLs), and for risk and cost/benefit analyses in
mixed-land use, watershed-scale systems. The computer model has been designed to predict the origin
and track the movement of water, sediment, and chemicals at any location in primarily agricultural
watersheds. The model distinguishes between erosion caused by sheet and rill (from the Revised
Universal Soil Loss Equation (RUSLE) v1.06 (Renard et al., 1997)), tillage-induced ephemeral gullies
(Bingner et al., 2007), other gully processes, and streambed and bank sources. Results from AnnAGNPS
can be used to determine the amount of each pollutant (sediment and chemical loads) at any location in
the watershed; i.e., how much of each pollutant originates and arrives at any location in the watershed.
2.2 Potential Ephemeral Gullies
The only USDA technology available to assess ephemeral gully erosion on an agricultural field for many
years has been the Ephemeral Gully Erosion Model (EGEM, Woodward, 1999). Gordon et al. (2007)
extended the capabilities of EGEM through the Revised EGEM (REGEM) as a stand-alone program, by:
(1) adding a new algorithm which estimates the migration rate of the headcut; (2) adding an algorithm
which creates the initial headcut’s knickpoint; (3) refining some of the existing EGEM components; and
(4) developing additional components into a revised and further enhanced algorithm. The integration of
REGEM technology into AnnAGNPS led to additional improvements to simulate tillage-induced
ephemeral gully erosion including: (i) the capability to repair gullies through tillage that redefines when
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ephemeral gully erosion can redevelop; (ii) the influence of prior landuse as defined from RUSLEtechnology; (ii) utilization of the Hydro-dynamic Universal Soil Loss Equation (HUSLE) (Theurer and
Clarke, 1991) components for sediment transport determination; (iv) enhanced gully width calculations;
and (v) the determination of the amount of scour hole erosion. These enhancements and the inclusion of
REGEM-technology have led to the Tillage-Induced Ephemeral Gully Erosion Model (TIEGEM) within
AnnAGNPS to provide a watershed-scale assessment of management practice effects on sediment
production from ephemeral gully erosion within croplands.
Whether a specific location within the watershed develops into an actual gully depends on many factors
including, climate, management, soil characteristics, and topography. Locations identified as having a
high probability of forming gullies, based on topographic analysis, are termed as potential ephemeral
gully (PEG) locations, but require certain runoff, management and soil conditions to produce gully
erosion. These ephemeral gully locations are often hidden by vegetation and are difficult to identify.
Defining these PEG locations throughout the watershed can be aided through the use of automated
topographical analysis components included in the AGNPS suite of tools and developed based on the
TOpographic PAramertiZation model, TOPAZ (Garbrecht and Martz, 1996) model. In the PEG
component, potential ephemeral gullies mouths (PEG points) can be determined based on a modified
Compound Topographic Index (CTI) that considers contributing area, local terrain steepness, and
planform curvature (Momm et al., 2012). These points are locations along a flow path with a high
probability of knickpoint formation, with the resulting headcut advancing upslope to form ephemeral
gully channels.
3 WATERSHED FOR TESTING
The study site consisted of a 167 hectare mixed-landuse subwatershed of the Goodwin Creek
Experimental Watershed (GCEW) located in North-Central Mississippi, USA. The GCEW is part of the
USDA-ARS Benchmark Conservation Effects Assessment Project (CEAP)-Watershed Assessment Study
project (Figure 1). This watershed is defined by a gage at subwatershed 14 and contains several sources of
sediment, including sediment from sheet and rill, gully, and channel sources. Within this watershed,
rainfall, runoff and sediment data were collected on a partial continuous basis from 1982 to the present.
This study only includes 1982-1995 conditions, since sediment collection was discontinued after 1995
making simulation comparisons with observed data difficult. In 1982, the cultivated landuse was nearly
50% of the subwatershed, but by 1989 there were no cultivated land areas. This provides an excellent
location to study the impact of agricultural practices on sediment load. The watershed has detailed
information describing climate, elevation, soil and landuse conditions for each year of the study.
Comparisons between simulated and observed data provide not only validation of the model, but also the
basis for evaluating the effects of alternative conservation practices.

Figure 1. Geographical location of the site in the State of Mississippi, USA (A) and represents a
subwatershed of the USDA-ARS Goodwin Creek Experimental Watershed (B). The
subwatershed outlet was selected downstream of station 14 (C).
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4 RESULTS AND DISCUSSION
4.1 Rainfall and Runoff
Observed average annual rainfall depth during the 1982 to 1995 period was 1360 mm. AnnAGNPS
estimated annual runoff of 578 mm yr-1 at Station 14 was close to the observed 584 mm yr-1. Simulated
monthly runoff matched the observed trends, where peak runoff months coincided with peak precipitation
months (Figure 2). The coefficient of determination for monthly runoff was 0.94 with a regression slope
of 0.90 (Figure 3).

Figure 2. Monthly observed precipitation and runoff and simulated runoff from 1982-1995 at station 14
from the USDA-ARS Goodwin Creek Experimental Watershed.

Figure 3. Monthly observed versus simulated runoff from 1982-1995 at station 14 from the USDAARS Goodwin Creek Experimental Watershed.
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4.2 Sediment Load
4.2.1 Total Sediment Load
Average annual AnnAGNPS estimated total sediment load to the gage at Station 14 was 2700 Mg yr-1
compared to the observed total sediment load of 1800 Mg yr-1. Simulated monthly sediment load trends
matched the observed monthly sediment load trends (Figure 4). The coefficient of determination for
monthly sediment load was 0.73, with a regression slope of 1.10 (Figure 5). The contributions to total
load from channel sources was 81%, from sheet and rill sources was 18.3%, and from ephemeral gully
sources was 0.7%. This agrees with previous studies on GCEW describing sediment load originating from
channels sources as between of 75% and 85% (Grissinger et al. 1991), 64% and 79% (Kuhnle et al. 1996)
for the fraction of fine and total sediment load, or 63% of fine sediment load through the use of
radionuclides (Wilson et al., 2008). While there were 38 PEG points defined within Subwatershed 14,
only a few of the potential gullies resulted in actual ephemeral gully erosion since the management
practices for most of these locations did not disturb the soil. If management practices were to revert from
pasture land to cropland many of these potential gullies then would produce erosion unless additional
conservation practices were implemented such as grassed waterways.

Figure 4. Monthly observed and simulated sediment load from 1982-1995 at station 14 from the USDA-ARS
Goodwin Creek Experimental Watershed.

Figure 5. Monthly observed versus simulated sediment load from 1982-1995 at station 14 from the
USDA-ARS Goodwin Creek Experimental Watershed.
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4.2.2 Fine Sediment Load
The simulated average annual fine sediment load (silt and clay) at Station 14 was 980 Mg yr-1 compared
to the observed fine sediment load of 960 Mg yr-1. Seasonal influences were defined as periods from
when tillage influences may be detected from April–July, August-November, and December-March. Fine
sediment concentration seasonal influences appear in the simulation results associated with the April-July
period (Figure 6), but the observed fine sediment load peaks appear in the December-March period. This
may suggest that the sediment transported in the channel is stored from the April-July events until larger
flow events occur in the December-March period to flush the channel of fine sediment. Since
AnnAGNPS does not account for storage of sediment between flow events, the use of the CCHE1D
model may provide a better accounting of the timing of sediment transport within channel erosion events
and the evolution of the channel.

Figure 6. Monthly observed versus simulated fine sediment concentration associated with thirds of the
year from 1982-1995 at station 14 from the USDA-ARS Goodwin Creek Experimental
Watershed.

4.3 Implementation of USDA-NCCHE Agricultural Integrated Management System (AIMS)
The development of a web based Agricultural Integrated Management System (AIMS) is designed to
automate the selection of a watershed and associated input parameters for use with AnnAGNPS and
NCCHE tools. The AnnAGNPS model will be incorporated into an automated web-based system to
facilitate the determination of watershed loadings such as runoff and sediment at sub-watershed outlet
locations. This would then be coupled with the CCHE1D model for improved channel process
simulations.
The long-term goal of AIMS is to develop a platform that provides secure access to a series of modules
and applications covering a range of analytical capabilities in relation with integrated agricultural
management. This platform will provide common and easy access to various national databases in order
to facilitate input data preparation for these analytical tools associated with the target users of this
technology, such as officials and watershed managers of NRCS, other federal agencies, such as U.S.
Environmental Protection Agency (USEPA), U.S. Geological Service (USGS), U.S. Army Corps of
Engineers (USACE), consulting companies, agriculture producers, and university scientists.
The project has two main objectives:
1. Development of an automated web-based system that will be used for evaluating the impact of
agricultural and channel conservation management practices from any watershed in the USA. The
users will not be required to have GIS software installed on their computer or possess GIS
capabilities to assemble and process watershed data. A rapid AnnAGNPS simulation utilizing
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information extracted from existing databases will provide users with an estimate of runoff and
pollutant loadings at the watershed outlet.
2. Development of a geo-spatial database used for input data preparation of watershed modeling
components. The DEM, soil, landuse, climate and other associated data utilized by the model for
any selected watershed can be downloaded for individual application by the user on their own
computer system. The developed geo-spatial database can be useful for the development of other
hydraulic based models such as overland flow models. This system may also be integrated with
other modeling applications such as utilized by USGS, USEPA, and others.
The AIMS project is designed for application at a larger watershed scale, such as the 12-digit
Hydrologic Unit Codes (HUC) scale. Users would select a HUC 12 watershed in the web-browser to
designate where the outlet of the drainage area occurs (Figure 7). The web-based program would then
determine all of the AnnAGNPS input parameters based on TOPAZ defined channels and polygons and
national databases to describe soils, management and climate (Figure 8). Users could then download all
of the AnnAGNPS input and output files to apply additional simulations or analysis.

Figure 7. USDA-NCCHE Agricultural Integrated watershed modeling Management System (AIMS) online
interface used to select the HUC 12 digit watershed that identifies the outlet of the watershed
drainage area of interest.

