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Abstract The study of the relationship between flow structure and morphodynamic of bars in a channel
expansion/contraction is essential to better understand the processes that control the evolution of rivers.
Thus, multibeam echosoundings and Acoustic Doppler Profiler (ADP) measurements were performed with a
high temporal resolution in an expansion/contraction zone of the Loire River (France) occupied by bars. Dur-
ing the monitoring period, the macroforms presented successively an alternate, a lateral and a transverse
configuration. Field data were analyzed to study how the primary and secondary velocities, the flow direc-
tions, the bed shear stresses, and the bed roughnesses (associated to dunes) evolve as a function of the
water discharge and bars configuration. The bars modify the flow structure imposed by the channel width
variations. In fact, the bars induce a topographic forcing which enables the separation and reducing of the
mixing of two currents formed in the upstream channel expansion. This forcing is enhanced by the turbu-
lence formed by the large dunes superimposed on the bars. Therefore, the bars promote a nonuniform flow
in the channel. In turn, in the channel expansion/contraction, the migrating bars’ morphodynamics are
affected by the downstream channel narrowing which stops their downstream migration and forced the
bars in the system. Then the nonuniformity of the flow encourages the lateral migration of the macroforms
until they reach a bank and become nonmigrating. Finally, the nonmigrating bars are eroded by the flow
deflected during the migration of a new bar in the channel expansion/contraction.

1. Introduction

Alluvial bars or macroforms are present in the majority of sandy and gravel rivers. The height and width of
these bed forms are of the same order of magnitude as the water depth and the river width, respectively
[Jackson, 1975]. The bars interact with the flows and sediment transport, and they exert a strong influence
on the morphological evolution of rivers [Parker, 1976; Fredsoe, 1978; Blondeaux and Seminara, 1985;
Struiksma et al., 1985; Crosato and Mosselman, 2009; Kleinhans and van den Berg, 2011].

There are two different types of bars: free bars and forced bars [Seminara and Tubino, 1989]. Free bars
(migrating or not) are created by the instability of turbulent flows over an erodible bed [Callander, 1969;
Colombini et al., 1987; Seminara and Tubino, 1989; Tubino, 1991]. Studies regarding free bars are generally
numerical [Defina, 2003; Bernini et al., 2006] experimental [Lisle et al., 1991; Tubino, 1991; Lanzoni, 2000a,
2000b], or both [Crosato et al., 2011, 2012] and concern essentially their formation. In contrast, field studies
are rare [Leopold and Wolman, 1957; Lewin, 1976; Rodrigues et al., 2012], and the morphology of these bars
in natural rivers and their influence on the structure of flow and sediment transport have not been well
studied [Whiting and Dietrich, 1991].

Forced bars are quasi-stationary structures that develop under the influence of planimetric constraints such
as curvature and width variations of a channel. The effect of curvature usually leads to the formation of
point bars [Ikeda and Parker, 1989] which in turn, have an effect on the flow structure and sediment trans-
port [Bridge and Jarvis, 1982; Dietrich and Smith, 1983, 1984]. Forced bars that are associated with the con-
vergence and divergence of flow in a channel expansion/contraction appear as midchannel bars or as two
symmetrical lateral bars [Bittner, 1994; Repetto et al., 2002; Wu and Yeh, 2005; Luchi et al., 2010a, 2010b; Wu
et al., 2011]. Interactions between hydro-sedimentary processes and bed morphology around midchannel
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bars have been the subject of numerous field investigations [Leopold and Wolman, 1957; Whiting and Die-
trich, 1991; Ashworth et al., 1992; Bridge and Gabel, 1992; Ferguson et al., 1992; Richardson et al., 1996;
Richardson and Thorne, 1998, 2001; McLelland et al., 1999] and experimental studies [Ashmore, 1982, 1991;
Ashworth, 1996; Federici and Paola, 2003]. In contrast, the structure of flow and sediment transport has been
seldom studied when lateral bars occupy channel widening. Recently, Wu et al. [2011] highlighted that the
migration of free bars (in alternate configuration) on forced bars (transverse bars or lateral bars) in a channel
of variable width could give rise to mixed bars (free 1 forced). These mixed bars are arranged in alternate or
transverse configurations according to the migration of the free bars. However, the evolution of flow struc-
ture as a function of different bar configurations is not described in this study.

There remains a lack of data concerning the flow structure around alternate bars in a natural setting, partic-
ularly when they occupy a channel widening. Furthermore, the relationship between the hydrodynamic
and morphodynamic of macroforms in a channel expansion/contraction (without changing the planform)
successively occupied by alternate bars and transverse bars has not been documented.

Accordingly, hydraulic and bathymetric data were acquired from the middle reach of the Loire River
(France). In this relatively large sandy-gravel river, sediments are mobile [Rodrigues and Claude, 2010], and
significant morphological changes were observed even during periods of low or medium flow [Claude,
2012]. The combination of continuous sediment transport and the forcing effects caused by channel width
variations [Wu et al., 2011] can induce the succession of alternate or transverse bars at certain channel
expansion/contraction of the Loire River. First, this study, based on the analysis of flow measurements and
bathymetric data describes the influence of alternate and transverse bars on flow structure in a channel
expansion/contraction, with fixed banks, for different water discharges. Second, the feedbacks of flows on
bar morphodynamics are discussed in order to highlight the processes allowing the succession of the differ-
ent bars configurations in the studied reach.

2. Loire River and Study Site

2.1. Presentation of the Loire River
The Loire River, the largest river in France, is 1020 km long and drains a catchment area of 117,000 km2. The
study site (Figure 1) is located 790 km downstream from the source, near the village of Br�eh�emont
(47�17043.3100N, 0�20033.8000E) in the middle reach of the Loire River. At the study site, the Loire system
presents an incised multiple-channel pattern composed of a braided main channel, vegetated permanent

Figure 1. Presentation of the study site. The gray lines denote the upstream and downstream limits of the expansion/contraction zone. The white arrow denotes the flow direction. See
text for an explanation of additional labels.
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islands, and secondary channels that are only submerged during floods [Rodrigues et al., 2006; D�etrich�e
et al., 2010]. The incision of the main channel has caused many problems including the destabilization of
civil engineering works, the decrease of the flow capacity during floods, the lowering of the water table,
and the development of the pioneer vegetation in the secondary channels [Bravard et al., 1997; Belleudy,
2000; Rodrigues et al., 2007].

