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ABSTRACT: This paper presents results of a study carried out to investigate the relationship between
bed form heights and river curvature in an 11 km long regulated and curved river reach of the Elbe River
in Germany. The analyzed bed topography data were collected between 2004 and 2011 with a high spatial
resolution of 2 x 2 m for a range of flow rates from low flows to floods on behalf of the Federal Water-
ways Engineering and Research Institute (BAW), Germany. Applying the random field approach, i.e.
treating the wavy bed surface as a random field of bed elevations, bed form heights along the river reach
are analyzed by means of the standard deviation of bed elevations. A method for the determination of the
standard deviation as a function of river station is proposed which is based on subdividing the river reach
under investigation in segments with constant lengths exceeding the maximum dune length. The method
is tested by analyzing bed topography data in a relatively straight 3 km long sub-section by comparing the
results from the random field approach analysis with the results from a zero-crossings analysis of the
same data. Due to the difficulties of generating representative longitudinal profiles for the zero-crossings
analysis in curved river sections, the proposed method is then used to investigate the dependency between
the surrogate bed form height measure “standard deviation” on river curvature and discharge along the
total river reach under investigation. The results show a clear dependency of the standard deviation from
both river planform and discharge, hence confirming that statistical analyses may be used for the charac-
terization and prediction of flow-dependent sand bed roughness. The results are critically discussed and
the potential of the random field approach for the analysis of fluvial morphology is highlighted
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1 INTRODUCTION

Alluvial rivers often develop bed forms that determine hydraulic resistance, sediment transport,
channel morphodynamics, and hydraulic habitat for biota. Dunes, representing a major obstacle in the
solution of sedimentation problems in rivers and navigable waterways, are considered as the most impor-
tant bed form (ASCE 2002). Until today, most of the existing knowledge on flow and sediment transport
over dunes, dune topography, and dune dynamics has resulted from investigations carried out in straight
flumes or focusing on straight river sections (e.g., Yalin, 1964, Nordin, 1971, Engelund and Fredsoe, 1982,
Yalin, 1992, Best, 2005, McElroy and Mohrig, 2009, Coleman, 2010, Aberle et al., 2010a and references
therein). However, detailed studies on bed form geometry and dynamics in curved and/or meandering
channels are rare, although most natural rivers are curved in plan.

The flow in curved channels is characterized by a secondary flow pattern, also named as helical or
spiral, that introduces a transverse shear altering the bed shear stress distribution across a channel (e.g.,
Blanckaert and Graf, 2004). This flow pattern induces a lateral bed load transport component transporting
small grains, to a greater extent than coarse grains, towards the convex bank resulting in the characteristic



point bar and pool morphology of bends (e.g., Struiksma et al., 1985). The variable shear stress field and
the associated sorting processes in the bend have also implications for dune migration rates and dune
geometry (e.g., Sieben and Talmon, 2011). For example, several studies reported different dune migration
rates at the inner and outer bank, skewing of dune orientation, and the occurrence of larger dunes at the
outer than at the inner bank (e.g., O'Loughlin and Squarer, 1967, Callander, 1978, Dietrich and Smith,
1984, Odgaard and Bergs, 1988, Thorne and Abt, 1993, Aberle et al., 2010b, Henning, 2013). Moreover,
Kisling-Mgller (1992) identified the development of secondary dunes in the troughs between the primary
dunes migrating towards the convex bank at the point bar.

The roughness effect of dunes in bends is more pronounced than in straight channels due to the
complex 3D-geometry (e.g., O'Loughlin and Squarer, 1967, Altunin et al., 1987). However, the associated
dune deformation complicates the analysis of roughness using conventional descriptive approaches, in
general, and bed form geometry, in particular. In straight sections, dune geometry has often been quanti-
fied from 2D-profiles by applying the zero-crossings method (e.g., Nordin, 1971, van der Mark et al.,
2008) but it is questionable if oblique 3D-bed forms can be adequately described using such 2D-ap-
proaches, as there is no guidance available how representative longitudinal profiles can be obtained in
bends. A solution to this problem is to analyze bed form geometry based on the random field approach
(e.g., Nordin, 1971, Nikora et al., 1997), i.e. based on a statistical description of bed form geometry by
treating the wavy bed surface as a random field of bed elevations. The application of this approach is
based on the assumption that the underlying process is stationary in a statistical sense. In straight reaches,
this condition depends on the length of the section with uniform flow where stationary bed geometry can
develop. For such reaches it has been found that the conventional crest-to-trough roughness height of
dunes can be expressed according to hg = 2.20 (Coleman et al., 2011), where o denotes the standard dev-
iation of bed elevations which can be considered as a surrogate measure for bed form height (Crickmore,
1967, Nordin, 1971,Willis and Kennedy, 1980, Nikora et al., 1997).