Figure 8. USDA-NCCHE Agricultural Integrated watershed modeling Management System (AIMS) online
interface defined outlet (black dot) and subareas associated with outlet for the Long Creek HUC
12 watershed in Mississippi (HUC #080302030403) for use with AnnAGNPS.
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5 CONCLUSIONS
The AnnAGNPS was applied to a mixed-landuse watershed where over 80% of the total sediment load
was estimated to be from channel sources. Ephemeral gully contributions to total sediment load in the
watershed were minimal (0.7%) as a result of reduced cropland tillage practices. The fine sediment load
of clay and silt was estimated to be nearly the same as observed. Sediment load from sand was
overestimated by nearly twice as much by AnnAGNPS, suggesting the need to apply a model, such as
CCHE1D, that better describes channel evolution processes. Developing enhanced technology and
research to assess management plans is critical for planning and implementing conservation practices
specifically designed for erosion control. Improved integration of national databases describing watershed
characteristics and flow are needed to provide timely information to decision makers. Expanding
capabilities of computer and Internet systems using remote sensing data acquisition opportunities will
continue to provide an interesting challenge to developing effective watershed planning technology.
Models need to continue to incorporate the latest watershed research at the surface and subsurface scales
critical for evaluating new and existing management practice impacts related to improving the health of
ecosystems as water quantity and use issues become an expanding national and worldwide problem.
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ABSTRACT: In the Mississippi Delta, agricultural activity is a major source of nonpoint source (NPS)
pollutants. Sediment, nutrients and pesticides have been considered as priority NPS pollutants and greatly
affect the water quality in this area. The impacts of agricultural activities on water quality in oxbow lakes
in this area were assessed based on field measurements and numerical model. The long term measured data was used to analyze the concentration distribution of sediment in the lakes pre- and post- implementation of BMPs installed in the watersheds. Three major sediment-associated water quality processes were
studied, including the effect of sediment on the growth of phytoplankton, the adsorption-desorption of nutrients by sediment and the release of nutrients from bed sediment layer. The newly improved and validated 3D water quality model was used to simulate the water quality constituents with considering more
realistic 3D mixing in the oxbow lakes by wind shear on water surface. As a result, the simulated concentration of chlorophyll and nutrients were generally in better agreement with field observations. This study
confirms that the water quality of the lakes was sensitive to suspended sediment concentrations. Of equal
importance, the capability of simulating various physical and chemical rate processes, such as growth,
death, settling, degradation, etc. in the water have been added in the computational model. Therefore,
when watershed water quality is concerned, one has to consider factors such as sediment loadings and agriculture activities. And, the effectiveness of the BMP can be assessed by newly improved 3D water quality computational model.
Keywords: Water quality, Agricultural activity, Numerical model, Oxbow lake, Mississippi Delta
1 INTRODUCTION
The United States has more than 330 million acres of agricultural land that produce an abundant supply of
food and other products. However, agricultural activities can degrade water quality if appropriate management is not implemented. The most recent National Water Quality Inventory reported that the agricultural nonpoint source (NPS) pollution is an important factor influencing quality of surface waters, as well
as a contributor to groundwater contamination. To address NPS pollution problems and reduce discharging pollutants into surface waters in agricultural areas, best management practices (BMPs) have been installed in many watersheds.
The Mississippi Delta is one of the most intensively farmed agricultural areas of the United States.
However, agricultural activities have been identified as a major source of NPS pollution, which greatly
affect the water quality in surface water and ground water. To evaluate the efficiency of BMPs in reducing chemical runoff, several oxbow lakes in this area were selected for assessments under various ARS
Projects, including the “Mississippi Delta Management Systems Evaluation Area (MDMSEA)” and
“Conservation Effects Assessment Project (CEAP)” (Locke 2004, Locke et al. 2008). All of these watersheds fall within the Lower Mississippi River Basin, a Long-term Agroecosystem Research (LTAR) area.
In the present paper, the impacts of agricultural activities on water quality in natural oxbow lakes in
the Mississippi delta were assessed based on field observations conducted by scientists from the USDAARS National Sedimentation Laboratory, Water Quality and Ecology Research Unit (WQERU). The
field data were assessed using a water quality model developed by the National Center for Computational
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3.2 Sediment-Associated Water Quality Processes
3.2.1 The Effect of Sediment on the Growth of Phytoplankton
Phytoplankton plays a central role in the carbon and nutrient cycles that comprise the model ecosystem.
Total chlorophyll is used as a simple measurement of phytoplankton biomass. The effective source term
for phytoplankton is determined by the growth rate, death rate, and settling rate of phytoplankton. The
growth rate is calculated by
(2)

G p = Pmx f N f I fT

in which Pmx is the maximum growth rate; and fN, fI and fT are the limitations due to nutrient availability,
light intensity, and temperature, respectively. The nutrient limitation factor fN is obtained based on Michaelis-Menten equation and Liebig’s Law of the minimum. The temperature limitation factor fT is calculated by the formula proposed by Cerco and Cole (1995). The light limitation factor fI is obtained by integrating the Steele equation over depth and time:
=
fI

2.72 f d
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exp  − e e
 − exp  − e

 Im

 Im
 


(3)

in which fd is the fractional daylight; ∆z is the model segment (spatial element) thickness (m); zd is the
distance from the water surface to the top level of a computational element in the water (m); I0 is the daily
light intensity at the water surface (ly/day); Im is the saturation light intensity of phytoplankton (ly/day).
Ke is the total light attenuation coefficient, and it is determined by the effects of water, chlorophyll and
suspended sediment(SS), and can be expressed by (Stefan et al. 1983):
K e =K 0 + K chl + K ss

(4)

where K0 is the light attenuation by pure water (m-1); Kchl is the attenuation by chlorophyll ( m-1 ); Kss is
the attenuation by suspended sediment (m-1). Based on the research conducted by Stefan et al. (1983) and
Wool et al. (2001), Eq. (4) can be given as:
0.67
+γ s
Ke =
K 0 + 0.0088Cchl + 0.054Cchl

(5)

where s is the concentration of suspended sediment; γ is a coefficient. The parameters of K0 and γ can be
obtained based on field measurements.
3.2.2 Processes of Adsorption-Desorption of Nutrients by SS
Adsorption and desorption are important processes between dissolved nutrients and SS in the water column. In water quality processes, the reaction rates for adsorption-desorption are much faster than that for
the biological kinetics, an equilibrium assumption can be made (Wool et al. 2001). Many experimental
results show the Langmuir equilibrium isotherm is a better representation of the relations between the dissolved and particulate nutrient concentrations (Bubba et al. 2003). The equilibrium adsorption content (Q)
can be expressed as:
Q=

Qm KCd
1 + KCd

(6)

where Cd is the dissolved nutrient concentration after the adsorption reaches equilibrium; Qm is the maximum adsorption capacity; and K is the ratio of adsorption and desorption rate coefficients. Based on
Eq.(6), the particulate concentration Cp and dissolved nutrient concentration Cd can be calculated by
2
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1
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In the water quality model, the particulate concentration Cp, dissolved nutrient concentration Cd and total
concentration (C=Cp+Cd) can be obtained numerically.
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3.2.3 Release of Dissolved Nutrients from Bed Sediment
Bed release is an important source of inorganic and organic nutrients in the water column. In many models, the release rate of nutrients from bed sediment is determined based on the concentration gradient
across the water-sediment interface. In fact, the bed release rate is also affected by pH, temperature and
dissolved oxygen concentration. Based Romero (2003), the bed release rate can be expressed as:
S diff







pH − 7
K dos
+
 K dos + DO K pHs + pH − 7

T − 20
θ sed
Sc 


(9)

where Sdiff is the bed release rate; Sc is the diffusive flux of nutrients; Kdos and KpHS are the values that regulate the release of nutrient according to the dissolved oxygen (DO) and pH in the bottom layer of the water column of depth ∆zb; θsed is the temperature coefficient. The diffusive flux Sc can be calculated using
Fick’s first law which expresses that the flux is directly proportional to the concentration gradient and the
porosity of sediment (Chao et al. 2006).
3.3 Fate and Transport Processes of Pathogens
Pathogens are disease causing micro-organisms which include various types of bacteria, viruses, protozoa, and other organisms. Pathogens are often found in contaminated water, frequently as a result of fecal
matter from sewage discharges, leaking septic tanks, and runoff from animal feedlots. To analyze and
identify the individual pathogen are usually time consuming and expensive, the indicator organism are
frequently used to represent the pathogens. There are four commonly used indicators: total coliform, fecal
coliform, Escherichia coli (E. coli), and enterococci. So the concentration of indicator organisms can be
used to evaluate the water quality criteria for pathogen in a water body.
The concentration of indicator organisms can be solved using the mass transport equation (1). The effective source term for pathogen indicators can be calculated by:
(10)

∑ S path = Sload + S sed + Sbed − w + (G pt − Dpt )C path

in which ΣSpath is the effective source term for pathogen indicator; Sload is the source due to the external
loading; Ssed is the source due to sediment erosion and deposition; Sbed-w is the source due to bed release;
Gpt is the growth rate; Dpt is the loss rate; and Cpath is the concentration of pathogen indicator.
Ssed can be calculated by
S sed = max( Eb − Db , 0)

C path ,b

 fp 
+
−
E
D
min(
,
0)
  C path
b
b
1 − p'
 cv 

(11)

in which Cpath,b is the pathogen concentration at bottom; Eb and Db are the sediment erosion and deposition rates; p’ is the porosity of bed sediment; fp is the particulate pathogen fraction; and cv is the volumetric concentration of sediment in water column.
The growth rate is determined by the temperature and nutrient availability, and can be calculated by:
(12)

G pt = Pptmx f pN f pT

where Ptmx is the maximum growth rate of pathogen; and fpN and fpT are the limitations due to nutrient
availability and temperature, respectively. The nutrient limitation factor fN is obtained based on Michaelis-Menten equation. The temperature limitation factor fT is calculated by the formula proposed by Ross et
al.(2003):
f pT = {cT 1 (T − Tmin ) [1 − exp(cT 2 (T − Tmax )) ]}

2

(13)

where cT1 and cT2 are temperature parameters; T is the temperature in water column; Tmin and Tmax are
minimum and maximum temperatures for pathogen to grow.
The pathogen loss is generally determined by the natural mortality, salinity, sunlight, predation, etc.
The total loss rate can be calculated by:
Dpt = (0.8 + 0.02 S a )1.07T − 20 +

α I0

Ke H

[1 − exp(− K H )]
e
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tion of inorganic nitrogen was doubled, the chlorophyll concentration increased about 16.5%. For inorganic phosphorus, reducing the concentration by 50% in the lake would reduce average chlorophyll concentration by approximately 2%. When the concentration of inorganic phosphorus was doubled, the average concentration of chlorophyll increased less than 0.5%. This analysis indicates that the concentration
of chlorophyll is much more sensitive to the inorganic nitrogen than that to inorganic phosphorus in Deep
Hollow Lake. It may be the reason that the phosphorus concentration in the lake has reached the saturation level for the growth of phytoplankton.

Figure 10. The effect of reduction/increasing of nutrient loadings on the chlorophyll concentration.