2.2. Study Site and Channel Morphology
At the Langeais gauging station (4.5 km upstream of the study site), the water discharge has an annual aver-
age of 430 m3 s21 and is �1900 m3 s21 during a 2 year flood. The studied main channel is composed of an
expansion zone followed by a contraction area (Figure 1) occupied by bars. The width of the main channel
varies between 175 and 300 m. The right bank is protected by rip-raps on the downstream part of the study
site (Figure 1). The bed load is mainly composed of siliceous sand and gravel. The D50 and D90 (diameters
for which 50 and 90% of the particles in weight are finer, respectively) of the bed sediments are 1.33 and
5.18 mm, respectively.

Several stable morphological units are located in the main channel. Upstream the expansion area, a forced
bar (FB1) is found near the left bank just downstream of a small island and a forced pool (FP1) at the foot of
the right bank (Figure 1). A stagnation area (SA1) is located near the right bank in the expansion area. Two
forced pools are also present: the first (FP2) at the foot of the left bank near profile P80, the second (FP3) at
the foot of the rip-rapped section of the right bank (Figure 1). The profiles, P80, P90, and P95, monitored
during flow measurements are 277, 265, and 230 m wide, respectively. On these cross sections, the aspect
ratio, defined by W/d (where W is the channel width and d is the average water depth) decreases from
upstream to downstream and change with the water discharge. For example, on P80, the aspect ratio
reaches 56 at 1950 m3 s21 and 159 at 386 m3 s21 (Figure 2). Moreover, on the same cross section, for the
water discharges considering in this study, the mean flow velocities vary between 0.79 and 1.31 m s21 and
the water depth between 1.73 and 4.93 m (Figure 2). The average slope of the main channel fluctuates
around 30 cm km21 in this area.

Finally, stretches of rip-rap, vestiges of ancient bank protections, are located in the channel near the right
bank between P90 and P95 (R1 on Figure 1) and face the entrance of a secondary channel (R2 on Figure 1).
The connection of this channel starts at 700 m3 s21 but the inlet step of the channel is totally submerged
only above 1700 m3 s21.

3. Materials and Methods

The work presented in this paper is based on bathymetric data obtained with a multibeam echosounder
and flow measurements taken from an Acoustic Doppler Profiler (ADP). The data were collected between
March 2010 and January 2011 (Figure 3). Three floods were particularly detailed: one annual freshet in June
with discharges varying between 386 and 1030 m3 s21 and two 2 year floods in December with discharges
fluctuating between 698 and 1950 m3 s21.

3.1. Field Measurements
3.1.1. Multibeam Echosoundings
Multibeam echosoundings were performed with an Odom ES3 echosounder containing 240 sensors trans-
mitting at a frequency of 240 kHz and opened to a width of 120�. With this configuration, the riverbed is
scanned over a width equal to three times the water depth. The echosounder was associated with a DGPS
ProFlex 500 (Magellan), which ensures a centimetric accuracy in the planimetric and vertical planes. Meas-
urements were performed in longitudinal tracks parallel to the banks at a boat velocity between 1.5 and 3
m s21. Between 5 and 8 h (depending on flow conditions), representing �70 longitudinal tracks, were nec-
essary to cover the whole study reach. The multibeam bathymetric data were postprocessed with Hypack
2009 software in order to filter the multibeam bathymetric data and convert them to 0.5 m grids (composed
of an average of 550,000 points). This grid is then interpolated by triangulated irregular network (TIN) in Arc-
Gis (9.3) to produce Digital Elevation Models (DEMs) and thus to fill in gaps between longitudinal tracks. To
spatialize the zones of deposition and erosion, DEMs are differentiated with spatial analyst in ArcGis (9.3) to
construct DEMs Of Difference (DoDs).
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3.1.2. Acoustic Doppler Profiler Measurements
Flow velocity measurements were collected with an ADP Sontek RiverSurveyor M9 on the boat used for the
echosoundings. The ADP contains two sets of four profiling beams (one set at 3 MHz and one set at 1 MHz)
and a low-frequency echosounder (0.5 MHz) to accurately measure the water depth. With the two acoustic

Figure 2. Evolution of the mean hydraulic parameters on P80 as a function of the water discharge.

Figure 3. Distribution of the measurements on the hydrograph of the Langeais gauging station (4.5 km upstream from the study site).
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frequencies, the device automatically adjusts to the appropriate acoustics and pulse schemes as a function
of the hydraulic parameters (flow depth and velocity) encountered during the survey. The bin height is
automatically adjusted on each vertical as a function of the water depth. The distance from the water sur-
face to the first bin varies with the water discharges between 0.50 and 0.85 m. The last bin is located at least
at 6% of the water depth above the river bed. The flow velocities are defined in every bin by the easting
(uE), northing (uN), and vertical components (uV). Onboard the boat, the DGPS (Magellan ProFlex 500) was
connected to Hypack 2009 software to ensure that most of the ADP tracks were located at a maximum of 1
m from the cross section. With this field protocol, the data provided by the ADP compass and bottom track-
ing ensure that the velocity measurements are accurately positioned.

Three cross sections (P80, P90, and P95) were monitored daily during the surveys (Figure 1). To conduct the
echosoundings and ADP measurements in a single day, two transects were performed on each cross section
at a boat speed of �1 m s21. In postprocessing, the flow velocities (uE, uN, uV) and water depth recorded from
the two transects performed on a cross section were projected on a grid with cells of 5 m width and height
equal to the maximum height of the bins defined during the measurements [Dinehart and Burau, 2005a,
2005b]. A mean value of the flow velocities components was calculated in each cell of the grid. Then the hori-
zontal flow velocity, u (equation (1)) and its orientation with respect to north u are estimated in each cell.

u 5 ðu2
N1u2

EÞ
0:5 (1)

As five transects are recommended per cross section [Szupiany et al., 2007], we verified if the average of two
transects can give values of the three flow velocities components sufficiently close to those estimated with five
transects. For this purpose, we had available of five transects performed on the cross section P80 on the 11
March 2010. On a grid composed of 384 cells, the average cross sectional values of uE, uN, and uV computed by
the average of five transects were 0.91, 0.21, and 20.045 m s21, respectively. For the three components, we
estimated in each cell, the difference between the mean value obtained from 1, 2, 3, and 4 transects, and the
value obtained from five transects. The absolute median errors for each component are presented in Table 1.
We see that with an average of two transects, the absolute median error represents 10% of the average cross-
sectional values of uN and uV, and only 2% for uE. Then the number of values in the grid that exceeds the abso-
lute median error was computed. Even with one transect, 100% and 98% of the values calculated for the hori-
zontal components uE and uN were higher than the absolute median error (Table 1). Therefore, the mean of
two transects could not lead to misinterpretation of horizontal flow structures. For the vertical component,
with two transects, almost 72% of the averaged values were above the absolute median error of 0.005 m s21

(Table 1). Thus, even though a small part of the vertical velocities could be directed toward the wrong direction,
the average of two transects could be sufficient to correctly describe the large flow structures observed with
an average of five transects. This finding is coherent with an estimation of the accuracy of flow velocities
obtained from two transects by cross sections on the Colorado River by Wright and Kaplinski [2011].

