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Abstract Bedforms are ubiquitous features in rivers and shallow seas, as mobile sediment is transported
by flowing water. The mutual interaction of hydrodynamics and bedform has been widely studied in the
laboratory over two‐dimensional bedforms having an angle‐of‐repose (30°) lee side and a relatively simple
shape. However, the influence of bedform natural morphology and three‐dimensionality on the flow is still
poorly constrained. The present work looks at how a natural three‐dimensional (3‐D) bedform field
influences flow properties through high‐resolution numerical modeling. A 3‐D numerical model is set up
with Delft3D and verified against lab experiments of idealized 3‐D bedforms. The model is used to simulate
water velocities, turbulence, water levels, and bed shear stress above a natural bedform field from the Río
Paraná (Argentina). The presence and size of the flow separation zone and turbulent wake depend on the
presence and properties of the slip face (defined here as the portion of the lee side with angles >15°) and not
on those of the crest. When present, the flow separation and wake lengths are, for the tested settings,
respectively, around 5 and 13 times the slip face height. A slip face orientation of 25° or more compared to
the flow increases cross‐stream flow and suppresses flow reversal over the slip face. To understand and
predict flow and bedform properties, the slip face rather than the crest position should be identified
and analyzed.

Plain Language Summary In rivers and at the coast, the water flows fast and moves sand. This
often forms underwater dunes, exactly like the movement of sand by wind forms desert dunes. These
underwater dunes can be several meters high and are therefore a danger for navigation. They move and can
be a risk for offshore structures (like wind farms). Understanding the movement of water above dunes helps
to say how dunes will move. In the past, it has often been done over dunes made in the laboratory. In the
work presented here, we look at how water is moving above natural dunes, which were measured in the
Paraná River in Argentina. For this, we use a numerical model: A computer calculates how the water is
moving above the measured dunes. We found that water movement depends on the part of the dunes which
is the steepest, called the slip face. It does not depend on the highest point, the crest, as previously thought.
Therefore, when studying a dune, the slip face properties should be looked at in order to say how water will
move over the dune. Our work will make it easier to say how dunes and water move.

1. Introduction

Under the action of hydrodynamic forces (tidal currents, waves, and river flows), the bed can be mobilized
and frequently forms rhythmic wavy features, collectively known as bedforms. Bedforms are active morpho-
dynamic elements that both reflect and influence hydrodynamic and sediment dynamics processes at var-
ious spatiotemporal scales. The study of their presence, size, movement, and interaction with the flow is
directly relevant for a wide range of applications such as the dynamics of mine burial, the impact of marine
aggregate extraction, the safety of offshore structures, the protection of cables, and the control of
navigational depth.

Traditionally, the effect that bedforms have on the flow has been investigated in laboratory flumes over two‐
dimensional (2‐D) bedforms having an angle‐of‐repose (30°) lee side and a relatively simple shape (triangu-
lar shape or a sinusoidal stoss side and a straight lee side). Over such bedforms, the flow field can be categor-
ized in different regions with specific characteristics that have fundamentally distinct effect on flow and
sediment transport (Figure 1a; see reviews by Best, 2005, and Venditti, 2013): (1) a flow separation zone
(FSZ) over the bedform lee side in which reverse flow is observed; (2) a shear layer and turbulent wake
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region, originating at the crest, extending, and expanding downstream; (3) an internal boundary layer that
grows beneath the wake, from the reattachment point toward the crest; and (4) an outer, overlying region.
The FSZ and associated turbulence production at the shear layer and dissipation in the wake are largely
responsible for the so‐called form roughness, which constitutes an important part of the shear stress in
environments where bedforms are present (Kostaschuk & Villard, 1996; Lefebvre & Winter, 2016; Smith
& McLean, 1977) and thus a major factor in the calculation and prediction of hydrodynamics and
sediment transport.

Natural bedforms often have a lee side made up of two segments, a gentle upper lee side and a steeper slip
face (Figure 1b; Lefebvre et al., 2016). Over such bedforms, flow may separate at the brink point, where the
slope changes from being gentle along the crestal platform to being steep at the slip face. Bedforms formed in
laboratory flumes generally develop steeper slip faces than natural bedforms (Naqshband et al., 2014; Van
der Mark et al., 2008), which explains why angle‐of‐repose bedforms have been intensively studied in the
laboratory. However, it is now recognized that many large rivers and coastal environments are characterized
by bedforms with lee side or slip face slopes lower than the angle‐of‐repose, the so‐called low‐angle bedforms
(Best, 2005). Over such bedforms, flow does not separate, and no permanent flow separation is observed
(Best & Kostaschuk, 2002; Kostaschuk & Villard, 1996). No distinct wake is found, only a region of slightly
elevated turbulence (Lefebvre et al., 2016). A wide range of slip face angles is encountered over field

Figure 1. Summary over mean flow and turbulence above (A) 2‐D simple shape, angle‐of‐repose bedforms, (B) 2‐D com-
mon shape, low‐angle bedforms, (D) 3‐D bedforms with crest line height variations and (E) 3‐D bedforms with lobe and
saddle shapes; details of velocity along profile p1 is shown in (C) to highlight how the height of the flow separation point is
found.
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bedforms, and whether flow is separating is often difficult to determine. Based on numerical modeling of
flow over triangular bedforms, Lefebvre and Winter (2016) suggested that flow separation is permanent
for slip face angles steeper than 11–18°, depending on bedform relative height (bedform height compared
to water depth). From laboratory measurements of flow over fixed bedforms, Kwoll et al. (2016) concluded
that a permanent flow separation exists only over slip face angles of 30°, and a small intermittent FSZ is pre-
sent over bedforms with slip faces of 10° and 20°. These recent results based on systematic studies confirmed
previous results indicating that flow separation is permanent for lee side slopes larger than 10–20° (Best &
Kostaschuk, 2002; Kostaschuk & Villard, 1996; Paarlberg et al., 2007).

Bedforms are particularly abundant in rivers and in shallow tidal environments, where they develop into
vast fields with a complex morphology. Fields of large bedforms are inherently three‐dimensional, which
is seen as crest line discontinuity (bifurcations and terminations), crest line sinuosity, crest line height var-
iations, scour pits in the trough and spurs. Three‐dimensionality may be created by various processes, for
example, high flow velocity (Southard & Boguchwal, 1990), across‐variations in sediment size (Ernstsen
et al., 2005), presence of cohesive forces in the sediment (Baas et al., 2016; Malarkey et al., 2015), differential
bedform migration rates (Fraccascia et al., 2016), or simply enough time to evolve to be three‐dimensional
(Baas, 1994; Venditti et al., 2005). Actually, Rubin (2012) argued that bedforms are characteristically
three‐dimensional and only special conditions, which induce along‐crest coupling processes, may be strong
enough to overcome the tendency to three‐dimensionality and result in 2‐D bedform fields.

Bedform three‐dimensionality has been recognized by the early work of Allen (1968), who showed that it
adds considerable complexity by modifying flow patterns. However, since then, only some aspects of
three‐dimensionality have been systematically studied: the influence of crest lines sinuosity and height var-
iations (Maddux et al., 2003; Omidyeganeh & Piomelli, 2013; Venditti et al., 2005); and this only over geo-
metric regular pattern and at laboratory scale, with the notable exception of the field study of Parsons
et al. (2005).

Similarities of flow above bedforms with crest lines with sinuosity and height variations can be recognized
(Figures 1d and 1e). Maddux et al. (2003) conducted extensive laboratory‐based measurements above fixed
angle‐of‐repose “quasi 3‐D” bedforms having straight crest lines but heights that varied in the cross‐stream
direction (Figure 1d). Over these, the centerline was defined as the line in the center of the domain where
bedform height varies the most, and the node, halfway between the centerline and the side, along which
the bedform height does not vary. Venditti (2007) measured flow profiles over fixed 3‐D angle‐of‐repose bed-
forms having lobe and saddle shapes. Lobes have reverse closure of their crest lines and saddle forward clo-
sure (Figure 1e). Over the node or a saddle shape, stream‐wise flow is accelerated and cross‐wise flow
relatively high, with a strong downward‐directed vertical flow. A vertical suppression of turbulence is
induced with a reduced FSZ and suppressed wake. Over the centerline or lobe shape, cross‐stream flow is
limited, and vertical flow is positive. Flow separation and wake are strong and diffused upward. Venditti
(2007) also showed the importance of upstream bed configuration as he observed no flow separation and tur-
bulent wake over irregularly placed bedforms.