In a curved section uniform flow does not occur as both flow and bed geometry change across the
channel width and with downstream distance. As a consequence, O'Loughlin and Squarer (1967) recom-
mended focusing on the analysis of bed geometry and dynamics in curved reaches within the temporal
domain rather than in the spatial domain by recording long time series of bed geometry. However, expe-
rimental methods for simultaneous measurements with a high resolution in both domains have only re-
cently become available in laboratory experiments (e.g., Henning, 2013). Field based studies of bed topo-
graphy in bends, on the other hand, have mostly been restricted to measurements in the spatial domain as
it is almost impossible to cover large spatial scales with an adequate temporal resolution. The corres-
ponding bed form geometry data have been interpreted visually (e.g., Odgaard and Bergs, 1988) or, ac-
knowledging the limitations related to data stationarity, by calculating o from segments of profiles paral-
lel to the channel centerline (e.g., O'Loughlin and Squarer, 1967, Callander, 1978). The latter studies re-
ported in accordance with results from temporal analyses larger o -values, and hence dune heights, at the
outer than at the inner bank. Thus these studies indicate that the analysis of the surrogate measure o ob-
tained in the spatial domain can provide qualitative insights in the bed form geometry in bends. However,
it must be mentioned that a quantitative assessment of the dune height in bends using o is not yet possible,
as the aforementioned factor of proportionality between the zero-crossings dune height and o has been
derived for straight sections only.

In the present paper, we investigate the standard deviation in an 11 kilometer long river reach of the
Elbe-river in Germany. The river section and the chosen methodology for the quantification of o as a
function of the river station are described in Section 2. Section 3 presents the results and discussion and
Section 4 concludes the paper.

2 DATA AND METHODS

2.1 Data

The bed topography data analyzed in this paper were collected between 2004 and 2011 in an 11 km
long reach of the Elbe River (Elbe-km 475-486) between Wittenberge and Lenzen. The site is characte-
rized by several bends and an almost straight section between Elbe-km 480-484 (Figure 1a) and the aver-



age bed slope corresponds to S = 0.13 %0 (IKSE, 1995). The bed material consists predominantly of
coarse and medium sand (40%, respectively) and the mean grain size diameter of the bed material is ap-
proximately d,, ¥ 1-2 mm (Vollmer and Schriever, 2005). The reach under investigation is regulated by
groynes on both banks with an average distance between the groyne heads in longitudinal direction of
approximately 100 m. The river reach has relatively large floodplains that are inundated at a water dis-
charge of around Q ~ 1000 m’/s. In 2009, the dikes between Elbe-km 476.7 and 483.7 were relocated
towards the inland resulting in altered flow conditions for this particular reach (Alexy and Faulhaber,
2011). Information on flow rates is available from the gauging station Wittenberge (Elbe-km 454; mean
annual discharge Q = 677 m’/s, mean low discharge Q = 278 m’/s, mean flood discharge Q = 2050 m’/s;
based on time series from 1981-2010). The hydrograph at the gauging station from January 2004 to June
2011 (Figure 1b) shows that various large flood events occurred in the observation period.