The accuracy of the horizontal flow velocity (u) was assessed by comparing them to vertical velocity profiles
obtained by a current meter OTT C31. With this device, the velocities were collected for 30 s near the riv-
erbed, near the surface and at 20, 40, 60, and 80% of the water depth. At each level, measurements were
repeated six times. The mean bias and dispersion (i.e., the standard deviation of the error) calculated over
27 verticals for six dates were 20.024 m s21 and 0.091 m s21, respectively. The randomness of the errors
between the current meter and ADP data and the normality of their distribution was investigated by means
of the Shapiro-Wilk test that is adequate in case of small number of samples (n< 50). This test indicates that

Table 1. Absolute Median Error and Percentage of Values Exceeding the Error for the Flow Components uE, uN, and uV as a Function of Number Transects Averaged

Number of
Transects

uE uN uV

Absolute Median
Error (m s21)

Percentage of
Values Exceeding

the Error (%)
Absolute Median

Error (m s21)

Percentage of
Values Exceeding

the Error (%)
Absolute Median

Error (m s21)

Percentage of
Values Exceeding

the Error (%)

1 0.027 100.00 0.025 98.27 0.010 44.67
2 0.018 100.00 0.021 98.37 0.005 71.93
3 0.012 100.00 0.012 98.43 0.004 80.31
4 0.006 100.00 0.007 99.48 0.002 88.48

Water Resources Research 10.1002/2013WR015182

CLAUDE ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 2854



the null hypothesis (p value 5 0.71) cannot be rejected, i.e., that the error distribution is likely to be normal
and random. The mean standard error for each individual flow velocity measurement was 0.094 m s21. The
biases with respect to current meter measurements were maximum for low flow velocity (20.08 m s21 on
average for flow velocity <0.87 m s21) that were observed under shallow water depth conditions but
remained very limited otherwise. Therefore, low flow velocities obtained by ADP should be regarded with
care. Cross sectional mean river depths obtained by ADP agree to field measurements within an average of
7.5%. This low precision might essentially be attributed to the mismatch of the boat position for both meas-
urements. As a conclusive test, it must be remarked that the relations linking flow velocity and river depth,
based on ADP and current meter, are mutually very consistent, marked by a flow velocity baseline value
comprised between 0.62 m s21 and 0.64 m s21 and a gain of 0.14 m s21 for each additional meter of river
depth. The uncertainty of river discharge inferred from ADP was calculated by propagation of the compo-
nents errors [Cornell, 1972] and found to be comprised between 3 and 10% over the six cross sections inves-
tigated at the 95% confidence level. The contributions of the river cross section (mainly river depth) and the
flow velocity to the uncertainty relative to the river discharge are of same magnitude (45% versus 55% on
average). However, it is probable that the uncertainty associated to the river depth is overestimated
because of the mismatching between current meter and ADP measurements.

3.2. Primary and Secondary Components of Flow Velocities
In rivers, flows are rarely parallel to the banks and can follow a direction oblique to the longitudinal slope.
To filter the lateral component of flows, it is often necessary to reorient velocity vectors to obtain the pri-
mary (parallel to the mean direction vectors) and secondary (perpendicular to the mean direction vector)
current velocity components [McLelland et al., 1994].

However, in large rivers, the direction of velocity vectors is generally not uniform along a cross section
because of the divergence or convergence of flow within the bed. This phenomenon is particularly true in
areas of confluence, bifurcation, or sudden narrowing and widening of the channel. Most methods that
define the orientation of primary velocities were defined for small streams in which the directions of the
vectors can be considered invariant across the width of the channel [McLelland et al., 1994; Lane et al.,
2000]. These methods, which use only one plane to determine the direction of the primary and secondary
components across the width of a channel, are not applicable to large rivers [Szupiany et al., 2009]. Thus, it
seems preferable to use methods such as the one defined by Rozovskii [1954]. This method defines a pri-
mary flow direction for each vertical equal to the mean direction of the vertical velocities. The directions of
the primary (up) and secondary (us) components at any point of a section are obtained from the difference
between the depth-averaged direction of the velocity and the direction of the vector at the point con-
cerned. The components up and us are then calculated:

up5u cos ðu–wÞ (2)

us5u sin ðu–wÞ (3)

where u is the flow velocity at each vertical cell, u is the orientation of the vector u with respect to north,
and w is the orientation of the mean vector velocity on the vertical with respect to north.

In this study, the secondary currents or helical currents are defined as flows extending over several verticals
with secondary velocities (us) on the surface and near the bed directed toward the opposite banks [Rhoads
and Kenworthy, 1995; Szupiany et al., 2009].

3.3. Bed Shear Stress
The bed shear stress, s, is defined in relation to the current velocity profile and the law of the wall.

s5q
ju

ln z
ðz0ÞSF

� �
2
4

3
5

2

(4)

where q is the volumetric mass of water (1000 kg m23), u is the current velocity at height z over the bed
top, j is the von Karman constant equal to 0.4 for clear water, and (z0)SF is the grain roughness (or the
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height at which u 5 0), equal to 0.095 D90 [Wilcock, 1996]. The adjustment made by linear regression
between the values of u and ln(z) measured on a vertical allow for the estimation of the element contained
between the square brackets in equation (4) and thus for the s on the vertical [Sime et al., 2007; Szupiany
et al., 2007, 2009; Rennie and Church, 2010].

The critical bed shear stress, sc, is calculated from the Shields curve [Van Rijn, 1984]:

for 20 < D� < 150 sC50:013D0:29
� qs2qð ÞgD50 (5)

where D* is the nondimensional diameter, qs is the volumetric mass of sediment (2650 kg m23), q is the
volumetric mass of water (1000 kg m23), and g is the gravitational acceleration (9.81 m s22). D* is
defined by:

D�5D50
ðs 21Þg

t2

� �1
3

(6)

D50 is the diameters for which 50% of the particles in weight are finer, s is the sediment density ratio (2.65),
and t is the kinematic viscosity (1 3 1026 m2 s21).