6 CONCLUSIONS
The impacts of agricultural activities on water quality in oxbow lakes in the Mississippi Delta were studied based on field measurements and numerical modeling. The long term measured data showed the sediment concentration in the lakes reduced significantly after the implementation of BMPs installed in the
watersheds.
Three major sediment-associated water quality processes were studied. A formula was obtained based
on field measurements to calculate the light attenuation coefficient by considering the effects of SS and
chlorophyll. Therefore, the growth rate of phytoplankton was reasonably predicted. The concentrations of
particulate and dissolved nutrients due to adsorption-desorption were calculated using nonlinear formulas
derived based on the Langmuir Equation. This approach is more realistic to model the process of adsorption-desorption than the linear approach. The release rates of nutrients from the bed sediment were calculated not only by considering the effects of the concentration gradient across the water-sediment interface,
the effects of pH, temperature, and dissolved oxygen concentration were also taken into account. These
sediment-associated water quality processes were included in the CCHE3D_WQ model to simulate water
quality constituents in an oxbow lake in the Mississippi Delta. The trends and magnitudes of nutrient and
chlorophyll concentrations obtained from the numerical model generally agreed with field observations.
The measurements and computational results show that there are strong interactions between sediment
and water quality constituents.
The water quality model was also applied to conduct analyses of the influences of SS concentration
and nutrient loadings on the chlorophyll concentration. It was found that the lake chlorophyll is mainly
limited by the SS concentration, while it is somewhat less sensitive to concentrations of nutrients.
Since water quality constituents in the oxbow lakes in Mississippi Delta are mainly influenced by agricultural activities, the model presented here is designed to assess their impacts. In many cases, the water
flows and sediment concentrations in those lakes may have obvious 3D distributions, the developed
CCHE3D_WQ model will be able to predict water quality distributions horizontally and vertically. The
simulated results will provide more realistic information to assess the impacts of agricultural activities on
water quality in the water bodies. Assessments may support the decisions for selection of agricultural
conservation measures, adoption of planning and management policy, and operations to protect the quality of water, ecology and environment in areas adjacent to shallow lakes in agricultural watersheds.
The accuracy and efficiency of a water quality model are highly dependent on simulated physicalchemical processes, boundary conditions and computational technologies. To significantly improve water
quality modeling, it is necessary to conduct additional researches to further understand the aquatic physical-chemical process, to improve model inputs on watershed information and agri-management, and to
update computing methods for integrated watershed-surface water modeling system.
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ABSTRACT: Conservation planning tools that consider ephemeral gully erosion include RUSLER, the
distributed version of the Revised Universal Soil Loss Equation, version 2 (RUSLE2), coupled with the
new Ephemeral Gully Erosion Estimator, EphGEE; and AnnAGNPS, the Annualized Agricultural NonPoint Source pollutant loading model. These models were applied to a 6.3 ha conventionally tilled corn
field near Treynor, IA, that contained a grassed waterway in the footslope. Using a 3m by 3 m digital
elevation model (DEM), AnnAGNPS divided the watershed into 5 channel segments, 13 polygons, and
identified 86 headcut initiation locations; RUSLER calculated soil erosion/deposition on 7000 discrete 9
m2 cells after defining hillslope ending channels based on contributing area exceeding 600 m2. As rainfall
input, AnnAGNPS used measured daily values from 1975 to 1991 while RUSLER used only 30-year
monthly averages. Both models estimated significant ephemeral gully erosion and sediment deposition in
the grassed waterway. Simulated sediment yields of 17.2 Mg ha-1 yr-1 (AnnAGNPS) and 17.5 Mg ha-1 yr1
(EphGEE) were 18% and 20% greater than the measured average of 14.6 Mg ha-1 yr-1. AnnAGNPS
estimated annual runoff of 53 mm yr-1 was closer to the observed 50 mm yr-1 than the RUSLER estimate
of 67 mm yr-1.
Keywords: Runoff, Erosion, Sediment Yield, RUSLE2, RUSLER, EphGEE, PEG, AnnAGNPS
1 INTRODUCTION
Ephemeral gully erosion can be a serious contributor to soil degradation in agricultural fields, but this
form of erosion is not routinely included in many conservation planning tools. To address this deficiency,
the Revised Universal Soil Loss Equation, version 2 (RUSLE2) was modified to generate a gully-forming
runoff event sequence suitable for linkage with a new process-based channel model, the Ephemeral Gully
Erosion Estimator (EphGEE). At the watershed scale, the Annualized Agricultural Non-Point Source
pollutant loading computer model (AnnAGNPS) that uses RUSLE technology to estimate sheet and rill
erosion was enhanced to estimate tillage-induced ephemeral gully erosion. These models will be accessed
through GIS tools that are under development. At the field scale, a Geographical Information System
(GIS) based tool, RUSLE2-Raster (RUSLER), determines the locations of concentrated flow areas that
end RUSLE2 hillslopes, organizes and controls the execution of the RUSLE2 computational engine using
standard RUSLE2 databases, and links hillslope runoff and sediment yield to EphGEE. At the watershed
scale, a web based tool, the Agricultural Integrated Modeling System (AIMS), is under development to
facilitate the preparation of AnnAGNPS input files for 12-digit HUCs. The tool will contain topographic,
soil, climate, and management databases; define watershed streams and sub-area polygons; execute
AnnAGNPS; and link AnnAGNPS outputs to the CCHE-1D channel network model. The purpose of the
current study was to apply RUSLER/EphGEE and AnnAGNPS to a small gauged agricultural watershed
and to compare simulations with a summary of 17 years of recorded rainfall, runoff and sediment yield.
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2 MODELING METHODS
2.1 RUSLER and EphGEE
From its climate, soil, and management databases, RUSLE2 estimates long term average monthly runoff,
the annual average number of runoff events, and gamma distribution parameters describing the population
of runoff event volumes. RUSLE2 uses these results to develop a representative runoff event series that is
intended for linkage with a process-based ephemeral gully model (Dabney et al., 2011). When this runoff
event series is used, as in this study, runoff is not calculated from a rainfall event series. Because
RUSLE2 calculates sheet and rill erosion from rainfall, and hillslope sediment transport based on a scaled
10-year, 24-h precipitation event (USDA-ARS, 2013), cases can arise where RUSLE2 estimates sediment
delivery to channels even when little or no runoff is estimated.
To support RUSLE2 application in complex landscapes with flow convergence, RUSLE2 slope length
is calculated by multiplying the cell size by the ratio of runoff generated within a cell or segment to runoff
leaving that cell (Dabney et al., 2013). A new GIS-based distributed RUSLE2 application, called
RUSLER (RUSLE2-Raster), assigns flow directions to each grid cell in the a digital elevation model
(DEM) according to the direction of steepest slope using a deterministic-8 (D8) method (O'Callaghan and
Mark, 1984). The flow directions are used to determine drainage paths and flow accumulation.
Concentrated flow channels are defined where upslope contributing area exceeds a user-specified
threshold. At each channel cell, RUSLER algorithms transfer cell connectivity information for each
“channel cell catchment” to the RUSLE2 dynamic-link library (DLL). RUSLE2 calculates runoff,
detachment, sediment delivery for each cell. Soil loss in a cell is calculated as sediment delivered from
the cell minus sediment delivered into the cell. Thus, RUSLER estimates spatially distributed sheet and
rill soil loss, and provides yields of water and sediment to the in-field concentrated-flow channels.
Vieira et al. (2014) describe a physically-based ephemeral gully model, EphGEE (Ephemeral Gully
Erosion Estimator) than supports complex in-field dendritic channel networks and is designed to accept
output from RUSLER. EphGEE operates on an event basis, calculating channel erosion and sediment
transport, deposition, and delivery. For each runoff event, channel cell catchment water yield is
converted into steady, spatially varying flow discharges distributed among channel nodes, which are
created at a sub-cell scale to increase computational accuracy. Water surface profiles are computed using
the Standard-Step Method (Henderson, 1966) using the flow discharge, hydraulic roughness, and channel
geometry and steepness at each node. Channel roughness is determined by RUSLE2 as the result of local
grain and form roughness and ground cover conditions, and varies seasonally due to mechanical
disturbances and the natural roughness decay with time. For each storm, steady water surface profiles are
computed along each gully channel, based on channel geometry, hydraulic roughness, and flow
discharge; and erosion and deposition rates are based on local available shear stress, sediment transport
conditions, and soil erodibility parameters.
In EphGEE, initial channel cross sections are assigned a triangular shape after tillage. Gullies are
assumed to evolve with rectangular cross sections, down cutting until a non-erodible layer is reached and
then widening. When sediment load exceeds local transport capacity, sediment deposition aggrades
channel sections. Deposition is selective, with coarser sediment fractions depositing at faster rates. If
sudden decreases in channel slope steepness or backwater regions cause excessive deposition, the model
limits the amount of deposition at that location so that the resulting cross sectional depositional area is
less than half the flow area for that storm. Flow leaving that location becomes overloaded with sediment,
which is distributed and deposited further down the channel, avoiding unrealistic amounts of deposition in
transitional regions. This simplified approach is analogous to the assumption of non-equilibrium used in
stream sediment transport models (Wu, 2008), where the assumption that sediment transport rate equals
transport capacity is relaxed.
2.2 AnnAGNPS
Within AnnAGNPS, potential ephemeral gully locations and erosion are calculated based on different
procedures than EphGEE. The watershed DEM is discretized into channel reaches and upland polygons
using components of the TOpographic PAramertiZation model, TOPAZ (Garbrecht and Martz, 1996).
The locations of the mouth of the ephemeral gullies throughout the watershed are defined using an
automated topographical analysis tool, PEG (Potential Ephemeral Gully). Potential ephemeral gullies
mouths (PEG points) are determined based on a modified Compound Topographic Index (CTI) that
considers contributing area, local steepness, and planform curvature (Momm et al., 2012). These points
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are locations with a high probability of formation of a nick point that can propagate upslope to form
ephemeral gullies along trajectories extending along flow paths from a PEG to another PEG point or other
boundary. Tillage induced ephemeral gully erosion is calculated by applying a headcut propogationmodel
starting at each PEG point (Gordon et al., 2007). Sediment transport capacity is determined using
AnnAGNPS procedures (Bingner and Theurer, 2001).
3 WATERSHED FOR TESTING
A topographic map of Watershed 11 (Rachman et al., 2008) of the USDA‐ARS Deep Loess Research
Station located near Treynor, Iowa (Karlen et al., 2009) was used as a training diagram in the original
RUSLE1.04 documentation (Renard et al., 1997) to illustrate how to select appropriate RUSLE flow
paths. Fig. 1a shows four flow paths, labelled 1 to 4, which illustrate that RUSLE hillslopes should extend
from ridge tops to areas of concentrated flow that are reflected as upward pointing planform curves in
topographic lines. From 1975 to 1991, this 6.3 ha watershed was farmed with contour-planted,
conventional-tilled corn (Zea mays, L.). Average corn yield for the period 1987 to 1996 was 7.6 Mg ha-1
(Eghball et al., 2000). The predominant soil was Monona silt loam (fine‐silty, mixed, superactive, mesic
Typic Hapludolls). Rainfall and watershed runoff and sediment yield were recorded on an event basis
(Kramer et al. 1999).
Using a 3m resolution DEM and the D8 flow routing algorithm implemented in ArcGIS, Dabney et al.
(2013) compared the channels obtained using critical source areas 300 m2, 600 m2, 900 m2, or 4000 m2
and concluded that for Watershed 11, a minimum contributing area of 600 m2 (Fig. 1a) gave the best
match to historical photographs of gullies and the flow paths limits recommended by Renard et al. (1997).
This critical source area is not considered optimal or universal, but was used in the RUSLER simulations
herein. Using this criterion, RUSLER calculated soil erosion/deposition on 7000 discrete 9 m2 cells, and
EphGEE evaluated ephemeral gully erosion for 396 discrete channel cells (draining 431 cell catchments)
and 1631 channel nodes.
Application of TOPAZ to Watershed 11 with criteria that channels needed to have a minimum 0.5 ha
contributing area and a minimum channel length of 30 m divided the watershed into 5 channel segments
and 13 polygons. The PEG algorithms identified 86 gully mouth locations. These defined the initiation
points of headcuts that could migrate upstream as a result of storm event flow and management impacts.
Many gully mouths were located along flow paths with source areas exceeding 600 m2 (Fig. 1b), which
indicates that the gully erosion could occur as a result of simultaneous migration of multiple gully
headcuts along the same flow path. Each AnnAGNPS polygon, channel, and flow path reach was
characterized with an average steepness. Although TOPAZ uses a D8 algorithm, the AnnAGNPS
implementation truncates elevations to decimeter accuracy, which may account for the slight differences
in RUSLER channel and AnnAGNPS flow path locations and watershed boundaries.
RUSLER and AnnAGNPS simulations were based on identical land management descriptions.
AnnAGNPS used measured daily rainfall values from 1975 to 1991 while RUSLER used only 30-year
monthly rainfall averages.
4 RESULTS AND DISCUSSION
4.1 Rainfall and Runoff
Observed average annual rainfall depth during the 1975 to 1991 period was 811 mm, similar to the
30-year county average in the official RUSLE2 database of 801 mm. AnnAGNPS estimated annual runoff
of 53 mm yr-1 was closer to the observed 50 mm yr-1 than the RUSLER estimate of 67 mm yr-1. RUSLE2
estimated monthly runoff variation and event depths of varying return periods showed general agreement
with observations (Dabney et al., 2012). RUSLE2 characterized ephemeral gully forming runoff as a
sequence of 24 runoff events, the largest of which occurred during June and July. The largest runoff event
occurred on 23 July and had a depth of 10 mm and an average runoff rate of 26 mm h-1. The AnnAGNPS
simulation represents the results of 1168 precipitation events that produced 292 runoff events over 17
years.
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Figure 1. (a) Topographic map (0.31 m contour interval) of Watershed 11 at Treynor, Iowa, illustrating four (circled numbers)
appropriate RUSLE hillslope flow profiles (after Renard et al., 1997, fig. 4-5B). The extent of concentrated flow
channel cells determined using a D8 method based on a minimum contributing area of 600 m2 are indicated by black
rasters, and the extent of a grassed waterway is indicated in grey. The locations of three cross sections used to
illustrate the behavior of EphGEE are indicated with numbers within square boxes. (b) TOPAZ channels (0.5 ha
source area minimum and 30 m minimum channel length) and flow paths, and AnnAGNPS potential ephemeral
gully points from which headcuts may propagate upstream.
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4.2 Erosion and Sediment Yield
4.2.1 RUSLER and EphGEE
Average RUSLE2 estimated sediment yield from the hillslopes to the channel system averaged 36 Mg ha1
yr-1 (Dabney et al., 2013), whereas observed sediment yield at the watershed outlet averaged only 14.6
Mg ha-1 yr-1. The difference between hillslope sediment delivery estimates and observed outlet sediment
delivery suggests that waterway sediment deposition exceeded ephemeral gully detachment.
EphGEE simulations were performed with and without the grassed waterway. Figure 2 illustrates the
depths of erosion or deposition after the last runoff event before spring plowing. Only the lower part of
the watershed including CS#2 and CS#3 is shown so that details are easier to resolve.
Table 1 reports annual average RUSLER sheet and rill erosion and EphGEE sediment yield estimates
at each of the three locations illustrated in Fig. 1a. Without local calibration, EphGEE estimated annual
sediment yield from the waterway was 17.5 Mg ha-1 yr-1, 20% larger the measured value of 14.6 Mg ha-1
yr-1. Ephemeral gully erosion contributed 21 % of the sediment delivered to CS#1 and 25% at CS#2.
Without the waterway, the corresponding percentage was 25 % at CS#3, but shallower channel slopes
caused considerable deposition between CS#3 and the watershed outlet. When the waterway was
simulated, increased hydraulic roughness caused deposition througout of the waterway (Fig. 2).
Table 1. Average RUSLER sheet and rill erosion and EphGEE watershed sediment yields and net channel erosion/deposition
upslope of selected channel cross section locations (Fig. 1).
With grassed waterway
No grassed waterway
Local
RUSLE2
EphGEE
EphGEE
Drainage
channel
sheet and rill
Net channel
watershed
Net channel
watershed
Location
area
steepness
soil lossa
soil loss
sediment yield
soil loss
sediment yield
(ha)
(%)
(Mg ha-1 yr-1)
(Mg ha-1 yr-1)
(Mg ha-1 yr-1)
(Mg ha-1 yr-1)
(Mg ha-1 yr-1)
CS#1
0.26
15.5
36.3
9.9
46.2
9.9
46.2
CS#2
2.1
5.2
48.5
16.0
64.5
16.0
64.5
CS#3
5.3
5.3
39.7
-18.1
21.6
13.6
53.4
Outlet
6.3
0.2
36.4
-18.9
17.5
-3.5
32.9
a
spatial average to cross section; positive soil loss = erosion, negative soil loss = deposition.