Numerical models have been used to simulate the interaction of bedforms and hydrodynamics (El Kheiashy
et al., 2010; Khosronejad & Sotiropoulos, 2014; Lefebvre, Paarlberg, & Winter, 2014; Omidyeganeh &
Piomelli, 2013; Stoesser et al., 2008). They compensate for limitations in field and flume measurements as
they allow simulations of high‐resolution near‐bed flow fields, provide estimate of turbulence, and can be
used with a variety of boundary conditions. Two main types of modeling approaches are available: large‐
eddy simulation (LES) and Reynolds‐averaged Navier‐Stokes. Reynolds‐averaged Navier‐Stokes models
use a turbulence closure model to parameterize the contribution of the turbulent motions (eddies) and simu-
late the time‐averaged flow. Therefore, flow intermittency and coherent flow structure cannot be studied
with such models. On the other hand, they are computationally inexpensive. Because the computational
time does not depend on Reynolds number, simulations can be run at field scales even at high‐resolution
(thus avoiding scaling issues). LES models compute exactly the contribution of large turbulence structures
and model only the effect of the smallest scales of turbulence (Stoesser, 2014). The great advantage of LES
modeling of flow over bedforms is the possibility to investigate in details coherent flow structures such as
boils (Omidyeganeh & Piomelli, 2013; Stoesser et al., 2008) and of time‐dependent flow separation, that is,
investigate in details intermittent flow reversal. However, LES simulations are expensive in terms of
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computational time, even when carried out at laboratory scale in order to keep low Reynolds numbers
(Stoesser, 2014), and until recently, they were only used at laboratory scale. The review from Sotiropoulos
and Khosronejad (2016) provides a detailed account of the recent advancement in the field of multiscale bed-
form modeling using LES coupled with morphodynamics. It highlights in particular the role of turbulence
and bed shear stress fluctuations in the initiation and development of bedforms and the formation of coher-
ent structures (Khosronejad & Sotiropoulos, 2014) and the formation of barchan dunes under finite sand
supply (Khosronejad & Sotiropoulos, 2017). The evolution and migration of large dunes at river scale is
now also possible using an unsteady Reynolds‐averaged model coupled with a technique for decoupling
the time steps of the flow from that of the sediment transport (Khosronejad et al., 2015). These recent
advances in LES modeling show that LES can be used to simulate dune formation and evolution at a variety
of scales in a realistic way and help elucidating the prominent role of small‐scale turbulence in bedform
initiation and migration.

Numerical simulation results have confirmed and detailed results from laboratory studies. Omidyeganeh
and Piomelli (2013) performed high‐resolution LES modeling of flow over angle‐of‐repose flume‐scale bed-
forms having saddles and lobes in a setting similar to Venditti (2007). Nine cases were simulated with a bed-
form having more or less pronounced lobes and saddles. In most cases with in‐phase crest lines, flow
patterns were similar to those recognized by Venditti (2007). In the case where the bedform length was
shorter than the water depth, the flow resembled that in 2‐D bedforms, with a notable absence of secondary
flow.When saddles and lobes were staggered, faster flowwas found in the node rather than at the saddle and
lobe positions, as already observed by Maddux et al. (2003). The average value of the reattachment length
was lower for 3‐D cases than the corresponding 2‐D case due to the effect of the stream‐wise vortices.

The patterns of mean and turbulent flow over angle‐of‐repose 3‐D bedforms with regular geometrical crest
lines and subjected to unidirectional flow are therefore well described (Figure 1). However, very little is still
known about natural morphologies, where saddles and lobes are unlikely to be aligned or staggered.
Certainly, the bed configuration of Venditti (2007) with irregular crest lines showed that the position of
upstream crest lines and morphology have a strong influence on flow. One notable study focused on inves-
tigating the flow structure over full size 3‐D bedforms: Parsons et al. (2005) measured bathymetry and flow
velocity over a transect crossing large asymmetric bedforms in the Río Paraná, Argentina. They found that
FSZs were smaller over both lobe‐ and saddle‐shaped bedforms (having lee side angles of around 14°) than
over 2‐D bedforms. Their results concurred with Venditti (2007) lab results with respect to the lobe pattern
but contradicted the findings over the saddle pattern. They also conclude that bedform three‐dimensionality
is connected to the morphology of the upstream bedform, with changes in crest line curvature and crest line
discontinuities significantly influencing the downstream bedform. The results of Parsons et al. (2005) con-
tributed to the understanding of flow over natural bedform fields with lee side angles lower than the angle
of repose. However, they were limited in their analysis because the flow was measured over only one trans-
ect, and therefore, they were not able to correctly resolve lateral flows. Furthermore, they could not collect
flow velocity measurements close to the bed or calculate turbulence above the bedforms due to instrumental
limitations. As a result, it was not clear whether flow separation above the saddle/lobe shape was not
detected because flow separation was affected by the 3‐D morphology or because of the instrument resolu-
tion (Parsons et al., 2005).

Although bedform three‐dimensionality and its influence on the flow are widely recognized, little is still
known about the interaction of natural bedform three‐dimensionality and the flow field. This is largely
due to the difficulty in recording precise concomitant measurements of 3‐D flow and turbulence in the field,
as observed by Parsons et al. (2005). Flume‐based studies can provide detailed high‐frequencymeasurements
of velocity and turbulence over 3‐D bedforms. However, reproducing complex natural bed morphology and
flow properties at adequate spatial and time scales is problematical. Despite their limitations, numerical
models provide a complementary approach to laboratory and field measurements to better understand flow
fields over complex bedform fields.

The present work aims to understand how a natural three‐dimensional bedform field influences flow velo-
cities and turbulence through high‐resolution numerical modeling. Ultimately, the purpose is to determine
significant relations between flow properties and bedformmorphology in order to estimate the presence and
size of flow separation and turbulent wake based on bathymetric maps. The Delft3D numerical modeling
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system is used to simulate 3‐D flow above natural bedforms. The model is first verified against Maddux et al.
(2003) lab data before being used to model 3‐D flow velocities and turbulence above a bedform field from the
Río Paraná (Argentina) previously described by Parsons et al. (2005).

2. Modeling System and Data Analysis
2.1. Delft3D Modeling System

Delft3D is an open‐source integrated modeling system developed to simulate flow and transport for river,
estuarine, and coastal areas. In the Delft3D‐FLOW module, the 3D nonlinear shallow water equations
derived from the three‐dimensional Reynolds‐averaged Navier‐Stokes equations for incompressible free sur-
face flow are solved by using a turbulence closure model (Deltares, 2014). In order to capture nonhydrostatic
flow phenomena such as flow recirculation on the lee of bedforms, the nonhydrostatic pressure is computed
by using a semi‐implicit finite difference model for nonhydrostatic flows (Casulli, 1999): For every time step,
provisional velocities and water levels are calculated by neglecting the contribution of the nonhydrostatic
pressure. In a second step, the nonhydrostatic pressure terms are included to correct the provisional values,
and the final velocities and water levels are computed. Details of the correction technique can be found in
Deltares (2014).

The nonhydrostatic Delft3D modeling system has already been successfully used to set up a 2‐D vertical
numerical model to simulate horizontal and vertical velocities, turbulent kinetic energy (TKE), and water
levels above fixed bedforms. The model has been calibrated and validated against the laboratory flume
experiments of McLean et al. (1999) and proved to correctly reproduce horizontal and vertical velocities
(including flow separation), turbulence, and shear stress over idealized, angle‐of‐repose bedforms under uni-
directional flow conditions (Lefebvre, Paarlberg, & Winter, 2014). Further confirmed against field data, the
model also showed to correctly simulate velocities, TKE, and water levels in a tidal environment over natural
bedforms (Lefebvre, Paarlberg, Ernstsen, et al., 2014). It has also been used to carry out systematic experi-
ments to constrain the influence of lee side angle on bedform roughness (Lefebvre & Winter, 2016) and to
characterize the effect of natural bedform morphology on flow (Lefebvre et al., 2016). Details of the 2‐D
model setup, calibration, and validation, including specifics on the turbulence closure scheme and sensitiv-
ity to grid size and roughness length, can be found in Lefebvre, Paarlberg, Ernstsen, et al. (2014), Lefebvre,
Paarlberg, & Winter (2014).

2.2. Model Setup

The model is now set up to simulate three‐dimensional flows over bedform fields by extending the model
domain into the cross‐stream direction. Since the model calibration in 2‐D, the FLOW module of Delft3D
has been updated (Deltares, 2014). Delft3D‐FLOW now offers the functionality to remap the near‐bottom
layers in order to reduce the inaccuracies and discontinuities in bottom shear stress and velocity profiles
associated with the z‐layer model (Platzek et al., 2014).

All simulations are performed on a 3‐D Cartesian model grid discretizing a fixed bed, that is, no sediment
transport is modeled. The following conditions are prescribed constant in time at the lateral open boundaries
of the model domain: a logarithmic velocity profile at the upstream boundary and a water surface elevation
of 0 m at the downstream boundary. The bed roughness is defined as a uniform roughness length z0. The

time step is varied depending on grid settings to follow a Courant Friedrich Lewy criterionCFL ¼ Δt
ffiffiffiffiffiffiffiffiffiffi
ghð Þp

= Δx;Δyf g<10 where t is the time step, g is the acceleration due to gravity, h is the water depth, and x and y
are characteristic sizes of the horizontal grid. Since the zmodel is used, the following condition also applies
Δt ≤ min (Δx,Δy)/ max (|u|,|v|) where|u|and|v|are characteristic values of horizontal velocities (Deltares,
2014). In order to use the nonhydrostatic pressure correction technique, the model is set up with the z‐grid
coordinate system instead of the commonly used boundary fitted σ coordinate system (Deltares, 2014). The
Cartesian coordinates system (z model) is made of fixed horizontal coordinate lines, separating the layers,
and is fitted at the bottom boundary by a staircase bed. The layer thickness is defined as the distance between
two consecutive z‐grid surfaces. Vertical resolution for each layer depends on layer size, which can vary
through the water column (non‐equidistant layers).
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2.3. Data Analysis

In all simulations, the x direction is defined as being stream‐wise, the y direction cross‐wise (positive cross‐
stream velocity going anticlockwise from stream‐wise), and z direction vertical, with positive velocities going
upward. The horizontal zero is set at the beginning of the domain or at the position of the lab measurements
for the verification simulations. The vertical zero is set at the lowest position of the bed.