3.4. Dimensions of Bed Forms
The heights (HD) and wavelengths (LD) of the dunes are calculated using the Bed form Tracking Tool Matlab
code [for further description, see Van der Mark et al., 2008] on 100 m long longitudinal topographic profiles
that are positioned every 25 m along the three transverse profiles followed by ADP (Figure 4). These profiles
are taken from elevation maps obtained from multibeam bathymetric data. On 9 March 2010, topographical
profiles were extracted from four longitudinal profiles measured by a single-beam echosounder.

3.5. Bed Roughness Associated to Dunes
The total bed roughness is commonly divided into two components: a grain roughness referring to the
resistance to flow due to the shear stress applied on the grains of the river bed and a form roughness refer-
ring to the resistance to flow due to the pressure differential and energy loss in turbulences on the lee side
of bed forms [Julien et al., 2002]. However, the bed roughness of the main channels is mainly influenced by
the form drag (due to the dunes) in sand, gravel, or sand-gravel bed rivers [Paarlberg et al., 2010]. To
observe the spatial distribution of the bed roughness, the component due to the dunes (ks) is estimated
using the Van Rijn’s [1984] approach:

ks51:1HD 12e
225

HD
LD

� � !
(7)

where ks is the bed roughness associated to the dunes (m), HD is the mean dune height (m), and LD is the
mean dune length (m).

4. Results

4.1. Morphological Evolution of Bars
In the channel expansion/contraction examined, the bed topographies measured between March and
December 2010 show that bars adopted different configurations (Figure 5). Indeed, the macroforms pre-
sented successively an alternate, a lateral and a transverse pattern.

On the first survey, on 15 March 2010 (Figure 5a), two bars, B1 and B2, superimposed by dunes, are posi-
tioned in alternate configuration and separated by the pool P1. The bar B1, located near the right bank,
measures 555 m long and 1.69 m high (Table 2). Further upstream and close to the other side, the bar B2
also reaches 1.69 m high (the area monitored is too short to measure the length of B2).

On 18 May 2010, DEM (Figure 5b) and DoD (Figure 6a) show that B2 has migrated 180 m downstream paral-
lel to the left bank at an average velocity of 2.2 m d21. This migration speed is equivalent to that observed
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on other sites on the Loire River [Rodrigues et al., 2012]. The progradation of B2 results in the migration to
the right bank of the pool P1 and in the erosion of part of B1. This pattern of macroforms is then named lat-
eral bar configuration in the following sections. A unit bar, UB1, 90 m long, also appears at the head of for-
mer bar B1 by the accretion of large dunes entering in the system through the forced pool FP1 (Figures 5b
and 6a). In this study, a unit bar is defined as a bar having a shape that remains relatively unmodified during
migration and being a simple form that is not amalgamated or superimposed upon other bars [Smith,
1978].

Between 18 May 2010 and 19 June 2010, the downstream part of B1 is completely eroded (Figure 5c). B2
migrates laterally toward the center of the main channel (at an average velocity of 2.3 m d21) and merges
with UB1 which progrades in a downstream direction (Figure 6b). The merged or compound bar (B2) shows
a well-marked transverse configuration at the center of the main channel. A compound bar corresponds to
a form that comprises more than one unit bar and evolves through several erosion and deposition events
[Bridge, 2003]. During the flood of June, the compound bar B2 measures between 545 and 570 m long, and
between 1.41 and 1.63 m high (Table 2). The reattachment of B2 to the right bank (by merging of B2 with
UB1) enables the formation of a new pool, P2, between the transverse bar and the left bank. At the begin-
ning of the flood (Figure 5c), a new unit bar, UB2 migrates in P2. At the end of the event (Figure 5d), the
unit bar UB2 is close to reach the compound bar B2. This observation could indicate that unit bars continue
to aggregate to the large bar B2. The DeMs and DoD obtained from the echosoundings (Figures 5c, 5d, and
6c) indicates that during the flood of June, the bed evolutions are mainly attributed to dunes dynamics, to

Figure 4. (a) Location of the profiles used to determine the dunes characteristics and (b) definition of dune height and dune wavelength.
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Figure 5. Bars configuration and associated depth-averaged flow velocities for 7 different surveys in 2010 (a, b, c, d, e, f, and g). Note that the flow velocities presented for the 15/03/
2010 are those measured on the 09/03/2010 at 681 m3 s21. See text for notations.
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Table 2. Length and Height of Barsa

Date

B1 B2 B3

Length (m) Height (m) Length (m) Height (m) Length (m) Height (m)

3/15/2010 555 1.69 b 1.69 c c

5/18/2010 535 1.29 360 1.08 c c

6/19/2010 c c 545 1.41 c c

6/28/2010 c c 570 1.63 c c

12/11/2010 c c 500 1.87 b 1.58
1/10/2011 c c 520 2.20 b 1.63

aHB is equal to the average height measured on the three transverse profiles.
bData not available.
cBars not present on the study site.

Figure 6. Topographical evolution of the bed river between the surveys presented in Figure 5. The letters a, b, c, d, e, and f refer to the 6 differential maps.
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the unit bar progradation and to the lateral migration of the transverse bar (from the left toward the right
part of the channel).

On 08 November 2010, at the end of the low flow period of the summer and before the first wintery flood,
the bar B2 has finished its transverse migration and reached the rip-raps, R1, near the right bank (Figure 5e).
This observation indicates that in this sandy-gravel bed river, the bars’ morphodynamic is still active during
low flow periods [Kiss and Sypos, 2007].

On 11 December 2010, at the beginning of the floods of December, a new configuration of alternate bars is
in the process of being formed following the appearance of a new bar, B3, upstream near the left bank and
the previous attachment of B2 to the right bank (Figures 5f and 5g). The main bed evolutions observed dur-
ing these events are attributed to dunes dynamic, to the lateral migration of B2 (toward the right bank)
which becomes higher and less wide and to the downstream progradation of B3 (Figure 6e). The length of
B2 varied between 500 and 520 m and its height between 1.87 and 2.20 m. The height of B3 fluctuates
around 1.60 m.

4.2. Primary Velocities
The primary velocities are presented in Figure 7. For the lower discharge (386 m3 s21 on 19 June 2010), the
primary velocities vary between 0.34 and 1.31 m s21 and for the higher discharge (1950 m3 s21 on 11
December 2010) they fluctuate between 0.48 and 1.72 m s21. The results of the surveys performed during
the floods of June (Figures 7c and 7d) and December (Figures 7e and 7f) highlight that for a bar configura-
tion, the distribution of the velocities changes moderately with the discharge. Figure 8 presents differentials
of primary velocities acquired during three surveys. These measurements were performed at similar dis-
charges (700 m3 s21) but on different bars configurations (alternate, lateral, and transverse bars). The differ-
entials indicate that the zones with a decrease (in blue) or an increase (in red) of the velocities are
positioned, respectively, according to the apparition or the disappearance of a bar. Thus, the macroforms
slow down the flows on their tops. Note that for the lateral configuration (18 May 2010), the profile P80 is
located on the upstream part of the bar B2 (Figure 5b). In this configuration, the influence of the bar in the
left part of this cross section is not sufficient to reduce the velocities. So the speeds in the left part of the
channel are higher than those observed on the alternate bar B2 (see Figure 5a and P80 in Figure 8a) and of
the same order of magnitude than the velocities measured without macroform in this area (Figure 8c). The
organization of the primary velocities is significantly controlled by the configuration of the bars in the chan-
nel expansion/contraction.