4.2.2 AnnAGNPS
The average annual sediment load simulated at the outlet by AnnAGNPS during the 17-year period was
17.2 Mg ha-1 yr-1 compared to 17.5 Mg ha-1 yr-1 by EphGEE and the measured value of 14.6 Mg ha-1 yr-1.
The simulation represents the results during this period of 292 runoff events, 260 sheet and rill erosion
events, and 133 ephemeral gully erosion events. The contributions of sheet and rill and gully erosion
sources vary by location within the watershed (Table 2) with sediment load decreasing as the sediment
moves to the outlet. The grassed waterway has a significant influence on sediment load reaching the
outlet by decreasing sediment by over 50% compared to no grassed waterways present. While the soil
loss from ephemeral gullies throughout the watershed is over 50 Mg ha-1 yr-1, most of this sediment is
deposited before reaching the outlet resulting in only 3.1 Mg ha-1 yr-1 at that point.
Table 2. Average annual sheet and rill and gully soil loss and sediment loads upslope of selected cross section locations.
With grassed waterway
No grassed waterway

Location

Drainage
area

AnnAGNPS
sheet and
rill soil loss

AnnAGNPS
gully soil
loss

AnnAGNPS
sheet and
rill
sediment
load

CS#1
CS#2
Outlet

0.5
2.1
6.1

73.7
76.0
66.3

38.1
65.1
50.4

58.7
54.3
14.1

(ha)

(Mg ha-1 yr-1)

(Mg ha-1 yr-1)

(Mg ha-1 yr-1)
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AnnAGNPS
gully
sediment
load

AnnAGNPS
sheet and
rill
sediment
load

AnnAGNPS
gully sediment
load

19.1
13.3
3.1

58.7
54.3
29.2

19.1
13.3
6.0

(Mg ha-1 yr-1)

(Mg ha-1 yr-1)

(Mg ha-1 yr-1)

Figure 2. Channel erosion and deposition depths (m) estimated by EphGEE (a) without a grassed waterway, indicating
deposition was mainly in backwater areas at tributary confluences and (b) with a grassed waterway showing
additional deposition within the grassed waterway.

4.3 Comparing RUSLER/EphGEE and AnnAGNPS
Both models created similar estimates of annual average sediment yield at the field outlet, although their
modeling approaches differ considerably. RUSLER/EphGEE simplified the hydrology by considering a
1124

representative runoff event sequence that, for the particular field studied, comprised 24 “channel forming”
events that were used to directly estimate long-term average erosion and sediment yield. In contrast,
AnnAGNPS considered 1168 observed precipitation events over 17 years, and average annual sediment
yield was calculated from the resulting 292 runoff events.
In contrast to the relative simple hydrologic time series used by RUSLER/EphGEE, the spatial
representation is more detailed in RUSLER/EphGEE than in AnnAGNPS. The RUSLER/EphGEE detail
offers opportunities for exploring the impact of alternative management on portions of individual
agricultural fields or farms such as variations if row direction, strip cropping, and alternative buffer
alignments. The resulting spatially explicit patterns of erosion and deposition can be used to project
decadal landscape evolution or dynamic changes in soil properties (Dabney et al., 2013). In contrast,
AnnAGNPS is usually applied at a larger (watershed) scale than the field application illustrated here. In
larger-scale applications, such as the 12-digit HUC scale targeted by the AIMS project, AnnAGNPS
channels would not extend in to the fields the size of Watershed 11. Rather, the entire field would be
characterized as a single polygon with an effective slope length and steepness. Nevertheless, PEG could
have identified the same potential ephemeral gully locations and, therefore, the same estimates of
ephemeral gully erosion would have been produced. At this larger scale, although no vegetated channel
reach would have been modeled, the grassed waterway would be treated as a buffer that would reduce
sediment delivery.
Sediment yields estimated by the two models were also quite close at the outlet and at CS#2 for
simulations with no grassed waterway. At the outlet, AnnAGNPS estimates of 35.2 ha-1 yr-1 were 7 %
greater than RUSLER/EphGEE estimates of 32.9 ha-1 yr-1, while at CS#2, AnnAGNPS estimates of 67.6
ha-1 yr-1 were 5 % greater than RUSLER/EphGEE estimates of 64.5 ha-1 yr-1. However, at CS#1, the
AnnAGNPS simulated sheet and rill erosion of 58.7 ha-1 yr-1was 62% larger than the RUSLE2 estimate to
the same point, and the AnnAGNPS ephemeral gully sediment yield at that point was 19.1 ha-1 yr-1, was
nearly double the 9.9 ha-1 yr-1 estimate produced by EphGEE. The CS#1 results suggest that AnnAGNPS
may calculate ephemeral gully erosion along flow paths that extend higher in the watershed than does the
procedure followed by RUSLER/EphGEE. More detailed field observations would be needed to validate
either of the simulations up to CS#1.
5 CONCLUSIONS
The similarity of the sediment yield estimates made with the two models is encouraging considering the
diversity of the approaches taken. The complimentary capabilities and varied data requirements offer
opportunities for multi-scale analyses if the models can be integrated in a common GIS interface. Our
results indicate that comprehensive testing is justified and necessary to determine the practical limitations
and uncertainty of these ephemeral gully estimates.
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ABSTRACT: This paper presents two case studies of post dam removal sedimentation in the United
States. Two different one-dimensional channel evolution simulation models were used: CCHE1D and
CONCEPTS, respectively. The first case is the application of CCHE1D to assess the long-term (up to 10
years) morphological response to the removal of Marmot Dam in the Sandy River, Oregon. Simulation
results showed a persistent erosion of sediments from the reservoir over the 10-year period; the eroded
sediments travel downstream as a wave. Further, it was found that the runoff will greatly affect the rate of
morphologic adjustment. The second case is a CONCEPTS study of the sediment dynamics over a 37year period after removal of the Plainwell and Otsego City dams along the Kalamazoo River, Michigan.
Removing the dams would increase sediment loads twelve fold by rapidly eroding the fine-grained
sediments stored behind the Otsego City Dam. Finally, to minimize morphological changes in the river
reaches downstream of the dam site, this paper also showed the benefits of applying a simulation-based
optimization tool with multiple objectives and constraints for finding the optimized sediment release and
relocation during the process of dam-removal. Combining the presented optimization tool with models
such as CCHE1D and CONCEPTS should be extended to manage sediment at the watershed scale.
Keywords: Sediment transport, Dam removal, Sediment control, Optimization
1 INTRODUCTION
When a dam is significantly deteriorated and is no longer able to serve the purpose for which it was
constructed, or the costs of repair and maintenance exceed the expected benefits, the dam may need to be
decommissioned (or removed). In the United States (US), dam removal in a river or stream is an effective
engineering approach to restore river ecosystem. However, the downstream impact of sediments released
from the reservoir post dam removal is a major concern. For reservoirs with large sediment deposits,
released sediments may significantly change the river morphology in both the reservoir and the
downstream channels. Before decommissioning a dam, it is important to study sediment transport and
morphological changes upstream and downstream of the dam site that may result from dam removal.
The mechanics of sediment erosion and transport following dam removal is highly complicated due to
the non-uniform spatial distribution of sediments in reservoirs and downstream river channels. In general,
sediment transport processes are unsteady, nonlinear, and interacting with dynamic river flows. Quick
release of reservoir sediments by a complete dam removal may result in a supercritical flow in the river
reach near the dam location. Eroded sediments usually deposit immediately downstream. A headcut may
form and migrate upstream through delta deposits if reservoir bed materials are cohesive. As a result,
bank erosion and channel widening are important adjustment processes. Even if the dam removal process
is gradual, river floodwaters during a storm may entrain a large portion of the deposits and pass it over the
low-head dam. Thus, the assessment of potential impacts of dam removal on river hydrological and
geomorphological environments requires integrated model capabilities to simulate multi-scale processes
in river flow dynamics, morphodynamics, and ecosystem services.
This paper presents two examples of post dam removal sedimentation studies. Two different onedimensional (1D) channel evolution simulation models were used: CCHE1D (Wu & Vieira, 2002) and
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CONCEPTS (Langendoen, 2000), respectively. Both models are capable of simulating multiple flow
regimes during the period of dam removal and multiple channel sedimentation processes. The first
example is the application of CCHE1D to assess long-term (up to 10 years) morphological response to the
removal of Marmot Dam in the Sandy River, Oregon (Figure 1a). The second one is a CONCEPTS study
of the sediment dynamics due to removal of dams along the Kalamazoo River, Michigan (Figure 1b). To
mitigate the downstream impact of eroded sediments, CONCEPTS was used to evaluate the erosion,
transport, and deposition of sediments over a 37-year period for three different dam-removal scenarios.
To Columbia River

(b)

(a)

Figure 1. (a) Map of Sandy River basin; (b) Map of study reach on the Kalamazoo River, Michigan