x 10
5.886
5884, 485km 4000
Lenzen
5.8821 3500 T
— 3000
% 5.88[ d75km ;.E .
=2 E 2500
o 5.878 s
£ £ 2000
e | Wittenberge 5 \ {
2 5876 g65Kkn  Elkm 456 2 1500 ‘ r [, | I ‘\I
e l ' il
L _ \ ] | |
5.874 @55 km 1000 J| 'd" 1 J|| ‘|Ii' dl | |' ’ " J\ 'I \ \ \
AT S Y LAY | JUYHEY LN
5.872F 500 10N, [V i W ‘LL\_.,J LAY JW \._‘.‘ o \J '
Sl v e N Y gy
0
5.87f
ST S & S & o
4.464 4.466 4.468 4.47 4.472 4.474 4.476 4.478 4.48 4.482 ,\\r\v ,\\'1' \{L \0” »J \{L N\ ,\\'l»
easting [ggk] « 10° \.QQ _\r:‘@ \f:}.o \D\Q \& o \b\ﬁ o

Figure 1 a) Planform of the Elbe-River reach under investigation and b) hydrograph between January 2004 and June
2011 including measurement dates (squares).

A total of 7 bed topography measurements, carried out by the Water and Shipping Authorities of
Magdeburg on behalf of the Federal Waterways Engineering and Research Institute (BAW), Germany,
were used in the present analysis. All measurements covered the region between El-km 475 — 486 and the
bed topography measurements were carried out with the sounding vessel Domfelsen using a Leica GX
1230 GPS which has a positioning accuracy of < 0.5 m. According to Rieck (2008), 41 echo sounders
with a measurement frequency of 210 kHz and an accuracy of 2 - 6 cm were mounted to 16.5 m long
booms on either side of the vessel (16 echo sounders per boom) and on the vessel body (9 echo sounders).
The echo sounders were mounted at a separation distance of 1 m resulting in a total width of a measure-
ment of 40 m. The cone angle of the echo sounders of 9° results in a 0.5 m” footprint area of the beam at 3
m water depth and the sounding system was only operated for water depths > 90 cm. The sampling fre-
quency of the echo sounders, which were operated in units of 4 in order to avoid interference between the
echo sounders, corresponded between 2 and 5.5 Hz dependent on the water depth. The streamwise data
density depended on vessel velocity and sampling frequency, and corresponded to approximately 4 -5
values per m”. The data were collected using the ATLAS HYDROMAP SUSY software package and were
corrected for the motions of the vessel, i.e. roll, pitch, heave, and yaw. As the width of a single sounding
was 40 m, the vessel was navigating several times over the reach at different lateral positions to obtain a
scan of the bed topography between the groyne heads ranging between 75 m and 200 m. The final output
of a measurement was a digital elevation model (DEM) in Gauss—Krueger coordinates with a grid size
resolution of 1 x1 m and 2x2 m, respectively (see Table 1).

The main purpose of the measurements was related to navigation safety issues and not to a detailed
analysis of the bed structure and flow hydraulics. Flow measurements in the bends were not carried out
during the bed topography measurements. Although information on hydraulic conditions were available
from measurements carried out at similar discharges as well as from 2D-simulations (e.g., Alexy and
Faulhaber, 2011) we chose the discharge Q from the gauging station Wittenberge as main bulk hydraulic



parameter for the subsequent analysis (Table 1), as a detailed discussion of the interaction between
bend-hydraulics and bed topography is beyond the scope of the present paper.

Table 1 Summary of discharge Q, water depth D, scanned river section, grid width, and grid resolution.

Date Q D Elbe-km Mean DEM-width Grid-res.
(m’/s) (cm) (m) (m x m)
09.06.2004 485 320 475 - 486 200 2x2
10.04.2006 3490 800 475 - 486 220 2x2
13.04.2006 2760 730 475 - 486 220 2x2
21.04.2006 1750 620 475 — 486 220 2x2
02.08.2007 417 290 470 — 490 170 2x2
25.01.2011 3070 770 475 — 486 220 2x2
08.06.2011 368 260 475 — 486 220 I1x1
! Mean water depth in the navigation channel in the straight river section between El-km 480-483.