The analysis of the spatial distribution of primary velocities has highlighted two flow patterns correspond-
ing to two bars configurations (Figure 7). First, when the macroforms are in an alternate configuration, on
the three cross sections, high primary velocities flow are located in the pool in the center of the channel
along the left edge of the bar situated near the right bank (Figures 7a, 7e, and 7f). These high velocities
extend to the left bank on P90 and P95. The second flow pattern is observed for the transverse and lateral
bar configurations. With these morphologies, in the expansion zone (P80), high velocities are located on the
left part of the channel, on the bar B2 on 18 May 2010 and on the unit bar UB2 during the flood of June.
Downstream on P90, in June, high velocities are deflected by the transverse bar B2 and constrained
between the left bank and the macroform on the left part of the channel (Figures 7c and 7d). On this profile,
for a lateral bar, high velocities are also observed on the right part of the channel (Figure 7b), which indi-
cates that in this configuration, the flow is less constrained by the macroform than in a transverse pattern.
Downstream, on P95, the flow velocities are more uniform on the cross section. However, the highest
speeds are still located between the left bank and the bars.

For all bars configurations, the lowest primary velocities are located near the left and right banks on P80
and near the right bank on P90 and P95. On P95, the low velocities located close to the right bank tend to
disappear with the increase of the water discharge.

The average flow velocities (Figure 9a) increase from upstream to downstream, i.e., inversely to the aspect
ratio (Figure 9b). Additionally, the average primary velocities obtained from the measurements of 9 March
2010, 18 May 2010, and 25 June 2010 (performed at an equivalent discharge around 700 m3 s21 and similar
aspect ratios), are higher across lateral and transverse bars (18 May 2010 and 25 June 2010) than in an
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Figure 7. Primary, secondary, and vertical velocities on the profiles P80, P90, and P95 for 6 different bars configurations and flow discharges (a, b, c, d, e, and f). The filled contours are
the primary velocities. The arrows indicate the secondary and vertical velocity components. The blue lines represent the topography of the river bed.
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alternate bars configuration (9 March 2010). Thus, the averaged flow velocities at 694 m3 s21 in transverse
bar configuration are only similar to those observed at 760 m3 s21 with alternate bars configuration.

4.3. Secondary Velocities, Vertical Velocities, and Secondary Currents
The secondary (uS) and vertical (uV) velocities components are represented by the arrows in Figure 7. Lateral
and vertical velocities have low values varying around 0.1 m s21 and 0.05 m s21, respectively. These values
are of the same order of magnitude than those observed in other alluvial systems [De Serres et al., 1999;
Nicholas and Sambrook Smith, 1999; Szupiany et al., 2009, 2012; Kasvi et al., 2013]. As a general observation,
the analysis of the pattern of the secondary and vertical velocity vectors only exhibits two small structures.

First, on P80, for alternate bars configurations and on P90 on the 9 March 2010 (Figures 7a, 7e, and 7f), close
to the bar located near the right bank, the velocity vectors of the surface are directed toward the right bank
and dive toward the river bed on the edge of the macroform. This downdraft current can be associated to a
deflecting effect of the bar, and causes a vertical recirculation of the flows in the central pool. The absence
of clear updraft currents near the left bank does not allow considering this structure as a secondary current.

Second, on profiles P90 and P95, the secondary and vertical velocities are organized differently according
to their location in the channel. Between the bar and the right bank, two layers can fairly well be distin-
guished. These layers are composed of large secondary velocities and small vertical velocities. Near the

Figure 8. Differential of primary velocities between three surveys carried for similar water discharges and different configuration of bars. The differentials correspond to the primary
velocities of the second survey minus those of the first survey. (a and b) The first survey corresponds to the measurements performed on the 9 March 2010. (c) The first survey corre-
sponds to the data of the 18 May 2010.
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surface, the vectors are directed
toward the right bank and those
near the bottom are directed
toward the left bank. Although,
the vertical velocities do not
exhibit a clear recirculation, we
can assimilate this layered struc-
ture to a secondary current. On
the other part of the channel
(between the left bank and the
bar), the two layers disappear
and the velocities do not present
large coherent structures. Thus,
the macroforms ensure a physical
separation of two different flows.

4.4. Flow Direction
The depth-averaged direction of
the flow shown in Figure 5 indi-
cates that the streamlines mainly
follow a streamwise direction for
all water stages and bar configu-
rations. Nevertheless, it can be
observed that the bank direction
and so the channel width varia-
tions influence locally the flow
direction. Thus, the upstream
channel expansion leads to a
small flow divergence on P80,
with water flow projected toward
the right bank on the right side
of the section. Downstream on
P95, the channel contraction

causes a small flow convergence, with the outer streamlines slightly directed toward the center of the
channel.

Figure 10 presents the transversal distribution of the flow direction in the two upper bins near the surface
and in the two last bins above the river bed. The height of two bins varies between 0.2 and 1 m according
to the flow conditions. An analysis of these flow directions shows that the bars affect the streamlines (Figure
10). The transverse distribution of the flow directions indicates that the separation of the streamlines on
P80 is located on the bar close to the right bank when the macroform is well developed (i.e., for alternate
and transverse bars configurations) and the water discharge not too high (Figures 10a, 10c, 10d, and 10f).
On the same profile for lateral bar configuration (Figure 10b), the unit bar UB1 on the right is too small, so
the currents separate in the middle of the section on the large bar which migrates near the left bank. On
P90, the macroforms constitute a physical boarder which separates a current located between the bar and
the right bank and directed toward the left bank from other currents with other directions. Downstream, on
P95, the contact area between the convergent current streams is always positioned at the pool-bar inter-
face. On P90 and P95, the current located between the bar and the right bank presents a permanent pat-
tern characterized by a difference of flow direction between the surface and the bottom. This flow structure
corresponds to the secondary currents observed in Figure 7. On the same cross sections, for high bars and/
or low discharges, i.e., when the relative height of the bars is large (P90 on Figures 10a, 10c, and 10f and
P95 in Figure 10f), the macroforms deflect locally the flows on their top which enhances the physical sepa-
ration of the currents on each part of the bar. Although the bars do not cause the divergence or conver-
gence of flows, they seem to control the location of the separation and reattachment points of the currents
in the main channel.