To provide the most effective management plan to decommission the dam and release the reservoir
deposits, it would be best if one could establish the optimal reservoir sediment release schedule (or the
time-dependent controlled released process) to minimize the downstream impact of sedimentation. Thus,
this paper discusses a simulation-based optimization tool (Ding et al., 2013) to search for optimal control
of sediment releases for minimization of morphological changes in the Sandy River after the Marmot dam
was removed. It is expected that this kind of integrated approach of simulation and optimization tools can
provide the best management solution to reduce the impact of dam removal and to restore river
ecosystem.
2 CASE 1: SEDIMENT TRANSPORT DUE TO MARMOT DAM REMOVAL
Marmot Dam was the only dam on the main-stem of the Sandy River, Oregon (Figure 1a). The Sandy
River extends approximately 89 km from its headwater to its confluence with the Columbia River. The
dam was located near the middle of the basin at river mile (RM) 30, downstream of the Salmon River
confluence but upstream of the Bull Run River confluence and 2 km upstream of the entrance to the
Sandy River gorge. Marmot Dam, a 47-foot-high, 345-foot-long roller-compacted concrete dam, was
built in 1989 to replace an earlier timber structure, which was originally constructed in 1913. Portland
General Electric (PGE), the owner and operator of the dam, decided to build a temporary cofferdam
upstream of Marmot Dam to facilitate the removal of the dam body and prevent the disturbance of the
deposited sediment behind the dam. After the dam was removed, the cofferdam was breached to allow the
80-km-long Sandy River to flow freely from Mount Hood, Oregon, to its confluence with the Columbia
River. The breaching of the cofferdam was started on Oct. 19, 2007.
Due to long-term sediment accumulation in the reservoir, different sources and sizes of sediments
deposited in the reservoir formed a layer structure (Squier Associates, 2000). The deposited sediments
were mainly composed of a surface gravel layer (Unit 1), a sand layer underneath (Unit 2), and the predam channel bed representing the third distinct unit. The uppermost unit (Unit 1) ranged from
approximately 2-5.5 m in thickness and was composed of sandy gravel with a small amount of cobbles
and boulders, becoming thicker toward the dam. Unit 2 was predominantly fine sediment (silty sand to
sand with a small amount of gravel, ranging from 4 to 11 m in thickness). The pre-dam channel, below
Unit 2, consisted primarily of coarse sediment and its thickness ranged from 0.8 to 3 m. At the time of
decommissioning, the 3-km-long reservoir behind the dam was filled with nearly 750,000 m3 sand and
gravel, a volume equivalent to about 5 to 10 years of average annual sediment load. Most sediment
transported by the river had been passing the dam for decades. The sediment transport rate was about
250,000 t yr-1at the Marmot Dam, of which the majority was fine sediment (Stillwater Sciences 2000).
CCHE1D, a 1D river flow and sediment transport model, (Wu and Vieira, 2002), was used to assess
morphological changes in the Sandy River due to the Marmot Dam removal. Several sediment transport
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formulations (e.g. SEDTRA formula, Ackers-White formula, Engelund and Hansen’s formula, WuWang-Jia’s formula, etc.) are available in the model for simulations of sediment transport and
morphological changes. The model simulates non-uniform sediment transport, bed aggradation and
degradation, bed material composition (hydraulic sorting and armouring), and bank erosion. The flow
model in CCHE1D simulates flows that must be primarily subcritical in all reaches of the channel
network. However, it can handle local supercritical and transcritical flows without hydraulic jumps in few
cross-sections through a hybrid dynamic/diffusive wave model. This hybrid dynamic-diffusive wave
model can avoid numerical instability of the dynamic wave model in the transcritical flow regions.
The study reach (i.e. computational domain) extends from 2.5 km upstream of the dam site to 18.0 km
of its downstream. The surveyed cross-section data provided by PGE (Stillwater Sciences, 2000) were
used to generate cross-sections for the numerical simulation of hydrodynamic and morphodynamic
processes. To improve the simulation results, a number of cross-sections have been linearly interpolated
or extrapolated in several subreaches. The spacing between cross-sections varies from 12 m to 325 m and
a total of 126 cross-sections are used in this model.
A discharge series spanning the period of model runs is required as input hydrograph to the model. The
daily discharge data from the Sandy River is available at the US Geological Survey (USGS) Marmot
gauge (station No. 14137000), which is located 0.5 km upstream of the Marmot Dam site. This station’s
hydrograph is used as a boundary condition at the inlet of the study reach. The maximum average daily
discharge in the river in the first year after the dam removal from Oct. 19, 2007 to Sept. 30, 2008 reached
180 m3/s. Another USGS hydrologic station (No. 14142500) is located 0.2 km downstream of the Bull
Run River confluence. For specifying the water depth boundary condition at the downstream end for the
numerical model, the water depths at the station are calculated by assuming a state of uniform flow at a
cross-section.
For non-uniform sediment transport modelling, the sediment size distributions, Unit 1 and Unit 2 are
used for creating sediment compositions in the reach behind the dam. Unit 1 is assumed to be the bed
compositions (i.e. sandy gravel with some cobbles and boulders) in the downstream cross sections from
the dam site. The graded sediments in the model are divided into 12 size classes. The representative sizes
of the sediments vary from 0.09 mm to 188.34mm.
The calibration of those model parameters including the selection of sediment transport formulae in
CCHE1D with the multiple size classes was carried out by simulating the flow and sediment transport
starting at the moment of the dam removal, Oct. 19, 2007 to Sept. 30, 2008. To investigate the
performance of the sediment transport capacity formulae, all the four available formulae in CCHE1D
were examined by computing the first year morphodynamic processes. The intercomparisons of average
bed elevation changes after the one year computed by the four formulae are presented in Figure 2. All the
formulae give reasonable bed change patterns in comparison with the observed bed changes after the first
year natural flush of reservoir sediments: the erosion before the knickpoint and the deposition
downstream are well simulated. By evaluating the bed changes in both upstream and downstream, it is
found that the Engelund and Hansen’s formula produced a slower erosion rate in the reservoir, but an
overestimated change in the downstream reaches; Wu-Wang-Jia’s formula provided better morphological
changes in the whole study reach. Therefore, Wu-Wang-Jia’s formula was used for the further studies of
modal validation and the long-term assessment of morphological changes in the Sandy River.
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Figure 2. Comparisons of 1-year bed changes by using four sediment transport rate formulae

Then, the bed roughness coefficients along the river reach were also calibrated. It is found that the large
roughness value (0.06) is appropriate to the downstream reach because the bed surface pre dam removal
was armoured and consisted mainly of cobbles and boulders, and the morphology downstream is more
complex; the best n value in the reservoir sections was close to 0.04.
By using the calibrated model parameters and Wu-Wang-Jia’s sediment transport formula, a 10-yearlong impact assessment of morphological changes in the Sandy River after the Marmot Dam Removal
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was performed. Similar to the approach implemented by Stillwater Sciences (2000) and Cui and Wilcox
(2008), a 10-year long period containing ten yearly hydrographs was assumed to be the synthetic
hydrological forcing in the river. The recorded first-year (i.e., 2008) hydrograph after the dam removal is
used as the input for the first year of simulation. The other nine years were selected randomly from the
historic yearly records in the Sandy River to represent the normal and extreme flow events. The peak
discharge in the 10-year hydrograph varies from 180.4 m3/s in the first year to 390.8 m3/s in the 10th year.
For the 10-year average bed changes, Figure 3 shows that there is an increasing erosion upstream
(Figure 3a), and a continuing aggradation in the immediate downstream of the dam (Figure 3b). It is
obvious that the travelling wave of the eroded sediments from the reservoir causes these morphological
changes. The rate of upstream bed erosion seems slightly slower than that of deposition downstream; One
of reasons is that the downstream cross-sections are narrower than those upstream inside the reservoir.
Meanwhile, erosion is also highly related to the initial bed material size. It is expected that following dam
removal, the slope of the riverbed would gradually return to the pre dam condition. The results show that
the bed changes from year 5 to year 10 are much more than those from year 3 to year 5. This is because
the peak discharges in the second five years are significantly greater than those in the first five years. And
more river waters in the second five years create more bed changes at a few cross sections around 4 km
and 7 km (not plotted in the figure). It is also found that there is an increasing erosion at a reach from 1.4
– 1.8 km, due to accelerated river flows by the narrow cross sections in the reach. The computed trend of
the bed changes depends on the hydrological conditions of the selected water years. If more cycles of
simulations of the ten water years can be repeated, an equilibrium state of morphology may be found,
which remains as a future topic of this study.
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Figure 3. Long-term bed change evolutions computed by using calibrated model parameters