The analyzed model outputs are the water level, the 3‐D velocities, the TKE, and the bed shear stress. The
presence of flow separation is detected as negative stream‐wise flow. For each point at the bed where a nega-
tive stream‐wise velocity is found, the height of the FSZ is calculated as the distance above the bed at which
the net discharge per unit width is zero (Figure 1c). In other words, the height of the FSZ is situated where
the integral of the negative velocity between the bed and the zero‐velocity point is compensated by the inte-
gral of the positive velocity between the zero‐velocity point and the height of the flow separation (Lefebvre,
Paarlberg, & Winter, 2014; Paarlberg et al., 2007).

3. Sensitivity Analysis and 3‐D Model Verification

A sensitivity analysis is carried out on a bed made of 14 bedforms with straight crest with varying height, as
studied byMaddux et al. (2003) in the lab (Figure 2) but scaled 50 times larger, that is, mean wavelength Lb =
40 m and mean height Hb = 2 m (Table 1), in order to reduce simulation times by setting a larger time step
(which depends on the horizontal grid following the CFL and the z‐model recommendation). Specifically,
the parameters tested were turbulence closure model, boundary conditions (discharge or velocity, including
logarithmic or uniform velocity profile and reflection parameter alpha), smoothing time, advection scheme
for momentum, background horizontal viscosity, time step, remapping of bottom layers, simulation length,
horizontal grid, number and distribution of vertical layers, roughness length, and additional parameters
from the nonhydrostatic settings (full or weak, maximum number of iterations, and stop criterion CG (con-
jugate gradient) method; see Deltares, 2014, for details). Only the most relevant results are presented and
discussed here.

The tests of model settings revealed that only the k‐ε turbulence closure model (Deltares, 2014) gives satis-
factory results. The other turbulence models give patterns of flow above the bedforms that do not represent
what Maddux et al. (2003) measured. A calibration parameter of Delft3D‐FLOW is the background horizon-
tal viscosity, which depends on flow velocity and grid size (Deltares, 2014). It was determined that a value of
0.001 m2/s or lower gives good results at field scale. At lab scale, a value of 0.000001 m2/s or lower should be
used. As already identified in the 2‐D model (Lefebvre, Paarlberg, & Winter, 2014), the results are strongly
influenced by the horizontal and vertical resolutions, which need to be fine enough to resolve flow separa-
tion and recirculation over the bedform lee. The layer size should be small near the bed in order to success-
fully capture processes relevant to 3‐D flow above bedforms and may be gradually increased toward the
water surface. The model is found to be only marginally sensitive to the time step as long at the CFL and
z‐model recommendation are followed. For example, the time step for a model with x = y = 0.03 m, water
depth h = 8 m, and max(|u|,|v|) = 1 m/s would be recommended to be equal or inferior to 0.3 s. In this case
putting dt = 0.6 s results in unstable simulation. Simulations with dt = 0.3 s or dt = 0.15 s both work well,
with results having a velocity difference of less than 1% or 0.0005 m/s. Roughness length had a strong influ-
ence on flow separation and turbulent wake length, with in general, a decrease in flow separation and wake
size with increasing roughness, as already observed with a similar model in 2‐D (Lefebvre, Paarlberg, &
Winter, 2014, see in particular Figures 8 and 9).

The model is then verified against the data from Maddux et al. (2003), which consists of laboratory‐based
velocity and water surface measurements above 3‐D bedforms. The measurements were made in the
22‐m‐long recirculating flume in the Ocean Engineering Lab at the University of California, Santa
Barbara, over 14 fixed artificial bedforms (mean wavelength = 0.8 m, mean height at the crest = 0.04 m, a
half‐cosine shaped stoss side, and a straight angle‐of‐repose lee side) roughened with coarse sand. The
three‐dimensionality of the bedforms was established as a full cosine wave in the cross‐stream direction,
superimposed on the profile of the 2‐D bedforms (Figure 2). Successive crest lines were staggered, so that
a bedform with a high middle and low sides was followed immediately by a bedform with a low middle
and high sides. Detailed measurements of velocity and free surface topography were performed over the
eleventh and twelfth bedforms, from the bed to the free surface and from the centerline of the flume to
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the halfway point between the centerline and the wall (Figure 2). Vertical profiles were spaced every 0.04 m
in the x direction and every 0.045 m in the y direction with an approximately logarithmic spacing relative to
the local bed elevation, starting from a few millimeters off the bed, for a total of between 20 and 30 data
points, depending on the local flow depth. The mean water depth was 0.173 m and the averaged velocity
0.357 m/s (Table 1). To verify the numerical model, the whole bed configuration tested in the laboratory
(Figure 2) is set as the model bed, with a horizontal resolution of 0.01 m and 37 non‐equidistant layers
(over 3.8 million points modeled). The average velocity is used as entrance boundary condition until the
model reaches stability. Two values of roughness length are tested, z0 = 0.0001 m and z0 = 0.0002 m, to
estimate the influence of roughness on the results. These values are selected to resemble the roughness in
the laboratory experiments where the bedforms were roughened with coarse sand of 1 mm in diameter
sprinkled on wet paint. Assuming z0 = d50/12 where d50 is the median grain diameter (Soulsby, 1997),
this would suggest that z0 in the experiment was around 0.00008 m.

For a precise assessment of howwell the model simulates the laboratory data, the mean absolute and relative
differences (MAD and MRD) between the modeled and measured quantities are calculated for each mea-

surement asMAD¼∣labi−simi∣ andMRD¼ labi−simið Þ=labi where labi represents a laboratory measurement
and simi the corresponding simulated parameter. MAD and MRD are calculated for the depth‐averaged
quantities, along the six profiles measured by Maddux et al. (2003) and for all the available measurements.
Table 2 shows MAD and MRD between modeled and measured data for the largest roughness length tested,
z0 = 0.0002 m, as it gives the smallest overall difference between the measured and modeled data. Figures 3
and 4 show the comparison of this simulation with the laboratory measurements for the depth‐averaged
quantities and for profiles at the centerline and node. Table 2 summarizes the MAD and MRD between
the laboratory measurements and model simulations. The measured and modeled water levels show similar
patterns, with high water level over the middle stoss side and low water level over the crest and lee side
(Figures 3a–3c). As observed by Maddux et al. (2003), stream‐wise velocities are lowest over the centerline
(where the bedform heights are varying the most) and largest over the node (where the flow experience

Figure 2. Bed configuration of the Run T2 (Maddux et al., 2003) which is used to verify the 3‐D numerical model. The bed
contains 14 fixed bedforms (mean wavelength = 0.8 m, mean height at the crest = 0.04 m, a half‐cosine‐shaped stoss side,
and a straight angle‐of‐repose lee side) with a full cosine wave in the cross‐stream direction to produce three dimen-
sionality. The crosses over the eleventh and twelfth bedforms show where measurements were taken.

Table 1
Summary of Model Settings

Parameter Sensitivity analysis Model verification Paraná dune field

Bedform shape Straight crest line with
height variations

Straight crest line with
height variations

Natural bedform field

Bedform size mean length = 40 m; mean
height = 2 m

mean length = 0.8 m; mean
height = 0.04 m

Mean length = 57 m;
mean height = 1.25 m

Water depth (m) 8 0.17 6.4
Input velocity (m/s) 1 0.32 Range tested: 0.85 to 1.15
Horizontal resolution (m) Range tested: 0.3–1 0.01 0.5
Number of layers (corresponding vertical resolution) Range tested: 30–60

(0.2–0.06 to 0.6–0.4 m)
37 (0.003 to 0.015 m) 40 (0.15 to 0.47 m)

Background horizontal viscosity (m2/s) Range tested: 10−7–1 10−6 10−3

Time step (min) Range tested: 0.001–0.01 0.00008 0.0025
Roughness length (m) Range tested: 0.0001–0.005 0.0001 Range tested: 0.000001–0.02
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Table 2
Mean Relative Difference (MRD) and Mean Absolute Difference (MAD) of Stream‐Wise (U), Cross‐Stream (V), and Vertical (W) Velocities; Turbulent Kinetic
Energy (TKE); and Water Level, for the Depth‐Averaged Quantities, Along the Six Profiles Measured by Maddux et al. (2003) and of All the Measured Data