Figure 9. (a) Longitudinal evolution of cross-sectional averaged primary velocities and
(b) aspect ratios. The gray lines designate the surveys with alternate bars. The black lines
indicate the surveys with lateral or transverse bars.
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Figure 10. Transversal distribution of flow direction for 6 different bars configurations and flow discharges (a, b, c, d, e, and f). The directions in black correspond to the ratio between
the mean flow direction in the 2 upper cells near the surface and the cross-sectional averaged direction. The directions in gray correspond to the ratio between the mean flow direction
in the 2 last cells above the riverbed and the cross-sectional averaged direction. When the ratio of directions is greater than 1 (horizontal gray line), the flows tend to be directed toward
the left bank and vice versa. The black arrows indicate the direction followed by the flows.
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Figure 11. Transversal distribution of bed shear stresses and dunes roughness coefficients for 6 different bars configurations and flow discharges (a, b, c, d, e, and f).
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4.5. Bed Shear Stress
Bed shear stresses (s) estimated
from equation (4) vary between
0.03 and 6.25 N m22 (Figure 11).
The critical bed shear stress (sc)
calculated from equation (5)
reaches 0.78 N m22. As observed
in Figure 11, except a small part
of the channel close to the right
bank on P80, the bed shear
stresses are significantly higher
than the critical value. Whatever
the water stages monitored, the
sediments are highly mobile in
the studied system. Nevertheless,
the bed shear stresses are not
uniformly distributed over the
cross sections.

Upstream, on P80, in an alternate
bar configuration for low dis-
charges (Figures 11a and 11f),
the bed shear stresses present
the greatest values in the central
pool P1, on the left edge of the
bar located near the right bank.
For higher discharges, the values
of bed shear stresses are more
uniform on the cross section (Fig-
ure 11e). For others configura-
tions, on P80, the bed shear
stresses are stronger on the bar
close to the left bank. On P90, for
alternate and transverse bars, the

strong bed shear stresses are located in the pool on the left side of the macroforms. Conversely, on this
same profile, for lateral bar configuration (Figure 11b), the bed shear stresses are distributed more evenly
over the section; in this case, the bar (B2) does not appear to affect the distribution of s in the channel. In
the downstream profile (P95), large bed shear stresses are located between the left bank and the top of the
macroforms with maximal values generally on the bar. In addition, on all profiles, the lowest bed shear
stresses are located between the bars and the right bank.

Overall, as for primary velocities, cross-sectional averaged bed shear stresses increase from upstream (P80)
to downstream (P95) especially between P90 and P95 in the contraction zone (Figure 12a), where the
aspect ratio decrease significantly (Figure 9b). Moreover, for a same water discharge, the mean bed shear
stresses are higher when the bars are transverse or lateral.

4.6. Dunes Roughness
The height (HD), the length (LD), and the roughness associated to the dunes (ks, see equation (4) follow simi-
lar cross-sectional distributions. As the objective of this study is to observe the influence of the bed forms
on the flows, the following part only focuses on the ks parameter.

The roughnesses associated to the dunes are variables and fluctuates between 0.04 and 0.41 m (Figure 11).
The higher values of ks are found where the dunes are the highest, i.e., on the top or on the edge of the
bars. Unlike what is generally observed in other systems, the largest dunes are located on elevated areas
where the water level and flow rates are lower. Thus, the roughness is negatively correlated with flow
depth, with the highest values in shallow areas, i.e., over the bars. This asymmetry of the cross-sectional

Figure 12. Longitudinal evolution of the cross-sectional averaged (a) bed shear stresses
and (b) dunes roughness coefficients. The gray lines designate the surveys with alternate
bars. The black lines indicate the surveys with lateral or transverse bar.
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distribution of the dunes roughness coefficient is more marked for high discharges and during the falling
limb of floods. Indeed, as seen on data in Figure 11c (which corresponds to low discharges conditions and
to the beginning of a freshet) the ks is relatively uniform along the cross sections. Additionally, on P90 and
P95, on the measurements of December (Figures 11e and 11f), low dunes roughnesses are noticeable at
100 m and 75 m from the left bank, respectively. This decrease is attributable to the absence of dunes on
the rip-raps R2.

The longitudinal evolution of the cross-sectional averaged dune roughness presents a general pattern
which consists in a decrease of the ks in the expansion zone followed by an increase in the contraction
zone (Figure 12b). The mean dune roughnesses estimated for the 19 June 2010, the 25 June 2010, and the
11 December 2010 present a different feature characterized by a constant growth through the channel
reach. Because of the lag time between discharge variations and dunes sizes, no clear relationship appears
between cross-sectional averaged dunes roughness and bars configuration.

5. Discussion

According to the results, the configuration and morphology of the bars modify the flow structure already
imposed by the right bank curvature, the channel width variations, and the forced units (bars and pools).
This modifications on hydrodynamics, in turn, affects the bar morphodynamics and ensures a transition
between the alternate and transverse configurations of bars in the channel expansion/contraction studied.

5.1. Influence of Bars on Flow Structures
Bars affect significantly the flow structure imposed by the planform, i.e., the channel expansion/contraction,
the bank curvature, and the forced pools. The analysis of primary and secondary flow velocities (magnitudes
and directions) and bed shear stresses has shown that in the expansion area studied (between P80 and
P90), two flows with different features are located on each side of the bars at all water discharges. The wid-
ening of the channel causes a flow separation [Repetto et al., 2002] which leads to the formation of two cur-
rents (see arrows in Figures 5 and 10). The main current with high primary velocities, high bed shear
stresses and unstructured secondary velocities flows on the left part of the channel between the left bank
and the bars. The absence of secondary currents in this flow is probably due to the straight pattern of the
left bank and to the large aspect ratio associated to this part of the channel [Yalin and Selim, 1992; McLelland
et al., 1999]. The small current with low primary velocities, low bed shear stresses, and a secondary current
is located between the bars and the right bank. The secondary current observed in the right part of the
channel is probably induced by the curvature of the right bank. In the upstream part of the expansion zone,
the divergence point between these two currents is found on the edge of the bars at all flows (see P80 in
Figure 10). For low discharges and high bars (i.e., when the relative height of the bars is high), the diver-
gence point extends downstream on the top of macroforms (see P90 Figures 10a, 10c, and 10f). Thus, the
bars delimit and increase (at low flows) the divergence of the two currents induced by the upstream chan-
nel expansion. This influence of the macroform on the flow is similar to the topographic forcing described
for point bars [Dietrich and Smith, 1983] and midchannel bars [Richardson et al., 1996].