3 CASE 2: SIMULATION OF POST DAM REMOVAL SEDIMENT DYNAMICS ALONG THE
KALAMAZOO RIVER
Between the mid-1800s and the early 1900s, four dams were constructed on the Kalamazoo River
between Plainwell and Allegan, Michigan. The impoundments have been the depositories of upstream
sediment and industrial waste materials containing polychlorinated biphenyl (PCB) and kaolinite clays.
During the 1960s, water levels behind the decommissioned hydroelectric dams were lowered, exposing
the previously inundated material. In response to the lowering of water levels, the river began to erode the
sediments and transport them downstream, but much of this waste clay remains impounded behind the
dams mainly as floodplain deposits. The state of Michigan is interested in removing the dams while
minimizing impacts locally and to downstream reaches. CONCEPTS was used to simulate sediment
loadings from PCB-contaminated stream banks and channel changes for a section between Plainwell and
Otsego, which contains the Plainwell and Otsego City Dams, under three different scenarios: (1) dams in
(DI) or baseline, (2) dams out (DO), and (3) design (D). The design scenario evaluates a redesigned
stream-riparian corridor to minimize the adverse local and downstream impacts of the dam removal.
The CONCEPTS computer model has been developed to simulate the evolution of incised streams and
to evaluate the long-term impact of rehabilitation measures to stabilize stream systems and reduce
sediment yield (Langendoen, 2000). CONCEPTS simulates unsteady, 1D flow, graded sediment transport,
and bank erosion processes in stream corridors. It can predict the dynamic response of flow and sediment
transport to in-stream structures. Its features are similar to those of the CCHE1D model, which was used
in the previous section.
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The study reach of the Kalamazoo River is 8.8 km long, from river kilometer (rkm) 82.4 (cross-section
OC8), to cross-section P3, at rkm 91.2 (Figure 1b). The model of the study reach is composed of 52 cross
sections and contains both Plainwell and Otsego City Dams. The Plainwell Dam is 52.4 m wide and 4.3 m
high. The Otsego City Dam is 46.0 m wide and 4.0 m high. The study reach can be separated into three
distinct subreaches based on location relative to the Plainwell and Otsego City Dams. The Otsego (OC)
reach extends from rkm 82.4 to the Otsego City Dam at rkm 85.3. The Plainwell-Otsego (POC) reach
extends from the upstream end of the Otsego City Dam to the Plainwell Dam at rkm 88.3. The Plainwell
reach extends from the Plainwell Dam to the upstream boundary of the study reach at rkm 91.2.
Flows for all three simulation scenarios are based on a 17.7-year discharge record (October 1984 to
June 2002) from the USGS gage on the Kalamazoo River at Comstock, Michigan (#04106000). The
Gunn River flows into the POC section of the study reach from the north between cross-sections G5 and
G6 (Figure 1b). Because there is no flow data for this tributary, the flow from the Gunn River (296 km2)
was estimated using a drainage area comparison with the flow record from the Kalamazoo River at
Comstock (2740 km2). Given the respective drainage areas, the Gunn River discharge record was 17% of
the Kalamazoo River at Comstock discharge record. A sediment rating curve for fines (clays, silts, and
very fine sands) was derived from 51 suspended-sediment samples collected by the USGS at the
Plainwell gauge. For coarse sediment particles transported as bed load, the sediment transport rates at the
inlet are assumed to equal the local sediment-transport capacity of the flow.
The simulation period is August 2000 through November 2037. The start date coincides with the first
cross-section surveys by the USGS. The inflow record of water and sediment consists of the observed
flow through June 2002 followed by two sequences of the 17.7-year flow record discussed above. The
simulation period is long enough for channel adjustments to reach equilibrium for the DO and D
scenarios.
Bed material stratigraphy and composition were determined at 101 transects covering the study reach
(Rheaume et al., 2002, 2004) and were directly used in the model simulations. Data on bank material
stratigraphy, composition, and properties were collected at 27 locations. Regions with similar bank
material were identified, and data collected in these regions were aggregated. Critical shear stress of the
bank material ranges from a minimum of 1.3 Pa along the POC reach to a maximum of 70 Pa along the
left bank immediately upstream of the Plainwell Dam. Effective cohesion ranges from a minimum of 0 Pa
for sandy bank material to a maximum of 6.8 kPa for the right bank of the most upstream cross sections.
The DI scenario assumes current channel geometries and boundary sediments as initial conditions.
This simulation is used as a baseline by which to compare the two alternative scenarios in terms of gross
amounts of channel change, the mass of material eroded from channel banks, and fine-grained sediment
transport. The DO scenario also assumes current channel geometries as initial conditions but with the
Plainwell and Otsego City Dams no longer in place, leaving 3-4 m high knickpoints. Finally, the design
scenario also assumes that the two dams are no longer in place; however, design channel geometry is used
instead of the current channel geometry for initial conditions (Rachol et al., 2005). For the D scenario,
channel geometry, channel location, floodplain area, and channel elevation were modified between the
Otsego City Dam (rkm 85.3) and cross-section P15 (rkm 89.0) to minimize potential flooding, erosion, or
sedimentation problems after removal of the dams. Cross sections in the impounded area upstream of the
Plainwell Dam were mainly modified by lowering the channel to its pre-dam elevation and removing
impounded sediment to increase floodplain area. The slope through this reach is similar to that for predam conditions. In the POC reach, the slope of the designed channel is steeper than that for pre-dam
conditions. In the anastomosing part of the reach, valley cross sections were modified by simplifying the
multiple channel system into one or two main channels. Downstream of the multichannel reach, the
channel elevation was lowered below its pre-dam elevation to provide a smooth transition to the incised
reach downstream of the Otsego City Dam and impounded sediment removed to create a floodplain area.
Streambeds of excavated cross sections were assigned material composition and properties found at the
level of excavation.
The DI modeling scenario represents a baseline condition with existing channel geometries (including
the low-head dams) and boundary characteristics. In general, the simulation predicted aggradation in the
Plainwell reach with sediment deposited in the backwaters caused by U.S. Highway 131 bridge and the
Plainwell Dam (Figure 4a). The main branch of the POC reach is slightly erosional, whereas the OC reach
is mainly a transport reach. Results show that over the entire study reach, there is a net annual deposition
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of material (4100 t yr-1). However, silts and clays are eroded primarily from the bed at an average annual
rate of 1990 t yr-1.
For the DO scenario, large-scale erosion of the deposits upstream of the dams occurred very quickly as
the fine-grained particles were unable to resist the increased shear (Figure 4b). The channel incises down
to its parent bed material (pre-dam elevations), limiting the extent of erosion to the depth of the reservoir
deposits. In the Plainwell reach, bed deposition of 6400 t yr-1 for the baseline (DI) scenario turned to
erosion of 289 t yr-1 for the DO scenario. Net bed erosion in the POC reach increased 1346% to 6580
t yr-1 for the DO scenario compared with the DI scenario (455 t yr-1). Bank erosion also increased greatly
(1645%) in the POC reach from about 157 to 2740 t yr-1 on average, due to higher shear stresses exerted
by the flow caused by the initial steepening of the channel, especially upstream of the Otsego City Dam
location.
Figure 4c shows the differences between the current thalweg profile and that of the design channel for
the D scenario. Simulation shows the POC and OC reaches are fairly stable because of the coarse-grained
bed material. Channel deposition (2570 t yr-1) simulated under this scenario is 37% lower than the DI
scenario (4100 t yr-1). Erosion of stream bank materials <63 μm (112 t yr-1) is 28% greater than that for
the DI scenario (87.7 t yr-1).
Over the simulation period, the DI/baseline
scenario provides the smallest load passing the
outlet (Table 1). The total load is the largest for
the DO scenario; however, the silt and clay
fraction is smallest for the DO and D scenario.
The increase in sand-sized sediment transport
appears to limit the amount of fines being
transported. Sediments eroded from the channel
boundary and downstream sediment load are
similar and fairly low for the DI and D scenarios,
indicating a stable stream system. Removal of
the low-head dams induces severe channel bed
and stream bank erosion upstream of the former
dam locations, significantly increasing sediment
load. However, most of these sediments are
eroded in the first 3 years (Table 1). The
quantities of fine-grained material (<63 μm)
transported past the downstream boundary over
the last 35 years of the simulation are similar to
those of the DI and D scenarios. Therefore, most
of the channel adjustment due to dam removal
occurs in the first 3 years of the simulation.
Although the DI (baseline) case clearly
provides the smallest loads for total sediment
transport, in order to improve navigation and
fisheries within this reach of the Kalamazoo
River, the removal of the low-head dams and
implementation of the design proposed by the
USGS provides reduced loadings in materials
Figure 4. Initial and final thalweg profiles for the (a)
dams in (DI), (b) dams out (DO), and (c) design
less than 63 μm, and total loads passing OC8 are
(D) scenarios
comparable with the existing DI loadings.
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equilibrium sediment transport, which accounted for graded sediment compositions of the reservoir
deposits and the downstream sand bed. Using the observed morphological changes after the dam removal,
sediment transport capacity formulas and model parameters such as bed roughness were calibrated. The
calibrated parameter values and selected formula were used for the long-term impact assessment of the
dam removal. The results showed that over a 10-year period, sediment deposition would reach 10-km
downstream of the dam site. Simulation results showed a persistent erosion of sediments from the
reservoir over the 10-year period; the eroded sediments travel downstream as a wave. Further, it was
found that the runoff will greatly affect the rate of morphologic adjustment.
The second example is a CONCEPTS study of the sediment dynamics after removal of the Plainwell
and Otsego City dams along the Kalamazoo River, Michigan. To mitigate the downstream impact of
eroded sediments, CONCEPTS was used to evaluate the erosion, transport, and deposition of sediments
over a 37-year period for three different dam-removal scenarios: (1) dams in (DI) or baseline, (2) dams
out (DO), and (3) design (D). The design scenario evaluated a redesigned stream-riparian corridor to
minimize the adverse local and downstream impacts of the dam removal. For the DO case, the averageannual sediment load increased 12 times, the erosion of material finer than 63 μm increased 2.2 times, and
the mass of fine-grained sediments increased 1.6 times compared to the DI case. For the D case, the
average-annual sediment load was one-third of the DO case but still 4 times greater than the DI case. The
relative contribution of fines to total load was larger for the DI case compared to the DO and D case, and
the relative contribution of fines to total load in the D case was twice the DO case. The DI (baseline) case
clearly provides the smallest loads for both total and fine-grained sediment transport.
Prediction results by the models can be used for managing and planning river sedimentation after the
dam removal. The optimal sediment transport rate found by the simulation-based model can minimize the
deposition at the downstream. It can be used as an engineering management guidance to plan a better
scheduled dam decommissioning if releasing reservoir deposits can be operated.
The presented applications confirmed that the latest computational simulation technology is capable of
making predictions of the outcomes of alternative dam removal plans and sediment movement designs.
Therefore, it is recommended that during the design phase of control measures and sediment management
plans, modeling studies and optimization analyses are conducted to select the optimal (compromised)
decisions in sediment movement and relocation control. Then, the dam removal project shall be costeffective in the short- and long-term from watershed management and regional point of view.
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ABSTRACT: Classic gully erosion control measures such as check dams have been unsuccessful in halting gully formation and growth in the humid northern Ethiopian highlands. Gullies are typically formed
in vertisols and flow often bypasses the check dams as elevated groundwater tables make gully banks unstable. Check dams also have been unable to halt the formation and headward migration of head cuts,
which often exceed heights of 3 to 4 m. Structural measures built from concrete, steel, and riprap, such as
high drop structures with plunge pools, are too expensive for the local farmers to construct. Here we used
the U.S. Department of Agriculture (USDA) computer model BSTEM to determine stable slopes of the
gully head and banks in the Debre-Mewi watershed, northern Ethiopia, to arrest a rapidly migrating head
cut exceeding 3 m in height with downstream gully depths exceeding 6 m. We then used the USDA model CONCEPTS to determine the required protective cover to prevent erosion of the regraded head cut.
Given the cohesive strength of the soils (> 19 kPa), BSTEM calculated stable slopes that varied between
75 degrees for a bank height of 3 m to 47 degrees for a bank height of 6 m. CONCEPTS simulated flow
velocities of 7 m/s and shear stresses exceeding 100 Pa at the upstream of the regraded gully head. A
demonstration project has started that uses bamboo sheets to protect the soil surface against such forces.
The introduction of computational modeling technology of increasing complexity, such as BSTEM and
CONCEPTS, could have major benefits to develop cost-effective erosion control measures in developing
countries such as Ethiopia.
Keywords: Gully erosion, Erosion control, Ethiopia, BSTEM, CONCEPTS
1 INTRODUCTION
Over the past three decades, gullying has been widespread and has become more severe in the Ethiopian
highlands, contributing as much as 94% of total sediment yield (e.g., Poesen et al., 2003; Nyssen et al.,
2004a). Gullies are formed in saturated and unstable bottom soils and are indirectly caused by deforestation and expansion of cultivation in steeper or marginal land, which shortens the flow path of the water.
Although traditionally gully growth and extension is related to intense rain coupled with soils prone to
sealing and crusting, generating high runoff volume and concentrated flow, gully growth in the humid
Ethiopian highlands is significantly related to elevated groundwater tables that make gully banks unstable
and cause slippage of banks (Tebebu et al., 2010).
Only in very few cases, rehabilitation of gullies has been successful in Ethiopia (Nyssen et al., 2004b)
due to the high costs of constructing appropriate structural stabilization measures and the lack of suitable
computational design tools in this developing country. Current best management practices to control gully
erosion typically consist of closely-spaced check dams in the upper portions of degraded watersheds
(Figure 1). Check dams reduce the effective slope of the channel, thereby reducing the velocity of flowing
water, allowing sediment to settle and reducing channel erosion. Check dams have been fairly effective in
the semi-arid Tigray Region of northeastern Ethiopia (Nyssen et al., 2004b). However, they have been ineffective to control gully erosion in the more humid Amhara region, where gullies are formed in vertisols
and flow often bypasses the check dams. Check dams also have been unable to halt the formation and
headward migration of head cuts, which can exceed heights of 3 to 4 m (Figure 1).
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values above one are theoretically viewed as stable. However, the uncertainty and variability of soil properties and failure geometries are such that we consider values between 1.0 and 1.3 conditionally stable.
Groundwater table dynamics are reflected in the pore-water force in the soil shear strength equation.
BSTEM incorporates the RipRoot model to calculate the soil reinforcement provided by roots of riparian vegetation (Pollen and Simon, 2005). Riproot accounts for both root breaking and root pullout to estimate root reinforcement. A vegetation assemblage can be created by accessing the species database contained in the submodel; the user enters species, approximate vegetation ages, and approximate percent
cover of each species at each site to estimate root density. This database includes tests performed across
the United States. Root reinforcement values are then calculated automatically using RipRoot’s progressive breaking algorithm.
2.1.2 CONCEPTS
The CONCEPTS computer model has been developed to simulate the evolution of incised streams and to
evaluate the long-term impact of rehabilitation measures to stabilize stream systems and reduce sediment
yield (Langendoen et al., 2008a; 2008b). CONCEPTS simulates unsteady, one-dimensional (1D) flow,
graded sediment transport, and bank erosion processes in stream corridors. It can predict the dynamic response of flow and sediment transport to in-stream structures.
CONCEPTS models streamflow as 1D along the channel’s centerline. Hence, it is limited to fairly
straight channels; it cannot predict bar formation and channel migration. CONCEPTS simulates gradually
varying flow (described by the Saint-Venant equations) as a function of time along a series of cross sections representing stream and floodplain geometry. The governing system of equations are solved using
the generalized Preissmann scheme, allowing a variable spacing between cross sections and large time
steps conducive to long-term simulations of channel evolution. The implementation of the solution method contains various enhancements to improve the robustness of the model, particularly for flashy runoff
events.
Alluvial stream banks are typically composed of fine-grained deposits containing clays, silts, and fine
sands (hereafter referred to as fines), which may overlay coarser relic point bars. Streambeds are more
commonly composed of sands and gravels, resistant clay layers, or bedrock. Therefore, the range in particle sizes being transported in alluvial streams may be quite large, and the composition of the sediment
mixture in transport may be quite different from that of the bed material if a majority of the sediments are
fines transported in suspension. CONCEPTS therefore calculates sediment transport rates by size fraction
for 14 predefined sediment size classes ranging from 10 μm to 64 mm. CONCEPTS uses a total-load
evaluation of bed-material transport and treats movement of clays and fine silts (<10 μm) as pass-through
background wash load. The differences in transport mechanics of suspended and bed load movement are
accounted for through nonequilibrium effects. The composition of bed surface and substrate is tracked,
enabling the simulation of vertical and longitudinal fining or coarsening of the bed material.
CONCEPTS simulates channel width adjustment by incorporating the two fundamental physical processes responsible for bank retreat: fluvial erosion or entrainment of bank material particles by flow and
bank mass failure due to gravity. Bank material may be cohesive or noncohesive and may comprise numerous soil layers. The detachment of cohesive soils is calculated following an excess shear-stress approach. An average shear stress on each soil layer is computed. This is slightly different from the method
used by BSTEM, which calculates an average shear stress for each node in the bank profile. If the critical
shear stress of the material is exceeded, entrainment occurs. CONCEPTS is able to simulate the development of overhanging banks. Stream bank failure occurs when gravitational forces that tend to move soil
downslope exceed the forces of friction and cohesion that resist movement. The risk of failure is expressed by a factor of safety, defined as the ratio of resisting to driving forces or moments, using the
method slices. CONCEPTS performs stability analyses of wedge-type failures and cantilever failures of
overhanging banks. The effects of pore water pressure and confining pressure exerted by the water in the
stream are accounted for.
2.2 Study Area
The research was conducted in the Debre-Mewi watershed located about 30 km south of Bahir Dar,
Ethiopia (Figure 2). Gullying commenced in the 1980s following the clearance of indigenous vegetation
and intensive agricultural cultivation, leading to an increase of surface and subsurface runoff from the
hillside to the valley bottoms. Gully erosion rates were 10 to 20 times the measured upland soil losses.
Water levels, measured with piezometers, showed that in the actively eroding sections, the water table
was in general above the gully bottom and below it in the (self-) stabilized sections (Tebebu et al., 2010).
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put-parameter values can all be obtained directly from field studies and laboratory analyses. Data characterizing gully geometry, runoff, and boundary material properties were collected before, during and after
the 2013 rainy season (Zegeye et al., 2014).
Ten cross sections near the gully head cut were repeatedly surveyed using a combination of tape meter
and total station. The top-bank of the entire gully was also delineated using a hand-held GPS system. The
gully head migrated about 12 m upslope between July and September, 2013, which resulted in a soil loss
of 460 m3 (or about 515 metric tons using the mean measured bulk density of 1.12 g/cm3). The total soil
loss of the entire gully was 23,360 m3 or 26,163 tons, which is about three fold that of the previous study
by Tebebu et al. (2010). This indicates that stabilization of this gully and its head is critical.
Two reinforced concrete, rectangular weirs were constructed to measure sediment concentration and
discharge at the upstream and downstream ends of the gully. During runoff events a one liter sample was
collected every 10 minutes at both weirs. At the same time a sediment sample was collected, the flow
depth at each weir was read from a staff gage. The samples were processed in the laboratory using Whatman filter paper followed by oven-drying to determine the sediment mass in the bottle. Discharge was
calculated as 𝑄 = 𝐴𝑣, where 𝐴 is flow area and 𝑣 is water velocity measured by timing the displacement
distance of water surface floats. The measured discharge record comprised 35 runoff events, and the maximum measured discharge was 0.5 m3/s at the upstream weir and 1.4 m3/s at the downstream weir.
The gully bank soil profile characteristics (such as soil texture, bulk density, particle density, particle
size) and bank material shear strength were determined in the laboratory by collecting samples from four
layers of gully bank and bed (see Table 1). Bank material shear strength was measured using a direct
shear test device.
Table
1. Physical properties of gully bank material layers in Debre Mewi watershed, northern Ethiopia.
________________________________________________________________________________
Soil texture
Bulk density
Effective cohesion
Friction angle
___________________
Gully bank layer %clay %silt %sand
(g/cm3)
(kPa)
(°)
________________________________________________________________________________
1
64
16
20
1.15
23
16
2
62
24
14
1.05
19
18
3
74
2
24
1.10
32
11
4
72
12
16
1.19
22
19
________________________________________________________________________________