2.2 Segment based analysis

The data reported in Table 1 cover river sections between 11 and 20 km length. The large amount of
data in combination with the river curvature complicates the generation of meaningful 2D-profiles for the
analysis of bed form geometry. Therefore, a segment based approach was chosen for the determination of
the standard deviation and river curvature as a function of river station. For this purpose, the river reach
was subdivided in 100 m long segments (Figure 2) and the measured data falling in each segment were
used to calculate the standard deviation in the segment o; according to:

ey

where n = number of measured data points in the segment, Z; = measured bed elevation, and Z, = mean
bed elevation of the segment. In addition, the maximum and minimum bed elevations were determined in
each segment to cross-check the oy values. The arbitrarily chosen constant segment length of 100 m is
longer than the maximum expected dune length of 27D, where D denotes the water depth (e.g., Julien and
Klaassen, 1995), so that the dune-scale is fully reflected in each segment. On the other hand, the chosen
segment length enables to follow the river planform in a straightforward manner (Figure 2) and limits the
influence of large scale bed forms such as bars to some extent as they will only be partly represented in
each segment. We note that for the subsequent presentation of the standard deviations in Section 3, the
os-curves were smoothed by applying a moving average procedure over 10 segments in order to reduce
the scatter of the data points due to local peculiarities.

The river curvature was quantified by determining the angle of the central axis of two subsequent
segments. A curvature less than 2 degree was interpreted as a straight section and a curvature of more than
2 degrees as a curved section (green and red coloured segments in Figure 2, respectively).
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Figure 2 Definition of segment approach (exemplarily for El-km 476-478). Red segments indicate curved sections
with a curvature larger than 2° and green segments straight sections with a curvature of less than 2°.



2.3 Zero-crossings analysis

In order to test the segment based approach, a zero-crossings analysis (e.g., Nordin, 1971, van der
Mark et al., 2008) was applied in a straight sub-section (El-km 480-483; Figure 1a). In this section, lon-
gitudinal profiles were generated by rotating the corresponding DEM-sections so that the flow direction
corresponded to the X-axis. After rotation, the data were re-gridded in a quadratic 1x1 m mesh and longi-
tudinal profiles were extracted for constant y-values (y defining the transverse coordinate). The analysis
was restricted to a 100 m wide band along the central axis of the main channel in order to minimise the
influence of groynes and to avoid gaps in the data which were partly present at the outer and inner
DEM-boundaries, respectively. For the zero-crossings analysis, each profile was linearly de-trended and,
similar to the segment based approach, bed form lengths larger than 100 m were filtered in order to ex-
clude the effect of banks. The profiles were also smoothed by applying a 10 point moving average in or-
der to minimise the effect of single outliers and noise in the signal and only individual bed form heights
larger than 5 cm were validated (similar to Coleman et al., 2011).

The data prepared for the zero-crossings analysis were also used to determine a reach averaged
standard deviation. For this purpose, the variance of each de-trended profile was calculated and the reach
averaged standard deviation o; was determined by taking the square root of the mean value of the vari-
ance. These data will be analysed in the next section.

3 RESULTS AND DISCUSSION

3.1 Comparison of Zero-Crossings analysis and Segment approach

Figure 3 presents the bed form heights determined according to the zero-crossings analyses and the
proportionality he = 2.2 0 for the straight sub section (El-km 480-483) as a function of discharge. For the
determination of hg according to proportionality relationship we used both the mean standard deviation
according to the segment based approach oy, and the reach averaged standard deviation o;. The difference
between both standard deviations is that o; was determined from de-trended profile data used for the
zero-crossings analysis (Section 2.3) while oy, represents the mean value of the standard deviations de-
termined for the 100 m long segments (Section 2.2). For the comparison, the corresponding segment
width was adjusted to 100 m and the measured (i.e. non-processed) data lying within the segments were
used for the calculation of the individual o;-values.
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Figure 3 Bed form heights estimated from zero-crossings analysis (blue squares), reached averaged standard devia-
tion oy (black circles) and mean segment standard deviation oy, (open circles) in the straight sub-section between
El-km 480-484 as a function of discharge.