Data

U V W TKE Water level

MAD (m/s) MRD (%) MAD (m/s) MRD (%) MAD (m/s) MRD (%) MAD (m2/s2) MRD (%) MAD (m) MRD (%)

Depth‐averaged 0.035 −4.3 0.0047 43.7 0.0046 57.1 0.0004 21.2
Profile 1 (centerline) 0.061 −13.9 0.0091 27.7 0.0071 272.3 0.0126 454.6 0.00021 −8.7
Profile 2 0.049 −4.4 0.0127 48.5 0.0077 53.5 0.0125 350.3 0.00019 20.6
Profile 3 0.038 6.0 0.0119 125.4 0.0081 217.2 0.0111 10.9 0.00015 31.6
Profile 4 0.037 10.2 0.0083 117.7 0.0078 57.2 0.0090 −293.9 0.00014 2.3
Profile 5 0.065 0.8 0.0083 54.5 0.008 9.4 0.0098 −490.4 0.00013 11.3
Profile 6 (node) 0.063 23.8 — — 0.0082 78.2 0.0102 −567.9 0.00013 5.6
Average all data 0.052 3.8 0.0091 74.7 0.0078 114.6 0.0109 −89.2 0.00016 18.1

Figure 3. (a and b) Water surface, (d and e) depth‐averaged stream‐wise (U), (g and h) cross‐stream (V), and (j and k) vertical (W) velocities; (m and n) turbulent
kinetic energy (TKE); and (p and q) bed level as modeled and measured by Maddux et al. (2003) and (right) profile of the same quantities (c = water surface, f =
stream‐wise velocity, i = cross‐stream velocity, l = vertical velocity, o = TKE and r = bed level) along the node and centerline. The depth‐averaged data were
intentionally not interpolated or smoothed in order to highlight the difference in available data points between the modeled and measured data.
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the least bed height variation; Figures 3d–3f). This can be seen for both the laboratory measurements and
model results, but it is accentuated for the model simulations compared to the measurements, with the mod-
eled stream‐wise velocity over the node and centerline being on average 0.08 m/s (24%) higher and 0.03 m/s
(14%) lower than the measured velocities. The difference between the measured and modeled stream‐wise
velocity is the highest in terms of absolute values (0.05 m/s), due to the overprediction (underprediction)
of stream‐wise velocity over the node (centerline), but it is the lowest MRD of the three velocities (average
of 3.8% for all data; Table 2). The modeled and measured cross‐stream velocities have very similar patterns
and values, showing very low cross‐stream velocity over the crest line and higher velocity over the node, with
the bed height variations steering the flow away from the highest crest (Figures 3g–3i). The vertical velocities
are also similar for the modeled and measured values, with flow generally going upward over the stoss side
and downward over the lee side (Figures 3–3l). The relative difference between the measured and modeled
data for the stream‐wise and cross‐stream velocities is in general high (between 20% and 270%). However,

Figure 4. Profiles of stream‐wise (U), cross‐stream (V), and vertical (W) velocities and turbulent kinetic energy (TKE)
along the centerline as modeled and measured by Maddux et al. (2003), (top) at the centerline and (bottom) at the node.
The data were intentionally not interpolated or smoothed in order to highlight the difference in available data points
between the modeled and measured data.

10.1029/2018JF004928Journal of Geophysical Research: Earth Surface

LEFEBVRE 2249



the MAD is small (always less than 1 mm/s; Table 2). The TKE is high behind the highest part of the crest for
both the model results and laboratory measurements (Figures 3m–3o), reflecting the position of the turbu-
lent wake associated with flow separation (Figure 4). The relative and absolute differences between the mea-
sured and modeled TKE are relatively large (MAD = 0.01 m2/s2 and MRD = −89%; Table 2). The difference
in TKE is likely to be related to the difference in stream‐wise velocity. Above the node, stream‐wise velocity
near the bed is underpredicted over the stoss side, resulting in lower modeled TKE compared to laboratory
measurements. On the other hand, velocity is overpredicted over the lee side, resulting in higher modeled
TKE in the wake than measured. These discrepancies in stream‐wise velocity and TKE between the modeled
and laboratory results may be caused by inherent differences. The flume walls induce a friction, not present
in the model, which may account for the overall stronger TKE in the laboratory measurements than in the
model results. The model simulates Reynolds‐averaged quantities, whereas the laboratory measurements
are time averaged. The numerical model and laboratory measurements have different resolution and
precision.

The profiles over the centerline and node (Figure 4) confirm the results observed from the depth‐averaged
quantities, also showing a very good agreement between the modeled and measured quantities. Over the
centerline, there is vertical diffusion of turbulence, with relatively low stream‐wise velocity, very low
cross‐stream flow (so low that Maddux et al., 2003, could not get reliable measurements), and strong upward
flow over the stoss side. Flow separation over the high crest is strong, and the wake is large and extending
upward. Over the node on the other hand, the strong stream‐wise, low cross‐stream velocities and strong
downward flow over the lee side result in a vertical suppression of turbulence, and the turbulent wake is
restricted in height.

The comparison of simulation results to the laboratory measurements of Maddux et al. (2003) showed that
themodel provides a realistic simulation of the 3‐D velocity and turbulence fields over regular 3‐D bedforms,
with little differences between the measured and modeled quantities considering differences in setup and
precision of measured velocities. The numerical model is therefore considered a suitable tool to investigate
Reynolds‐averaged velocities and TKE above a three‐dimensional bedform field.

4. Río Paraná Bedforms
4.1. Study Site

The model is used to simulate flow over a natural bedform field collected in the Río Paraná, Argentina, by
Parsons et al. (2005). Three‐dimensional bathymetry of a 600‐m‐wide and 1.3‐km‐long section of the Río
Paraná (Figure 5), just upstream of the confluence of the Río Paraguay, was measured in May 2004 using
a multibeam echosounder and an acoustic current Doppler profiler (ADCP). At the survey area, the Río
Paraná is 2.5 km wide and 5–12 m deep. At the time of survey, the discharge of the full river section was
11,000 m3/s. Throughout the surveyed area, Parsons (2005) observed large dunes, 1.2 to 2.5 m high and 45
to 85 m long, with smaller dunes superimposed on their stoss side. Most large dunes had continuous crest
lines although some discontinuities (bifurcations and terminations) were noted. Several bedform crests
show pronounced curvature producing saddle and lobe shapes. Two other noticeable features were recog-
nized at the study area (Figure 5): a bedrock that protrudes around 2m above the bed and channel deepening
toward the SSW corner of the survey area due to the presence of a large bar upstream of the study site.

Gutierrez et al. (2013) further analyzed the bathymetry collected by Parsons et al. (2005) using robust spline
filters and wavelet transforms to discriminate bedform scales. Using this method, the bed morphology was
separated in three units: small dunes or ripples, medium to large dunes, and bar. The ripples and small dunes
were observed to get larger from the trough to the crest of the large dunes. They were relatively symmetrical
with steep stoss and lee sides. The bar was found to be highly variable along the survey area and could not be
represented as a plane surface. The medium‐to‐large bedforms were strongly asymmetrical with a gentle
stoss side, a well‐developed crestal platform, and a steep lee side.

Parsons et al. (2005) described the flow structure over the bedform field. The expected acceleration and
deceleration patterns over the stoss and lee sides of the large bedforms were easily recognized from the
ADCP data. However, flow separation was identified over only a few bedforms. This was explained by the
relative gentle slope of the lee side, which suggests that the flow separation is inexistent or small, as well
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as the limitations of the ADCP, which does not allow precise characterization of flow separation.
Nevertheless, differences in flow direction of 15° or more between flow over the crest and lee side was
detected, showing the strong topographic forcing of flow produced by the bedforms. Parsons et al. (2005)
also observed that both lobe and saddle‐shaped crests produced smaller regions of lee side flow
separation, with higher vertical velocities, when compared with a straight‐crested bedform.

A 3‐D simulation of the Río Paraná bedform field has been carried out by Hardy et al. (2006) using a
Reynolds‐averaged k‐ε RNG (Re‐Normalisation Group) numerical model having a horizontal resolution of
2 m and vertical resolution of 0.25 m. The model domain comprised the channel deepening and the protrud-
ing rock (Figure 5) and had two inlets and two outlets in order to fully represent the 3‐D flow, especially the
cross‐stream gradient. Their results showed that flow over the bedform field is considerably influenced by
the meander bend and deepening of the channel which create a strong cross‐stream flow, having overall
more effect on the flow than the bedform field or the protruding rock (Hardy et al., 2006).

4.2. Model Setup

The present work aims to describe 3‐D flow structures over natural bedforms. It does not aim to reproduce
the flow condition of the whole Río Paraná bedform field, as was done by Hardy et al. (2006). The bathyme-
try from the Paraná dune field is here used as the basis for a natural morphology, and the flow is simulated as
steady and unidirectional, with emphasis on the bedforms and not on other river features. The chosen
domain size is 675 m long and 200 m wide, excluding the bedrock protrusion and deepening of the channel
(Figure 5) as these are local morphological features. Hardy et al. (2006) emphasized that the dune field is
situated on a river bend, creating considerable transverse flow, which is not the focus of the present work.
Therefore, on the contrary to Hardy et al. (2006), the model is set up with only two open boundaries, one
entrance and one exit, and two closed boundaries on the sides, in order to focus on the interaction between
flow and bedforms. The model is made to resemble to some extent a field scale flume with natural
bedform morphology.