In alternate bar configuration, the deflection of the flow by the bars is also clearly visible with the macro-
forms located in the left part of the channel, in the narrow section upstream the expansion zone (see B3 in
Figures 5f and 5g). In this morphological configuration, the highest flow velocities are deviated by the
upstream bar toward the right bank and the left edge of the downstream macroform (see B2 in Figures 5f
and 5g and P80 in Figures 7a and 7f). When bars are not upstream the expansion area (in transverse or lat-
eral bars configuration), the high velocities are no more deflected toward the opposite bank and flow on
the left part of the channel (Figure 5 and see P80 in Figures 7b, 7c, and 7d).

Downstream, in the contraction zone (between P90 and P95), the narrowing of the channel forces the con-
vergence of the two currents induced by the upstream expansion zone. The contact point of these flows is
located on the top or on the edge of the bars at all discharges (see P95 in Figure 10). The pressure gradient
between the pool and the bar may be sufficient to form a shear layer between the two convergent flows in
a manner similar to what is generally observed in confluences [Best, 1987; Biron and Lane, 2008]. This shear
layer contributes to separate the two flow cells formed in the upstream expansion zone and reduce their
mixing.

Water Resources Research 10.1002/2013WR015182

CLAUDE ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 2867



As mentioned before, the influence of bars on the flows is mainly due to a topographic forcing. Neverthe-
less, in the study site, at medium and high discharges, the large dunes and so the large dune roughness
coefficients (according to the equation (7)) are generally located on the top or on the margin of the macro-
forms (Figure 11). Parsons et al. [2007] and Szupiany et al. [2009] showed that in sandy rivers with a high
aspect ratio, large dunes can dampen the formation of secondary currents. Thus, the large dunes superim-
posed on bars could increase turbulence and prevent the development of the large-scale flow structures as
the secondary currents (Figure 7) on the whole cross section. The larges dunes could enhance the topo-
graphic forcing of the macroforms and contribute to maintain the separation of the two currents (with dif-
ferent characteristics) on each side of the bars. The bars associated to the large dunes trigger the
nonuniformity of the flows in the channel.

5.2. Bars Morphodynamic in the Channel Expansion/Contraction
5.2.1. Bars Initiation Upstream Channel Expansion
A perennial forced pool, FP1, is located upstream the expansion area. Bed load seems to pass through the
forced pool only as dunes since no macroform is observed in FP1. The bars generally enter in the system on
the left part of the channel (B3, UB2 in Figures 5 and 6) or close to the right bank in the flow divergence
area (UB1 in Figures 5 and 6). The location of the entering bars (i.e., in the left or right part of the channel) is
always opposed to the position of the downstream macroform. Unit bars were observed in the channel dur-
ing low flow periods just before floods (see UB2 in Figures 5c and 6b). Thus, high discharges do not seem to
be the condition sine qua non for the entering of unit bars in the system. Nevertheless, the large bar (B3)
appeared during 2 year floods. Floods (associated with large sediment supply) could be necessary to pro-
mote the large bar formation at the entrance of the system. The field data presented in this study are not
sufficient to explore deeply the relations between bars entrance/formation and flow discharge. More inves-
tigations are needed to see if the large migrating bars only formed on the left part of the channel during
high flows.

5.2.2. Discharge Variations Do Not Affect the Bars Migration
Once the bars are located in the channel expansion/contraction, their morphology changes all along the
year (Figure 5), even during low flow periods because of the high mobility of the sediments (Figure 11)
[Claude et al., 2012]. This observation is relatively common in sandy rivers [Ashworth et al., 2000; Kiss and
Sypos, 2007]. Although some complex processes of fills and scours occur during the different stages of the
freshets [Claude, 2012], the lateral migration of the bars (from the left to right bank) observed during the
floods of June and December seems to be a continuous phenomenon (Figures 5 and 6). This lateral moving
is also observed at low flows (Figure 5). Thus, it is plausible that the hydrodynamic mechanisms which con-
trol the main trend of bars migration are similar at low and high discharges. This point is strengthened by
that fact that for a bar configuration, the flow structure in the channel does not change significantly with
the water discharges (Figures 7, 10, and 11). Therefore, the processes affecting the dynamic of macroforms
located in the channel expansion/contraction (described in the next sections) can be applied on an entire
hydrological year.

5.2.3. Longitudinal Migration of Bars
In the channel, the flow direction is mainly parallel to the left bank in the central and left part of the channel
(see arrows Figure 5). The high velocities and bed shear stresses are also located in this part of the channel
(Figures 7 and 11). So the bars entering in the system close to the left bank migrate according to this direc-
tion until the downstream contraction zone (Figures 5b and 6a). As they are very mobile, these macroforms
are named migrating bars. The progradation of the migrating bars is due to the longitudinal migration of
the dunes present on their tops and margins [Rodrigues et al., 2012]. More generally, as illustrated by the
Figures 5 and 6, the dunes and unit bars govern the morphodynamic of the bars in the studied system,
namely their growth, their migration, and their decay (these different steps are detailed in the next sec-
tions). This observation is consistent with the study of the dynamic and sedimentary structures of large bars
carried out in large sandy braided rivers [Ashworth et al., 2000; Sambrook Smith et al., 2006, 2009].

5.2.4. Stop of Downstream Migration of Bars
As see in Figure 5b and observed by Garcia and Nino [1993], Whiting and Dietrich [1993], and Wu et al.
[2011], with the decrease of the aspect ratio in the downstream contraction zone (Figure 9b), the migration
speed of the bars slows down until the bed forms cease their longitudinal migration (along the left bank in
the study site). Once the migrating bars have reached the contraction zone, they seem to be forced in this
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channel expansion/contraction. Furthermore, as observed in Figures 9a, 12a, and 12b, the flow velocities,
the bed shear stresses, and the bed roughnesses (correlated to dunes size, see equation (7)) increase in the
contraction zone. This marks a radical change in the bed load transport processes between the expansion
area and the contraction zone, and exhibits a transition between the bar and the dune regime. In the nar-
rowing section, the sediments that make up the tail of the bars are then gradually eroded and transported
downstream in the form of dunes. So the sediments go out the system but the macroforms stay in it.

This observation demonstrates the influence of the channel width variations (and aspect ratio) on bars’ mor-
phodynamics and on the migration velocity of these macroforms.