3 MODEL APPLICATION
BSTEM was used to determine stable head cut and sidewall slopes for the studied gully in the DebreMewi watershed given the measured soil properties. CONCEPTS was then used to determine the surface
protection needed to prevent erosion of the head cuts regraded at stable slopes.
3.1 BSTEM
Although the cohesive strength of the clay soils comprising the gully boundary materials (Table 1) is
quite large, it is insufficient to maintain a stable vertical profile of gully head cut and sidewalls. Figure 4
plots the Factor of safety of a 3 m vertical head cut as a function of groundwater elevation and tension
crack depth. The tension crack depth (𝑧𝑐 ) is usually equated to the depth at which the active pressure is
zero (e.g., Lambe and Whitman, 1969):
𝑧𝑐 =

2𝑐
𝛾

(1)

tan(45° + 𝜙⁄2)

where 𝑐 is effective cohesion, 𝛾 is bulk soil unit weight, and 𝜙 is soil friction angle. For the soil properties listed in Table 1 the tension crack depth varies between 4.5 and 7.2 m. In the BSTEM simulations the
maximum tension crack depth used was 2.4 m.
Figure 4 shows that both tension crack depth and groundwater table can significantly affect factor of
safety. Both a tension crack and an elevated groundwater table may have to occur to destabilize a 3 m
vertical head cut. For example, for a tension crack depth of 2.4 m, groundwater table has to exceed half
the height of the head cut (1.5 m) to cause collapse (𝐹𝑠 < 1).
During runoff events the free overfall over the brink of the gully head will scour the toe of the head cut
and form an undercut. These undercuts can significantly reduce factor of safety. Figure 4 shows that the
reduction in factor of safety is higher for larger tension cracks. For a triangular-shaped 30 cm undercut
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over the bottom 0.5 m, the gully head becomes unstable even for groundwater tables located at the gully
bottom (Figure 4).
Using the properties listed in Table 1, BSTEM was used to determine the angle at which slopes of varying height would be unconditionally stable (𝐹𝑠 > 1.3). Figure 5 plots the stable slope angles as a function of slope height. The groundwater elevation was assumed to be 3 m. Gully heads and banks with angles not exceeding 45 degrees should be stable under fully saturated conditions in our study area.
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Figure 4. Factor of safety as a function of groundwater table and tension crack depth for a 3 m vertical head cut. Solid lines
plot factor of safety without an undercut bank. Dashed lines plot factor of safety for a bank with a 30 cm undercut
along the bottom 0.5 m of the bank.
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Figure 5. Stable slope angle for varying gully head or bank heights calculated by BSTEM using the soil properties listed in
Table 1.

3.2 CONCEPTS
CONCEPTS was used to determine the shear stresses for a range of flows that may occur over a 45degrees regraded head cut and 45-degrees regraded sidewalls near the head of our studied gully. The
measured cross-sectional profiles using total station and tape meter were used to build the CONCEPTS
model geometry. The model geometry was constructed using the following parameters: channel slope is
3%, gully head cut and bank slopes are 100%, gully head height is 3 m, channel depth upstream is 1.5 m,
and channel depth downstream is 4.5 m. The Manning 𝑛 roughness coefficient was assumed to be 0.05
for the gully sidewalls and 0.03 for the gully bed. Two discharges were evaluated: the largest observed
discharge of 0.5 m3/s during the 2013 rainy season, and the largest to be expected discharge of 2 m3/s calculated using the rational method.
Figure 6 plots the simulated water surface profiles. Flow depth for 𝑄 = 0.5 m3/s equals about 0.15 m
for most of the gully except immediately upstream of the gully head where flow depth reduces to
0.035 m. Water surface slope increases from 3.0% to 5.4% at the upstream end of the regraded head cut.
For 𝑄 = 2.0 m3/s, flow depth equals about 0.35 m for most of the gully except immediately upstream of
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the gully head where flow depth decreases to 0.11 m. Water surface slope increases from 3.0% to 8.0% at
the upstream end of the regraded gully head cut.
The maximum shear stress is located at the upstream end of the gully head where water surface slope
is largest. Simulated shear stresses for 𝑄 = 0.5 m3/s vary between 45 Pa away from the gully head to 103
Pa at the upstream end of the gully head where flow velocity is about 7.2 m/s. For 𝑄 = 2.0 m3/s, simulated shear stresses vary between 100 Pa away from the gully head to a little over 400 Pa at the upstream
end of the gully head, where the velocity approaches 8 m/s. Note that the simulated flow is supercritical,
and the values calculated by CONCEPTS, which uses a diffusion wave model, could therefore be overpredicted. Hydraulic Engineering Circular No. 11 (HEC-11) used by the US Federal Highway Administration to design riprap revetments (Brown and Clyde, 1989) gives a median particle size of 7.3 m for
loose riprap to protect the regraded gully head against surface erosion. As those particle sizes are unrealistic for the studied gully, other means of surface protection need to be used. A rock and wire mattress
with a thickness of 0.5 m would prevent erosion for flow velocities exceeding 7 m/s (Brown and Clyde,
1989). As this is too expensive to fabricate, it was decided to use bamboo sheets to protect the regraded
gully head and sidewalls (Figure 7). The gully erosion control measure will be tested for the 2014 rainy
season.

Figure 6. Simulated water surface profiles (thin lines) over a gully head regraded to 45 degrees (fat line) for discharges of
0.5 m3/s and 2 m3/s.