The original multibeam echosounder data are rotated in order to orient the main crest lines in N‐S direction,
with the open boundaries at the lateral end of the domain (Figure 5). The data are gridded with a grid cell of
0.5 m, giving a domain of 400 * 1,350 cells in the horizontal. Forty non‐equidistant vertical layers are set, hav-
ing a size of 0.15 m from the lowest point to half a meter above the highest crest before slowly increasing to
0.45 m at the water surface. The domain is detrended to exclude any large‐scale slope, and the Coriolis force
is ignored. The entrance boundary (on the left) is set with a constant velocity. The depth‐averaged stream‐

wise velocity along the bedform field was around 1.0–1.3 m/s (Parsons et al., 2005). Therefore, in order to
test the influence of velocity on flow properties while having realistic velocity for the prescribed bathymetry,
the model is run with entrance velocities of 0.85 and 1 m/s, which results in domain‐averaged velocity of 0.9
and 1.15 m/s, to represent flow conditions during which the dunes and flow are in equilibrium. A constant

Figure 5. The Río Paraná bedform field surveyed by Parsons et al. (2005) and the extent of the domain modeled by Hardy
et al. (2006) and in the present study.
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water surface elevation of 0 m is prescribed at the downstream boundary. Lefebvre, Paarlberg, Ernstsen,
et al. (2014) and Lefebvre, Paarlberg, and Winter (2014) showed that the chosen bed roughness length (z0)
has a prominent influence on simulated velocities and turbulence above bedforms and is therefore a crucial
model setting. The median grain diameter (d50) in the survey area is around 220 μm (Kostaschuk et al.,
2009). The grain‐related roughness length may thus be estimated by z0 = d50/12 = 2 × 10−7 m (Soulsby,
1997). However, secondary bedforms with maximum length of 10 m and height of 0.3 m (Parsons et al.,
2005) were often observed on the stoss side of the large bedforms. These bedforms may produce a roughness
z0 = Hb

2/Lb = 0.1 m, where Hb is the bedform height and Lb is the bedform length (Soulsby, 1997). While
grain roughness may be affecting the velocity profiles in the lower part of the velocity profiles, higher, the
roughness is likely to be dominated by the influence of the secondary bedforms. As the vertical model reso-
lution near the bed is 0.15 m, which is about the expected size of the secondary bedforms‐related boundary
layer, it is uncertain whether bed roughness should be set as grain roughness or as secondary bedform
roughness. Therefore, roughness lengths of 10−6, 10−4, and 10−2 m are tested to determine the influence
of roughness length on model results and determine which roughness gives more realistic results for this
model setting.

4.3. Bedform Morphology

In order to analyze how the flow is influenced by the bedform field, the morphology of the model domain is
examined in detail by doing a combination of 2‐D and 3‐D analysis of the bathymetry, with special interest in
the slopes. The crest and trough positions of the large bedforms are determined semiautomatically. First, the
400 transects from the 0.5‐m resolution bathymetry are analyzed using the Bedforms‐ATM toolbox
(Gutierrez et al., 2018). The results of this analysis showed that the dominant wavelength of the large bed-
forms is 60 m. Subsequently, a zero‐crossing technique similar to the dune tracking method of Van der
Mark and Blom (2007) is used on the filtered morphology of the large bedforms, targeting the dominant bed-
form length of 60 m (Figure 6a). Thereafter, crest and trough lines are computed by manually following the
automatically detected crest and trough positions (Figure 6b). Naturally, since the final positions of the crest
and trough lines are manually traced, they are sensitive to decision made by the operator. Therefore, this
process is repeated several times in order to test the results sensitivity to operator decision. The results are
remarkably insensitive to the manual positioning of the crest and trough lines with average values of wave-
length and bedform height varying by less than 2%.

Lefebvre et al. (2016) demonstrated that the angle of the slip face, the steep portion of the lee side, controls
the presence and strength of a FSZ and turbulent wake over idealized regular bedforms. The slip face is here
defined as portions of the bed where the stream‐wise angle is equal or larger than 15°. Its position is calcu-
lated from a 3‐D analysis by detecting all portions of the whole model domain where stream‐wise angles are
steeper than 15°. In order to remove isolated points coming from large secondary bedforms, only portions
having at least eight interconnected points are kept for analysis (86.3%).

Eighteen crest lines and trough lines are identified, six of which spanned through the whole domain. Five
crest line bifurcations and 10 crest line terminations are recognized. A total of 3,640 bedformsmeasurements
are made along the 400 analyzed transects. The bedforms have an average wavelength of 57 m and a height
of 1.25 m (Table 3) with a best fit of Hb = 0.01Lb

0.63 (Figure 6c). The bedforms are clearly asymmetrical, with
a very gentle stoss side having an average angle of 1.9° and lee side having an average angle of 3.73°. The
average lee side slope is therefore gentle and certainly very far from the angle of repose (30°). The average
lee side angle of automatically detected bedforms, that is, as shown in Figure 6a, is 4.32°, showing the small
influence of the manual positioning of crest and trough positions compared to automatic detection. Forty
slip face portions are identified. In total, 84% of measured bedforms have a slip face, the remaining 16% have
lee sides which slopes never exceed 15°. Slip face height is around 0.74 bedform height (Figure 6d), and no
significant relation is found between slip face angle and lee side angle (Figure 6e). The histogram of lee side
and slip face angles (Figure 6f) clearly shows how lee side angles are gentle and slip face angles are steep,
being on average more than 23° (Table 3). The normalized slip face position is calculated as the position
of the slip face beginning and end compared to the crest and trough positions and normalized by the lee side
length. A normalized position of 0 is at the crest, and a normalized position of 1 is at the trough. As also
visually recognized on Figure 6b, the slip faces are mainly situated close to the trough and away from the
crest, having an average normalized beginning and end at 0.67 to 0.76 between crest and trough

10.1029/2018JF004928Journal of Geophysical Research: Earth Surface

LEFEBVRE 2252



(Figure 6e and Table 3). This shows the presence of a well‐developed crestal platform already identified by
Parsons et al. (2005) and Gutierrez et al. (2013).

As described in Parsons et al. (2005), bedform crest line shapes vary from straight to lobe and saddle. The
nondimensional span (NDS) measures the crest line curvature as the ratio of the length of the sinuous crest
lines compared to a straight line (Venditti et al., 2005). Calculated for the 18 crest lines from the model
domain, it varied between 1.1 and 1.4 with an average value of 1.2, which is the value proposed by

Figure 6. Bed height of the model domain with (a) crest (black crosses) and trough (white crosses) position determined with a zero‐crossing technique applied on
filtered bed height profiles and (b) crest lines (black), trough lines (white), contour of angles steeper than 15° (red), crest line terminations (gray squares), and crest
line bifurcations (gray circles); (c) bedform length (Lb) versus bedform height (Hb), black line shows best fit Hb = 0.01Lb

0.63 (R2 = 0.44, number of elements n =
3,640); (d) slip face height Hsf versus bedform height, black line shows best fit Hsf = 0.74 Hb − 0.05 (R2 = 0.45, n = 3,053); (e) average slip face angle αsf versus
average lee side angle αl, black line shows best fit αsf = 1.08 αl + 19.20 (R2 = 0.18, n = 3,053); (f) histogram of lee side and slip face angles; (g) histogram of the
normalized position of the slip face start and end point; and (h) histogram of the crest and slip face orientation.

10.1029/2018JF004928Journal of Geophysical Research: Earth Surface

LEFEBVRE 2253



Venditti et al. (2005) as a threshold to differentiate between 2‐D and 3‐D bedforms. The crest lines are
therefore not highly sinuous. However, the high number of bifurcation and termination indicates that the
bedform field is still three‐dimensional, through crest lines discontinuities if not through crest line
curvature. The NDS is also calculated for each slip face portion. It is on average 1.01 with a maximum of 1.05
(Table 3) showing that the slip faces have very little curvature.

In order to further quantify the bedform three‐dimensionality, the crest and slip face orientations compared
to the flow are calculated: Each crest line or slip face portion is defined as a curve using a smoothing spline.
The orientation of each point of the curve is then calculated as the angle of the curve compared to the y axis,
an orientation being 0° if the crest or slip face is perfectly in line with the y axis (i.e., transverse to the flow),
positive if the curve is bent toward the positive x or negative if the curve is toward the negative x. Both the
crest lines and slip faces are on average transverse (average orientations of 0.6° and 3.2°, respectively).
However, the crest lines show a much larger range of orientation that the slip faces (standard deviation of
27.3° and 14.8°, respectively; Figure 6h). This further highlights the more pronounced three‐dimensionality
of the crests compared to the two‐dimensionality of the slip faces.