The figure reveals similar bed form heights estimates from the zero-crossings analysis and oy, al-
though slightly larger dune heights are observed for or. On the other hand, it reveals significantly different
dune height estimates according to the segment based (i.e., using oyy) and the reach averaged (i.e., using
or) analysis. These differences can be associated with the fact that the data for the calculation of o; was
filtered and smoothed while the raw data falling in the 100 m wide band were used for the estimation of



oy Filtering large wavelenghts results in smaller values for the standard deviation, as becomes obvious
from a comparison of standard deviations provided by Aberle et al. (2010a) (non-filtered data) and Cole-
man et al. (2011) (filtered data) for another straight reach of the Elbe river (not shown here). Moreover,
due to the analysis of the 100 m long non de-trended data segments both longitudinal and transverse
slopes, may bias the standard deviation high as the data are, strictly speaking, non-stationary. The large
differences between the bed form height estimates according to oy and oy, clearly indicate that aforemen-
tioned proportionality factor of 2.2 between the dune height and standard deviation cannot be applied for
the segment based approach. A preliminary analysis showed that this factor should be reduced by ap-
proximately 50% so that the dune heights estimated from oy, are comparable to the ones estimated from
oy and the zero-crossings analysis. This indicates that a qualitative interpretation using the results from
the segment based analysis is possible.

The reason for the slightly larger dune height estimates based on the o; analysis compared to
zero-crossings analysis may be associated with local peculiarities such as deep troughs or groyne head
scours which have a more significant effect on the standard deviation than on the estimation of the mean
dune height. Although the section was straight, the dune field was also still highly 3D and hence the
zero-crossings analysis may bias the estimates low compared to the standard deviation. A closer inspec-
tion of Figure 3 reveals that larger differences can be identified between these two methods for discharges
Q > 1000 m/s, i.e. flow situations with overbank flows. This indicates that the associated change in the
flow characteristics has a distinct effect on bed form geometry, particularly in the near bank sections.

Moreover, the bed form heights may additionally be influenced by the hysteresis effect (e.g., Aberle
et al., 2010a, Martin and Jerolmack, 2013) as most of the data were acquired in the falling limb of the
hydrograph (Figure 1). The hysteresis effect, together with the overbank flow situation, could also be the
reason for the determined rather uniform dune height for all discharges. The occurrence of the transitional
stage to a flat bed (e.g., Simons and Richardson, 1966) can be ruled out as a reason for the determined
uniform bed form heights as the Froude-numbers in the lowland Elbe-river are well below the critical
threshold (see Aberle et al., 2010a).

It is also worth mentioning that the difference between the bed form height estimates according to
the zero-crossings analysis and o; was reduced for the flood situation following the relocation of the dikes
at Lenzen in 2009 (data point from 2011 at Q = 3070 m3/s). The study of Faulhaber (2013) showed that,
due the relocation of the dikes, the ratio of overbank and main channel flow decreases during major flood
events and that the corresponding mean flow velocities in the main channel are reduced by approximately
0.2 m/s. This indicates once more the significant influence of local flow conditions on bed form geometry.
However, the local flow conditions at Lenzen are complex and further studies are required to investigate
the effect of the dike-relocation on bed form geometry.

3.2 Standard deviation as a function of river-station

Figure 4 presents exemplarily the standard deviation o, the difference between measured maximum
and minimum bed elevations (Znax — Zmin), and the river curvature as a function of the river station between
El-km 470 — 490 for the measurements carried out in 2007 (Table 1). As aforementioned, the oy-curve
was smoothed by applying a moving average taking into account 10 segments but it was obtained by
analysing the full measured data set (i.e., no width reduction as in Section 3.1). The displayed (Zmax —
Zmin)-curve presents the value of the segment with the largest bed elevation difference of the ten segments
being the reason for the staircase-like plot. As expected, both curves are almost parallel and it can be seen
than that both oy and (Zyax — Zmin) are correlated with river curvature as, in general, larger values of o and
(Zmax — Zmin) can be observed for river sections with larger curvature. An unexpected different behaviour,
which could not be explained with the available data, was however observed at the beginning of the
test-reach. It must be emphasized that, in addition to the effect of groynes and groyne head scours, the
results of the segment-based approach also reflect the typical point bar — pool topography in river bends.
Therefore this approach does not allow for a discrimination of bed form heights at the outer and inner
banks. Nonetheless, the figure shows that the river curvature has a distinct effect on bed topography, in
general and bed form height, in particular, that can be qualitatively discussed.
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Figure 4 Standard deviation, difference between measured maximum and minimum bed elevations (Zy.x — Zmis) and
river curvature between El-km 470 — 490 for the measurements carried out in 2007 (Table 1).