5.2.5. Flow Nonuniformity and Lateral Migration of Bars
When a bar migrates along the left bank, the flow structure is relatively uniform on the cross section, i.e.,
the hydrodynamic parameters present similar values on each part of the macroform (see P90 and P95 in
Figures 7b and 11b).

Simultaneously with the stop of the downstream migration of the bar near the left bank, a unit bar (UB1)
appears close to the right bank in the upstream expansion zone (Figure 5b). Then this unit bar grows (prob-
ably by the amalgamation of dunes coming from the forced pool FP1) and progrades downstream until
merging with the downstream migrating bar in order to form the transverse bar (Figure 6b). This transverse
bar is fed by unit bars as UB2 (Figures 5c and 5d) and can be considered as a transverse compound bar
[Ashworth et al., 2000, 2011; Sambrook Smith et al., 2006, 2009]. In this configuration, the transverse bar
superimposed by large dunes contributes to separate the two currents formed by the channel expansion
and therefore forces flows to the left bank and causes a nonuniform distribution of velocities and bed shear
stresses within the channel (Figures 7c, 7d, 11c, and 11d). Thus, a cell of high velocities and large bed shear
stresses is located on the left side of the bar (or channel), whereas a cell of low velocities and weak bed
shear stresses is present on the right side of the macroform (or the channel). The high bed shear stresses
increase sediment mobility on the left side of the section and probably promote the sediment transport on
the left edge of the bar. Low bed shear stresses limit particle transport on the right side of the section and
facilitate the sediment deposition on the right side of the bar (Figure 6c). The nonuniformity of flows over
dunes generally causes a heterogeneity of sediment transport along their crests and cause their lateral
migration [Dietrich and Smith, 1984; Bridge, 1993; Dalrymple and Rhodes, 1995]. The influence of the flow
nonuniformity on the dune direction increases with the bed form’s size [Dalrymple, 1984]. Thus, the nonuni-
form distribution of bed shear stress within the channel encourages the nonuniformity of the transport of
the sediments, the lateral migration of the dunes superimposed on the bar and consequently the lateral
migration of the macroform from the left bank toward the right bank. In the Jamuna River, a large sandy
braided river, Ashworth et al. [2000] showed that the development of the flow in an anabranch around a
midchannel bar (so the development of the nonuniformity of flow around a midchannel bar) favors its
enlargement and then deposition in the anabranch. The deposition deflects the flow across the bar and
encourages the elongation of the bar tail. New bars form along the elongated tail of the midchannel bar
and make the reach morphology passing from a midchannel pattern to an alternate bar pattern. Despite
that the sedimentary processes around the macroforms seem different, our observations and those of Ash-
worth et al. [2000] show that the uniformity or nonuniformity of flow is a key element that determines the
evolution and the morphology of bars in a channel.

Then the migrating transverse bar reaches the rip-raps located close to the right bank and ceases its migra-
tion since it is not able to migrate downstream and laterally. The bed form becomes a nonmigrating bar.
The downstream migration of an upstream macroform increases the deflection of the highest velocities
toward the left edge of the nonmigrating bar. This effect combined to the nonuniformity of flows increases
the erosion of the left edge of the nonmigrating bed form and the moving of its sediment toward the
forced pool close to the right bank (Figure 6e). When the upstream migrating bar reaches the contraction
zone, the nonmigrating bar is quasi-totally eroded.

6. Conclusions

This field study allows for the first time the observation of the flow structure around bars arranged succes-
sively in alternate, lateral, and transversal configurations in a channel expansion/contraction with fixed
banks for different water stages.
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Primary and secondary velocities, flow directions, bed shear stresses, and bed roughnesses associated to
dunes are structured as a function of the morphology and location of the bars. The bars modify the flow
structure imposed by the channel width variations. In fact, the macroforms induce a topographic forcing
which enables the separation and reducing of the mixing of two currents formed in the upstream channel
expansion. Moreover, large dunes migrate mainly on the macroforms. The bed roughness associated to the
large dunes increases the turbulences on the bars and also contributes with the topographic forcing to sep-
arate the two flows. Since these two currents have different flow characteristics (i.e., different magnitudes
of flow velocity, flow direction, bed shear stress, presence or absence of secondary currents), the bars pro-
mote the nonuniformity of the flow at the channel’s scale.

In turn, the flow structure imposed by the planform and the bars affects the dynamic of dunes and unit bars
and consequently the morphodynamic of the bars which migrate in the channel expansion/contraction. The
decrease of the channel width and aspect ratio increases the flow velocities and the bed shear stresses. In this
hydrodynamic context, the migrating bars become unstable and forced in the channel expansion/contraction.
After being forced by the narrowing of the channel, the nonuniformity of the flow causes a nonuniformity of
the sediment transport on bars. Thus, the sediments are transported faster on one edge of the macroforms,
than on the other edge. This process enables the lateral migration of the bars until they reach a bank and
become nonmigrating bars. Finally, the nonmigrating bar stays in the channel expansion/contraction until a
new migrating bar enters in the system, deflects the flows and causes its erosion.

For a bar configuration, the flow structure does not change significantly for water discharges varying
between low flows and 2 year floods. As the sediments of the sandy-gravel bed river studied are mobile
even at low flows, the morphodynamic of the bars in the channel expansion/contraction is continuous dur-
ing a hydrological year. Nevertheless, it was not possible to determine accurately the upstream boundary
conditions and processes involved in the formation or the entrance of bars in the system. Future works
implying numerical simulations should be carried out to better understand these mechanisms.

Notations

d water depth, m.
D* nondimensional diameter.
D50 diameters for which 50% of the particles in weight are finer, m.
D90 diameters for which 90% of the particles in weight are finer, m.
g gravitational acceleration (9.81 m s22).
HD mean dune height, m.
j von Karman constant equal to 0.4
ks bed roughness associated to the dunes, m.
LD mean dune length, m.
s sediment density ratio (2.65).
u horizontal flow velocity u, m s21.
uE easting component of the flow velocities, m.s21.
uN northing component of the flow velocities, m s21.
uP primary component of the flow velocities, m s21.
uS secondary component of the flow velocities, m s21.
uV vertical component of the flow velocities, m s21.
W channel width, m.
(z0)SF grain roughness (or the height at which u 5 0), equal to 0.095 D90, m.
q volumetric mass of water (1000 kg m23).
qs volumetric mass of sediment (2650 kg m23).
s bed shear stress, N m22.
sc critical bed shear stress, N m22.
t kinematic viscosity (131026 m2 s21).
u orientation of the horizontal flow direction with respect to north, �.
w orientation with respect to north of the mean vector velocity on a vertical, �.
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