4.4. Flow and Turbulence

The main analysis of flow properties is shown for the simulation carried out with a bed roughness of 10−4 m
and an input velocity of 1 m/s, which resulted in a domain‐averaged velocity of 1.15 m/s. In this section, the
results of the depth‐averaged properties are first presented. Themethodology used to further analyze the 3‐D
patterns of flow separation and turbulent wake is then detailed, before presenting their results. Finally, the
influences of roughness length, grid size, and velocity on the results are examined.
4.4.1. Depth‐Averaged Values
The water level (Figure 7a) shows pattern opposite to the bed elevation, with low water levels over the crests
and high water levels over the troughs. The variations of water level are small, with amaximum amplitude of
4 cm created by bedform with an average height of 1.25 m in an average water depth of 6.42 m. The depth‐
averaged stream‐wise velocity (Figure 7b) shows the expected patterns of flow acceleration over the stoss
side and flow deceleration over the lee side. More precisely, fast flow is found over the upper stoss side, crest
and beginning of the lee side, and flow slows down over the slip face, the parting point between fast and slow
flows being the beginning of the slip face (the brink point) and not the crest. The depth‐averaged cross‐
stream velocity (Figure 7c) is overall small, being on average only 2% of the stream‐wise velocity. The topo-
graphic forcing of the flow is seen as a strong cross‐stream velocity observed in regions where the crest or slip
faces are curved (Figure 7c, Circle A) or where lateral height variations of the bed are encountered (Figure
7c, Circle B). The depth‐averaged vertical velocity (Figure 7d) is also generally small, on average around 1%
of the stream‐wise velocity. It follows the expected patterns above bedforms, with upward velocity above the
stoss sides and downward above the lee sides, with the strongest downward velocity found over the slip faces
(average vertical velocity above the slip faces of −0.03 m/s, or 3% of average stream‐wise velocity).

No turbulence is set at the entrance boundary. Therefore, the depth‐averaged TKE (Figure 7e) is 0 m2/s2 at
the beginning of the model domain and increases along the domain until approximately the sixth bedform

Table 3
Results of the Analysis of Bedform Morphology

Parameter Average Standard deviation Minimum Maximum

Number of bedforms 3,640
Bedforms with a slip face 84%
Bedform length (m) 57.27 19.29 15.00 125.00
Bedform height (m) 1.25 0.41 0.20 2.21
Stoss side mean angle (°) 1.95 0.57 0.04 3.94
Lee side mean angle (°) 3.73 1.45 0.20 10.78
Slip face mean angle (°) 23.37 3.49 9.93 42.52
Slip face normalized start position 0.67 0.13 0.16 0.97
Slip face normalized end position 0.76 0.11 0.23 1.00
Nondimensional span (NDS) crest 1.19 0.09 1.08 1.36
Nondimensional span (NDS) slip face 1.01 0.01 1.00 1.05
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Figure 7. (a) Water level; (b) depth‐averaged stream‐wise velocity (U); (c) depth‐averaged cross‐stream velocity (V); (d)
depth‐averaged vertical velocity (W); (e) depth‐averaged turbulent kinetic energy (TKE); (f) bed shear stress (τb); and
(g) bed elevation in the model domain; in all figures, the black lines show the position of the slip faces, and the thin gray
lines highlight the bed elevation contours; in (g), the thick black line indicates the profile shown in Figure 8, and the thick
gray lines show the crest line positions; flow is from left to right.
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(at around x = 350 m), after which it is relatively stable from one bedform to the next. A strong increase in
depth‐averaged TKE is observed from the start of most slip faces, slowly fading to a background value in the
stream‐wise direction. This pattern shows the presence of a turbulent wake forming over the bedform slip
face (see also Figure 8d). Over the lee of bedforms without a slip face, no increase of TKE is observed,
indicating that a turbulent wake forms only if a portion of the lee face is steep enough, that is, a turbulent
wake forms only if a slip face (lee side angle > 15°) is present.

The bed shear stress (Figure 7f) increases from troughs to crests, being slightly negative (i.e., shear stress
applied toward the negative x direction) in areas of reverse flow. This pattern suggests high sediment mobi-
lization and transport over the middle to high stoss side until the slip face where it is deposited and ava-
lanches, keeping a steep slip face. Sediment may be trapped in the FSZ due to the reverse flow there. This
agrees well with bed load models needed to numerically develop bedform (van Duin et al., 2017). In areas
of bifurcation, the shear stress stays high, and no sediment is likely to deposit, showing that bifurcations
are likely to be dominant transport paths as described by Allen (1968). Bifurcations may also be areas of dune
pattern instability and enhanced deformation (Reesink et al., 2018).
4.4.2. Methodology to Analyze the 3‐D Patterns
In order to better assess themutual influence of bedmorphology and flow properties, the 3‐D positions of the
FSZ and turbulent wake are calculated. The FSZs are defined as portions of the flow where negative stream‐

wise velocity are found. In order to remove isolated points coming from flow separation developing over
large superimposed bedforms, only portions having at least four horizontally interconnected points (a FSZ
of 4 × 0.5m or 1m2) are kept for analysis (3.3% of the points are removed). The height of the FSZ is calculated
for each point where a negative velocity is found as the height above the bed where the upstream directed
flow is compensated by the downstream directed flow (Figure 1c). Along each transect and between succes-
sive crests, the length of the FSZ (LFSZ) is calculated as the horizontal distance between the first and the last
negative velocity point. The wake is detected as positions where TKE is higher than the TKE 98th percentile,

Figure 8. (a) Stream‐wise velocity (U); (b), cross‐stream velocity (V); (c) vertical velocity (W); and (d) turbulent kinetic
energy (TKE) along a profile shown in Figure 8; flow is from left to right. FSZ = flow separation zone.
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TKE98 (Figure 8d). In the case of the simulation with z0 = 10−4 m and input velocity of 1 m/s, TKE98 = 0.026
m2/s2. Again, in order to remove isolated points coming from the wake developing above large secondary
bedforms, only portions having at least 36 horizontally or vertically interconnected points (36 × 0.52 or 9
m3) are kept for analysis (0.7% of the points are removed). Along each transect and between each successive
crests, the extent of the wake is calculated as the area occupied by TKE larger than TKE98. The length of the
wake (Lw) is calculated as the horizontal distance between the first point of the slip face and the maximum
horizontal extent of the wake.
4.4.3. Results of Flow Separation and Turbulent Wake Analysis
Figure 9a shows the position of the detected FSZ and turbulent wake in relation to the bedform crest lines
and slip faces. FSZs and turbulent wakes form over slip faces and are absent above bedforms with a gentle
lee side. A FSZ is found behind 87.4% of the slip face measurements. Flow separates on average 0.95 m
(or two grid cells) after the beginning of a slip face. The length of the FSZ is poorly related to the bedform
height LFSZ = 3.45 Hb + 0.16 (n = 2,637, R2 = 0.13, Figure 9b; hereafter n refers to the number of points
and R2 to the coefficient of determination). However, it is strongly related to the height of the slip face
(Hsf) LFSZ = 5.05 Hsf (n= 2,811, R2 = 0.74; Figure 9c). Lefebvre et al. (2016) determined from a limited num-
ber of numerical model experiments that the relative length of the FSZ (length of flow separation normalized
by the slip face height) is related to the slip face angle (αsf): LFSZ/Hsf = 0.55 αsf − 9.23. Here no significant
relation is found between relative length of the FSZ and slip face angle (R2 = 0.16). However, including
the average slip face angle to the height of the slip face helps in predicted the flow separation length:
LFSZ = 0.23 Hsf αsf − 0.72 (n = 2,811, R2 = 0.82; Figure 9d). Looking at the properties of the slip faces
behind which there is a FSZ (87.4% of all measured slip faces), it appears that a flow separation is more
likely to happen behind a slip face transverse to the flow compared to one which has an oblique orienta-
tion to the flow direction (Figure 9h). This can also be seen on Figure 8: Slip Faces 1 and 3 have similar
properties apart from their orientation: length = 3.5 m, height = 1.6 and 1.4 m, average slopes = 24° and
21°, and orientation to the flow = 34.7° and −3.4°, respectively. Flow separates over Slip Face 3, which is
transverse to the flow and not over Slip Face 1 due its oblique orientation to the flow. The suppression of
flow reversal with slip face orientation to the flow is likely to be caused by the development of a strong
cross‐stream flow over an oblique slip face. For example, Figure 8b shows a strong positive cross‐stream
velocity over Slip Face 1 (oblique to the flow, orientation 34.7°), which is not present over Slip Face 3
(transverse to the flow, orientation −3.4°). A measure of this relation between slip face orientation and
cross‐stream flow intensity over the whole domain is illustrated in Figure 9j, which shows the relation
between the average cross‐stream velocity (averaged horizontally between the beginning of the slip face
and a distance of 10 slip face height and vertically between the bed and the height of the slip face) and
the slip face orientation.