Figure 5a, showing o; as a function of river station between El-km 475 and 486 for all analysed data
confirms this conclusion, as the influence of the river curvature (see Figure 4) is clearly reflected in all
individual data sets. While the oy —values are, for each individual data set, rather constant in the straight
section in which the zero-crossings analysis was applied (El-km 480 -484), they are larger in the curved
sections with a curvature > 2° and largest o—values can be observed in the sections with the largest cur-
vature. Figure 5 clearly shows that the river bend effect depends also on the flow conditions as largest
oy—values were observed for the flood situations while lower oz—values are observed for the flow scenar-
ios around the mean annual discharge.

A sensitivity analysis in which the segment width was reduced from the values given in Table 1 to
100 m and 40 m wide segments, respectively, was carried out to investigate the influence of the segment
width on the order of magnitude of the standard deviation in overall test section. This analysis, for which
the result of the reduced segment width of 100 m is shown in Figure 5b, still revealed both the discharge
and bend dependency of the o—values indicating that the bed morphology along the central axis signifi-
cantly affected by the curvature effect. The o—values were found to decrease significantly in the curved
sections with decreasing segment width while the decrease was less pronounced in the straight section.
The significant effect of the segment width in the curved sections is a further indicator that especially the
outer and inner bank bed form features are pronounced as they are less considered by the reduced seg-
ment widths. This may be quantified in future analyses by considering an additional streamwise segmen-
tation which may also be used for an additional investigation of the effect of groynes on the bed mor-
phology, which was not in the scope of the present study.
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Figure 5 Standard deviation as a function of river station for all measurements using a) the full segment width re-
ported in Table 1 and b) a reduced segment width of 100 m.



4 SUMMARY AND CONCLUSIONS

In this paper, we analysed the standard deviation of bed elevations as a surrogate measure for bed
form heights as a function of river station analysing 3D-bed elevation data from the Elbe River in Ger-
many. The investigated river reach includes several bends hampering the application of conventional ap-
proaches for the determination of bed form heights from 2D-longitudinal profiles. Therefore an approach
based on subsequent analysis of river segments was presented that allows for the determination of the
standard deviation of bed elevations as a function of river station. The approach was tested in a straight
sub-section by comparing bed form heights estimated from the segment based analysis with bed form
heights estimated according to the zero-crossings analysis as well as the reach averaged application of the
random field approach. This comparison showed that the reported proportionality factor of 2.2 between
the standard deviation of bed elevations and dune heights according to the zero-crossings analysis cannot
be applied to the segment based approach due to issues with the data-stationarity. A preliminary analysis
showed that for the present segment-based analysis this proportionality factor should be reduced by about
50%. Nonetheless, it was inferred that the segment based analysis can still be used for a qualitative as-
sessment of bed form heights. The comparison between the results from the zero-crossings analysis and
the reach averaged application of the random field approach, on the other hand, confirmed the aforemen-
tioned proportionality.

The analysis of the standard deviation in the curved river sections using the segment based analysis
revealed its dependency on both river curvature and discharge as largest values for the standard deviation
were found in the sections with largest curvature and for the highest discharges. The chosen methodology,
i.e. the segment based analysis, does not allow to distinguish between bed form heights at the outer and
inner banks. Nonetheless, the reported results could be used to indicate the importance of river curvature
on dune heights although the effects of both the point-bar and pool morphology in curved river sections as
well groynes could not be separated by the chosen approach. Results from a sensitivity analysis with re-
duced segment width indicated that near bank features are more pronounced in curved river sections
compared to straight sections but that the curvature effect on bed morphology also affects the main chan-
nel.

The present study is, to our knowledge, one of the first to investigate long river sections using the
random field approach. The random field approach provides a sound theoretical background for many
statistical measures such as probability distribution of bed elevations and its moments, space-time corre-
lation and structure functions, and frequency and wave number spectra for a more detailed investigation
of bed morphology. Although the present paper focused solely on the analysis of the standard deviation of
bed elevations, it shows the potential of this approach to develop statistically based models for the predic-
tion of bed form topography dependent on flow conditions for real-life field situations.
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