4 CONCLUSIONS
The USDA BSTEM and CONCEPTS computer models were used to aid in the design of new gully erosion control measures in the humid northern Ethiopian highlands, specifically the Debre-Mewi watershed.
The developed measure consisted of the regrading of gully head cut and sidewalls to a stable slope and
protection of the regraded soil surface. The main conclusions of the modeling effort are:
1. BSTEM predicted stable bank slopes between 75 degrees for a bank height of 3 m to 47 degrees for a bank height of 6 m.
2. CONCEPTS predicted flow velocities up to 8 m/s and shear stresses as large as 400 Pa on the
upstream end of the regraded gully head.
3. Natural, technical, and computational resources in developing countries such as Ethiopia to design and implement effective measures to halt pervasive land degradation processes are lacking
or severely limited. A gradual introduction of computational modeling technology of increasing complexity, such as BSTEM and CONCEPTS, have major benefits in designing costeffective erosion control measures.
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ABSTRACT: Sediment in water resources is a major contributor to water quality degradation. Finegrained sediment emanating from agricultural watersheds is a concern for protecting water resources and
environment. A large portion of the sediments may be contributed by channel erosion processes including
channel incision, headcut migration, bank erosion, or local scouring. In-stream structural measures such
as drop structures to control channel grade, and spur dikes, large wood and planting of riparian vegetation
to control bank erosion have been constructed to reduce channel erosion and its resulting sediment load.
In the past decades, computer simulation models have been developed to help researchers and engineers
understand and resolve these sedimentation problems. Among others, the U.S. Department of Agriculture
has developed the one-dimensional CONservational Channel Evolution and Pollutant Transport System
(CONCEPTS) for flow and sediment transport routing including bank erosion in river channels at the
stream corridor scale. The National Center for Computational Hydroscience and Engineering has developed the multi-dimensional suite of CCHE2D/3D computer models for simulating these processes in
more detail at smaller spatial scales, thus emphasizing localized problems. Successful applications of
these models have demonstrated their effectiveness and usefulness. Due to the complexity of sediment
transport and soil erosion processes, models designed for problems of distinct spatial and time scales will
have to be applied in an integrated fashion. An integrated approach to make state-of-the-art numerical
models available for research and practical applications will be the most cost-effective.
Keywords: River sedimentation, Channel migration, Local scour, Bank erosion, Numerical simulation,
CCHE2D, CCHE3D, CONCEPTS
1 INTRODUCTION
Geomorphic processes in stream channels of agricultural watersheds can produce large amounts of sediment, alter the local landscape of streams and damage farm lands. Physical models and field observations
have been used to understand these processes and in-stream structures have been installed to mitigate the
adverse effects of stream sedimentation processes. Due to the large spatial scale of watersheds and the
complexity of the sedimentation problems, these studies can only provide treatment or solutions to local
problems; the effects of mitigation measures and in-stream structures have scarcely been evaluated at the
watershed scale.
In recent decades, numerical models have been developed to simulate flow and sedimentation processes in watersheds. Based on extensive understanding of the flow and soil erosion physics, numerical models have been applied successfully to reproduce observed physical changes in the channel network and
around instream structures and, to certain extent, predict what may happen in the future. Even with limited applications in the area of river sedimentation, numerical models have shown their effectiveness, efficiency and necessity over other methodologies. Though, additional efforts are still needed to enhance
numerical models for application to more detailed local problems and watershed system approaches for
water resource engineers and managers.
This paper introduces several numerical models: the one-dimensional model CONCEPTS, developed
by the U.S. Department of Agriculture (USDA), Agricultural Research Service (ARS); and the two- and
three-dimensional models, CCHE2D and CCHE3D, developed by the National Center CCHE for Compu1147

tational Hydroscience and Engineering (NCCHE). We review their capabilities of simulating stream sedimentation processes. The potential of further model development, refinement and future modeling needs
for agricultural watersheds will be discussed as well.
2 THE CONCEPTS COMPUTER MODEL
2.1 Overview
The CONCEPTS computer model has been developed to simulate the evolution of incised streams and to
evaluate the long-term impact of rehabilitation measures to stabilize stream systems and reduce sediment
yield (Langendoen et al., 2008a; 2008b). CONCEPTS simulates unsteady, one-dimensional (1D) flow,
graded sediment transport, and bank erosion processes in stream corridors. It can predict the dynamic response of flow and sediment transport to in-stream structures.
CONCEPTS models streamflow as 1D along the channel’s centerline. Hence, it is limited to fairly
straight channels; it cannot predict bar formation and channel migration. CONCEPTS simulates gradually
varying flow (described by the Saint-Venant equations) as a function of time along a series of cross sections representing stream and floodplain geometry. The governing system of equations are solved using
the generalized Preissmann scheme, allowing a variable spacing between cross sections and large time
steps conducive to long-term simulations of channel evolution. The implementation of the solution method contains various enhancements to improve the robustness of the model, particularly for flashy runoff
events.
CONCEPTS calculates sediment transport rates by size fraction for 14 predefined sediment size classes ranging from 10 μm to 64 mm. It uses a total-load evaluation of bed-material transport and treats
movement of clays and fine silts (<10 μm) as pass-through background wash load. The differences in
transport mechanics of suspended and bed load movement are accounted for through nonequilibrium effects. The composition of bed surface and substrate is tracked, enabling the simulation of vertical and
longitudinal fining or coarsening of the bed material.
CONCEPTS simulates channel width adjustment by incorporating the two fundamental physical processes responsible for bank retreat: fluvial erosion or entrainment of bank material particles by flow and
bank mass failure due to gravity. The detachment of cohesive soils is calculated following an excess
shear-stress approach. An average shear stress on each soil layer is computed. If the critical shear stress
of the material is exceeded, entrainment occurs. CONCEPTS is able to simulate the development of overhanging banks. Stream bank failure occurs when gravitational forces that tend to move soil downslope
exceed the forces of friction and cohesion that resist movement. The risk of failure is expressed by a factor of safety, defined as the ratio of resisting to driving forces or moments, using the method slices.
CONCEPTS performs stability analyses of wedge-type failures and cantilever failures of overhanging
banks. The effects of pore water pressure and confining pressure exerted by the water in the stream are
accounted for.
2.2 Determining the relative contributions of channel sources at the watershed scale.
Developing BMPs at the watershed scale to reduce in-stream fine-grained sediment loadings is ineffective
if channel sources are excluded. Channels in agricultural lands are often disturbed by runoff and sediment from uplands, which may result in extensive channel erosion. Current watershed models do not adequately incorporate channel erosion processes. CONCEPTS was used to determine in-stream sources of
fine sediment and their rates relative to upland sources at the watershed scale for the Shades Creek watershed, Alabama. The Shades Creek watershed is located near Birmingham, Alabama, in an area experiencing rapid urbanization. Nearly the entire length of Shades Creek is listed as impaired due to sediments.
Surveys conducted between 1990 and 1993, and again in 1997, indicated impairment caused by collection
system failure, road and bridge construction, land development, urban runoff, removal of riparian vegetation, and bank/shoreline modification. Simon et al. (2004) carried out a study to determine bed material
composition, sediment yields, and sources in the Shades Creek watershed and to compare these to “reference” sediment yields for unimpaired streams in the region.
As part of the study, CONCEPTS was used in combination with the watershed model AnnAGNPS
(Bingner and Theurer, 2001) to evaluate, among others: (1) the effects of urbanization on channel erosion
and bed material gradation and (2) the potential reduction in fine-grained sediment yield provided by
stream bank stabilization measures. AnnAGNPS provides peak flow discharge, runoff volume, and clay,
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surface. The effects of suspended sediment is modeled using depth averaged suspended sediment
transport equation with a dispersion term accounting for the secondary current effect. The sediment
movement direction finally computed under the flow and secondary current conditions will be used to determine the bed load direction.
Shear stress

Main flow
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to gravity
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flow
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Figure 3. Suspended load and bed load motion affected by the secondary flow and the gravity. a) Definition of longitudinal
and secondary current velocities. b) Effect of transverse bed slope and secondary flow. c) Effect of secondary current on suspended sediment.

Figure 4 shows examples of bed change and bank erosion simulation of a prototype scale river. When the
bank is non-erodible, the flow is confined (Fig. 4a), the flow attacks the stoss-side bank of the curved
channel, the curvature of thalweg of the channel becomes larger than that of the center line. The impact of
the main flow and the secondary flow can deepen the channel near the stoss-side, and move the sediment
toward the lee side of a bend wave. An equilibrium channel morphology can be established when the
channel bank is non-erodible. If the banks are erodible (Fig. 4b), the stoss-side bank will retreat while the
lee side bank will not because of the local sediment deposition and resultant formation of a bar. The
asymmetric bank erosion would eventually lead to channel migration.
a:

Fixed

b:

Erodible

Figure 4. Modeling of morphologic adjustment of a meandering channel: (a) non-erodible banks and (b) erodible banks.

3.2 Application of bank erosion model to a field case
ChoShui River originates in the central mountains of Taiwan Island; it forms a large alluvial fan and then
empties into the South China Sea. The channel slope in the mountain area is very steep. The valley of the
river is very wide and a typical braided river pattern with multiple curved sub-channels can be observed
from aerial photos and satellite imagery. The study reach is situated at the connection part of the mountain and the alluvial fan of the river. The channel slope is about 0.69% for the mountain part and it reduces suddenly to about 0.41% over the alluvial fan. The channel flow discharge varies greatly, particularly
during typhoon seasons. The multiple channels become a single one when the discharge is very large during typhoon seasons. Due to the nature of the channel pattern, the main channel and secondary channels
in the study reach change courses randomly and quickly. Sediment transport is dominated by the pattern
of the flow discharge. The computational model, CCHE2D, has been applied to simulate the bank erosion
process in one reach of the river, a 26 km stretch (Figure 5).
Even in a braided river, each sub-channel is a curved one. Because sediment transport in curved channels is affected by the secondary current, creating a lateral sediment motion and channel change, the
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computational model should include this mechanism to reflect the realistic transport processes. Figure 5
shows the nature of the braided river. The river sedimentation process is particularly active in Typhoon
seasons. The bank erosion process was carried out using about 10 typhoon events in 10 years. Nonuniform sediment in bed materials and bank materials are considered. Due to the strong hydraulic power
and mobile sediment property, several hundred meters of channel bank retreat at some locations of the
river was observed in this period. The numerical model produced very good bank erosion and channel bed
change results. The bank erosion was about 500 meters near the section 70 (Figure 6), for example, was
predicted very well.

Figure 5. Study reach of Choshui River.

Figure 6. Comparison of measured and simulated bank erosion. Green: Cross-section in 1998, Red: measured cross-section in
2007 and Blue: simulated cross-section in 2007.

4 LOCAL SCOURING AND CCHE3D MODEL APPLICATIONS
4.1 Simulations of flow around spur dikes for bank protection
Local scouring is a common threat to in-stream structures such as bridge piers or river training dikes constructed in alluvial rivers; it may result in bridge failures or bank erosion. Spur dikes are effective structures to protect stream banks from erosion, however, the structure itself introduces localized erosion
which may cause damage to the dikes. Detailed flow field around a spur dike and inside the scour hole
has been measured by many researchers, for example Kuhnle et al. (1999). To improve understanding of
the flow and scour processes associated with spur dikes, numerical simulation was performed using the
free surface turbulent flow model, CCHE3D (Jia et al. 2005, Jia et al. 2013). The experiment setup, flow
parameters and the scour hole are indicated in Figures 7 and 8.
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Cross Stream (m)

Figure 7. Definition sketch of experimental setup. The shaded block represents the model spur-dike. All dimensions are in
meters. The coordinate convention used was x – streamwise direction, y – cross stream, z - vertical, with the origin
at the upstream right wall on the bed of the channel. h is defined as the flow depth upstream of the structure.
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Figure 8. Topographic map of scoured fixed bed. Bed was allowed to scour for 30 hours before it was fixed with a thin layer
of cement. Contour interval is 0.02 m.

CCHE3D is a finite element based free-surface turbulent flow model and sediment transport model. The
k-ε turbulence closure model was applied to this simulation. The numerical simulation of the flow generally showed very good agreement between the computational results and the measurements (Figure 9).
The flow recirculation near the bottom of both scour holes, one in the front and one behind the dike, can
be simulated. The numerical simulation results indicate the CCHE3D model can be used to reasonably
predict near-field flows around hydraulic structures.
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U velocity profile at y=-0.2438m (Bodyfit)

0.3 m/s

0.75
0.7
0.65

Z

0.6
0.55
0.5
0.45
0.4
0.35
-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

U, X

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Figure 9. Comparison of measured and simulated stream-wise velocities near the dike and in scour hole.

4.2 Bridge Scouring Studies With CCHE3d Model
Bridge piers often affect the flow and sediment transport of streams and to certain extent, affects the trend
of rivers’ natural migration. The hydrodynamic force of the approach flow is blocked by the structures
standing in its path way and additional turbulence fluctuations are stimulated which provide excessive
erosional power and thus create a deep scouring hole around the structures.
Studies using laboratory experiments, field measurements, and numerical simulations have contributed
to the understanding of the complex three-dimensional nature of the near field flows around bridge piers
and the associated turbulence characteristics. Recently, a new approached has been developed in the
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