The presence of a FSZ is also strongly related to the maximum angle of the slip face slope (Figure 9i).
Lefebvre et al. (2016) and Kwoll et al. (2016) showed that over regular bedforms, the size of the flow separa-
tion increases with increasing slip face angle. In the present case, it is difficult to differentiate between the
absence of flow separation and a shortening of the FSZ with decreasing maximum slip face angle. When a

flow separation is less than four horizontal grid cells (4 × 0.5 m or 1 m2), it is not detected. The observed rela-
tion between presence of reverse flow and maximum slip face angle seems to indicate that over natural bed-
forms, the maximum slip face angle influences the presence and/or size of flow separation. For a given
average slip face angle, the flow is more likely to reverse or form a large FSZ when the maximum angle of
the slip face is large than when it is gentle. The distribution of flow separation presence can be used to esti-
mate the likelihood of finding a flow separation based on slip face properties. A FSZ is predicted to be present
(absent) over a slip face with absolute orientation less (more) than 25° and a maximum angle steeper (less
steep) than 20°. The presence or absence of a FSZ behind slip faces based on these properties is correctly pre-
dicted for 88.2% (3054) of all slip faces measurements (3,463). The threshold values of slip face orientation
and maximum angle were found by adjusting the coefficients to find the best overall prediction
of absence/presence.

A turbulent wake is found behind 80.6% of the slip face measurements. The length of the wake shows a weak
relation to bedform height Lw = 9.9 Hb (n = 2,309, R2 = 0.08; Figure 9e) but a strong relation to slip face
height Lw = 13.3 Hsp (n = 2,443, R2 = 0.70; Figure 9f). The extent of the wake is also strongly related to
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Figure 9. (a) Position of the crest lines, slip faces, and flow separation zone and height of the wake (vertical distance
between the lowest and highest point of the wake) across the model domain, flow is from left to right; flow separation
zone length as a function of (b) bedform height, (c) slip face height, and (d) slip face height * average slip face angle;
length of the wake as a function of the bedform height (e) and slip face height (f) and extent of the wake as a function of the
length of the flow separation zone (g); percentage of slip faces behind which there is flow separation as a function
of (h) slip face direction and (i) slip face maximum angle; average cross‐stream velocity behind slip faces as a function of
slip face direction; percentage of slip faces behind which there is a turbulent wake as a function of (k) slip face
direction and (l) slip face maximum angle; and (m) average turbulent kinetic energy (TKE) within the turbulent wake as a
function of slip face height.
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the length of the FSZ: extent of the wake = 0.28 LFSZ
2 (n = 2,831, R2 = 0.88; Figure 9g). Similarly to the FSZ,

the wake is more likely to appear behind slip faces with a steep maximum angle than behind a slip face with-
out a steep maximum angle (Figure 9l). However, the orientation of the slip face compared to the flow has a
less prominent effect on the presence of a wake than on the presence of a FSZ (Figure 9k). This is partly due
to turbulence advection over transverse slip faces, as can be seen in Figure 9a(A). There, a large flow separa-
tion and turbulent wake form over the slip face with transverse orientation to the flow and turbulence is
advected by the strong cross‐stream flow (see also Figure 7c, Highlight A) over the oblique part of the slip
face. Althoughmany oblique slip faces lack turbulent wake, in some places, the wake appears to simply form
over an oblique slip face (Figure 9a(B)). Therefore, the presence of a wake is not too sensitive to slip face
orientation. Similarly to flow separation, the distribution of wake presence is used to estimate the likelihood
of finding a wake based on slip face properties. However, only the maximum slip face angle seems to be a
determining criteria. A wake is predicted to be present (absent) over a slip face with a maximum angle stee-
per (less steep) than 25°. The presence or absence of a wake behind slip faces based on themaximum slip face
angle is correctly predicted for 82.9% (3,022) of all measurements of slip faces (3,567).
4.4.4. Sensitivity to Input Parameters
The input velocity has little effect on the overall pattern of velocity and turbulence and mainly changes their
absolute values, as recognized by Lefebvre, Paarlberg, and Winter (2014) over 2‐D bedforms. Input rough-
ness length has some influence on the results. The grid resolution of 0.5 mmeans that the superimposed bed-
forms are at the limit of the model resolution, as they are represented by one to five model cells, depending
on their size. The highest roughness tested, z0 = 10−2 m, was meant to reproduce their roughness. Using this
high bed roughness significantly alters the TKE patterns: In this case, the superimposed bedforms also create
a large turbulent wake, which has the same strength as the wake from the primary bedforms. This pattern is
unlikely to be true, the superimposed bedforms are therefore large enough to be resolved in the model and
do not need to be parameterized. This simulation was not further considered. The difference between simu-
lations with roughness lengths z0 = 2 × 10−4 and 10−6 m is observed to be small. Lefebvre, Paarlberg, and
Winter (2014) showed that high roughness length (>10−3 m) has a strong influence on flow separation
length whereas small roughness length (10−6 m < z0 < 10−3 m) has only little influence on flow separation
length, which is confirmed by the present results. The simulation carried out with a roughness length z0 =
10−4 m is used as the reference case in section 4.4.3. However, a shortening of the FSZ length from 5.4 HSF to
4.9 HSF is recognized as roughness length increases from 10−6 m to 2 × 10−4 m. Again, this follows results
from Lefebvre, Paarlberg, and Winter (2014) over 2‐D angle‐of‐repose bedforms, who observed a shortening
of the flow separation length with increasing roughness. However, the change in flow separation length is
small compared to the roughness length variations, and a value of 5 HSF is a good estimate of FSZ length.
The chosen roughness length at field scale is also close to that determined as fitting best the roughness used
for the model verification against laboratory measurements of Maddux et al. (2003). This may be because
during the laboratory experiments, the dunes were covered with sand to reproduce a realistic roughness.

Simulations carried out with a coarser grid of 1m showed similar patterns and trends to those run with a fine
grid of 0.5 m. However, a smoothing or flattening of the bed is recognized when the resolution is decreased.
Therefore, the angles are gentler for the 1‐m grid than for the 0.5‐m grid. As a result, the relations between
the flow and bed properties changed. For example, with a resolution of 1 m, the length of the FSZ and the
length of the wake are related to the height of the slip face through LFSZ = 4.62 Hsf (n = 978, R2 = 0.57)
and Lw = 13.6 Hsf (n = 979, R2 = 0.61).

5. Discussion

One of the key findings of this work is that the presence and size of the FSZ and turbulent wake relate to the
presence and properties of the slip face (specifically maximum angle and orientation to the flow) more than
to that of the crest line or bedform height. This is in agreement with the results of Lefebvre et al. (2016) and
with the implicit statements of other authors (e.g., Kostaschuk, 2000; Lefebvre, Paarlberg, & Winter, 2014)
who determined the presence of reverse flow based on the angle of the steepest portion of the lee side, that
is, the slip face. The slip face has been described here as the part of the lee side with an angle of 15° or steeper.
Taking a threshold angle of 13° to 17° gave similar results (e.g., LFSZ = 5.16 Hsf, n= 2,998, R2 = 0.74 and LFSZ
= 5.77 Hsf, n= 2,959, R2 = 0.75 for the threshold to define slip face put at 13° and 17°, respectively). The value
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of 15° is kept as it is intermediate between the “10° and 20°” commonly cited as a threshold for the formation
of reverse flow (Best & Kostaschuk, 2002; Kostaschuk & Villard, 1996; Paarlberg et al., 2007) and the 11–18°
determined by Lefebvre et al. (2016) from numerical simulations. We therefore advocate that bedform fields
should be characterized not only by the positions of the crest and trough lines but also the slip face presence
and position in order to correctly predict the presence and size of reverse flow and turbulent wake. We pro-
pose simple relations (LFSZ = 5 HSF and LW = 13 HSF) to calculate these values based on a bathymetric map.
These relations are valid for slip faces with a maximum angle of 20° or steeper and with an orientation to the
flow of 25° or less. It should be noted that these values were determined from a model validated only from
laboratory measurements and uncalibrated at field scale. Therefore, the relations are given only as estimates.
These estimates fit well with previous field, laboratory, and numerical results, which usually give the length
of the flow separation as 4 to 6 times the bedform height (in case of a simple lee side) or slip face height
(Engel, 1981; Lefebvre, Paarlberg, & Winter, 2014; Paarlberg et al., 2007). The relation between turbulent
wake length and slip face or bedform height has rarely been estimated. The definition of turbulent wake
itself is still unclear. In this study, it was taken as where the TKE was greater than TKE98. Kwoll (2013)
defined the vertical extent of the wake as the height above the bed at which the vertical profile of the TKE
adopts a linear form toward the water surface. This gave a very large wake, which extends along the whole
bedform and relatively high in the water column (see, e.g., her Figure 4.7). Lefebvre, Paarlberg, Ernstsen,
et al. (2014) defined the wake as the region where TKE is at least 70% of the maximum TKE above individual
bedforms. Keeping with the definition proposed here, the turbulent wake calculated from the laboratory
measurements of Maddux et al. (2003) is around 6 times the bedform height (in this case equal to the slip
face height). However, taking the threshold of Lefebvre, Paarlberg, Ernstsen, et al. (2014) of TKE70, the tur-
bulent wake is 10 to 17 Hb. A consistent and meaningful definition of the turbulent wake still needs to
be established.

Bedform height is only poorly related to slip face height (Figure 6d), and slip face orientation compared to
the flow is found to vary less than the crest line orientation (Figure 6h). Therefore, assessing the presence
of reverse flow based on bedform height and crest line orientation may produce misleading results.
However, more data from varied environments are needed to test the universality of the proposed relations.
Of course, such an analysis also requires to be mindful of the original resolution of the available data.
Simulation results show that the resolution of the grid has an impact on the results because a coarser resolu-
tion flattens the angles. Therefore, caution should be taken to use these relations to bathymetric data with a
much coarser (e.g., 5 m) resolution.

Over the natural bedform studied here, the size of the FSZ and the turbulent wake is related to the slip face
height more than to the bedform height. It has important consequences in the calculation of bedform rough-
ness. Bedform roughness is commonly calculated using bedform height as a main input, together with bed-
form length and water depth, depending on the formula (e.g., Bartholdy et al., 2010; Engelund, 1977;
Soulsby, 1997; Vanoni & Hwang, 1967). Following the initial work of Ogink (1989) and Van Rijn (1993),
Lefebvre and Winter (2016) introduced the use of the lee side angle to calculate bedform roughness in order
to take into account the fact that bedforms with a gentle lee side produce little turbulence and roughness
compared to bedforms with a steep lee side, which produce strong turbulence and roughness. Bedform
roughness formulas have traditionally used bedform height as a parameter because they were based on
experiments conducted with triangular bedform, where the lee side is made of one segment. Natural bed-
forms in the field are likely to possess a brink point, with a lee side made up of two or more segments
(Lefebvre et al., 2016) Therefore, formulas used to calculate the roughness of natural bedform with a com-
plex morphology may have to be adapted to use slip face height and angle instead of bedform height and
lee side angle in order to more accurately calculate the roughness of natural bedform.

Venditti (2007) observed that flow recirculation and turbulence were enhanced over lobe‐shaped dune crest
lines and reduced over saddles compared to over 2‐D dunes. Parsons et al. (2005) on the other hand mea-
sured smaller FSZs over both lobe‐ and saddle‐shaped bedforms than over 2‐D bedforms. A relation between
flow separation size and crest line properties could not be observed in the present work. Instead, flow separa-
tion is found to be controlled by slip face orientation. However, slip faces in the study area are relatively
straight (average NDS 1.01), without lobes and saddles. The influence of slip face orientation, if not sinuosity,
is seen as a suppression of flow separation when the slip face has an orientation of 25° or more compared to
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the flow due to the strengthening of the cross‐stream flow. However, in the study area, only 11% of the slip
faces have an orientation more than 25° to the flow. These findings highlight that the relative contributions
of slip face sinuosity and orientation to flow separation require further quantification over bedforms having
sinuous slip faces (with pronounced lobe and saddle shapes) and/or having an oblique orientation to the
flow (with many slip faces having an orientation >25° to the flow). This is especially important because
flow separation controls the dynamics of deposition (Allen, 1982; Reesink & Bridge, 2009) and bed
roughness (Kostaschuk & Villard, 1996; Lefebvre & Winter, 2016; Smith & McLean, 1977)

Results from Venditti (2007) and Maddux et al. (2003) also suggest that turbulence properties are affected by
crest lines sinuosity and height variations, with an upward suppression of turbulence in regions where a
strong cross‐stream flow develops (Figure 1). In the present work, no systematic relation is found between
turbulent wake height, length, or extent and slip face orientation or strength of the cross‐stream flow. The
results from Venditti (2007) and Maddux et al. (2003) may be due to the regularity of the investigated bed-
forms. Bedform regularity may have enhanced flow patterns which do not develop over natural bedform
showing a strong variability in shape. For example, Venditti (2007) observed no flow separation and turbu-
lent wake over irregularly placed bedforms and emphasized the importance of upstream bed configuration.
Over a natural bedform field, the variations of upstream and cross‐stream morphology create complicated
flow pattern, interacting with each other in ways which are not recognized over regular bedforms, and ver-
tical suppression or diffusion of turbulence due to slip face orientation may not take place.

The influence of lee side slope shape and three‐dimensionality are summarized in Table 4. The present study
contributes in a better characterization of the influence of compound slope on flow separation and turbulent
wake. Some important aspects of interaction between flow and natural 3‐D bedforms investigated in the pre-
sent study are illustrated in Figure 10. The plan view (Figure 10a) exemplifies the absence of reverse flow and
the suppression of turbulence associated with the cross‐streamwhich develops over slip faces which have an
orientation of 25° or more to the main flow direction. The turbulent wake may also be advected over such

Table 4
Effect of Lee Slope Shape and Three‐Dimensionality on Flow Separation and Turbulent Wake

Property Gentle slope Threshold Steep slope

Steepness of the slope No permanent flow separation
(Best & Kostaschuk, 2002;
Kostaschuk & Villard, 1996)

Lee side angle of 10–20° (Best &
Kostaschuk, 2002;
Kostaschuk & Villard, 1996;
Kwoll et al., 2016; Paarlberg et al., 2007)

Permanent flow separation
and strong wake (see review
by Best, 2005)

Weak and vaguely defined wake
(Kwoll et al., 2016; Lefebvre et al., 2016)

Maximum lee side angle over a
horizontal distance of 5 m of 10°

Lee side angle of 11–18°
(Lefebvre & Winter, 2016)

Slip face angle 15° (this study)

Simple steep lee side Compound slope (crestal platform and steep slip face)

2‐D Flow separation zone starting at the crest
and extending four to six bedform height
(Engel, 1981; Paarlberg et al., 2007; Lefebvre,
Paarlberg, & Winter, 2014)

Flow separation starting at brink point and extending
four to six slip face height (Paarlberg et al., 2007;
Lefebvre et al., 2016, this study)

Strong wake starting at the crest and
extending downstream, size influenced by
roughness length, relative height, and
aspect ratio (Lefebvre, Paarlberg, & Winter, 2014)

Turbulent wake size starting at brink point, length
related to flow separation length (Lefebvre, Paarlberg,
Ernstsen, et al., 2014, this study), wake length around
13 slip face height (this study)

3‐D Over the node or a saddle shape, reduced flow
separation zone, and suppressed wake. Over the
centerline or lobe shape, strong flow separation, and
upward diffused wake (Maddux et al., 2003;
Venditti, 2007; Omidyeganeh & Piomelli, 2013)

No flow separation zone for slip faces with an orientation
of around 25° or more compared to the mean flow (this study)

Importance of upstream bed configuration
(Venditti, 2007)

Turbulent wake affected by slip face orientation
but can also be advected over the slip face (this study)
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oblique slip faces. Presence and size of flow separation and turbulent wake are controlled by slip face
orientation and height and not by crest line properties. Figure 10b shows a bedform profile made from the
average dimensions determined from the bedform field and flow property results from the model, without
vertical exaggeration. The slip face, although small compared to the whole bedform, governs the size of
the FSZ and the turbulent wake. It is interesting to note that the reattachment point is situated on
average 0.66 m after the trough. The small distance between the end of flow separation and trough
position suggests that the trough position is controlled by the flow separation size. It is likely that flow
mobilizes sediment over the upper stoss side where bed shear stress is high. The sediment is transported
over the crest and being deposited over the slip face, where it avalanches. Transport in the bottom set is
controlled by the flow separation properties, with sediment already in motion being moved towards the
toe point, thereby maintaining the trough as the lowest point as little sediment is deposited there (Herbert
& Alexander, 2018).

6. Conclusions

A three‐dimensional numerical model was set up using the Delft3D modeling system to simulate Reynolds‐
averaged flow properties, water level, and bed shear stress over bedforms. The model showed to correctly
simulate flow velocity and turbulence when verified against laboratory data over idealized regular 3‐
D bedforms.

The model was used over a bedform field of the Río Paraná to bring insights in the relation between complex
3‐D bed morphology and flow properties. The main conclusions of this work are the following:

1. The presence and size of the FSZ and turbulent wake depend on the presence, height, and maximum
angle of the slip face (lee side angles >15°) and not necessarily on bedform height and the average lee side
angle.

2. With the tested setting, the flow separation length can be estimated as being 5 times the height of the slip
face. The length of the wake is around 13 times the slip face height.

3. The size of a FSZ is further controlled by the orientation and steepness of the slip face. If the slip face has
an orientation of around 25° or more compared to the mean flow, a strong cross‐stream flow develops,

Figure 10. Summary of some flow properties over 3‐D bedform as observed at the study site; (a) plan view showing the
influence of 3‐D morphology, with an absence of flow separation over slip faces oriented more than 25° to the main
flow direction; (b) side view illustrating the typical size of flow separation and turbulent wake as a function of slip face
height (no vertical exaggeration, dimensions represented as the average dimensions from the bedform field); morpholo-
gical element nomenclature after Allen (1968).
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and no reverse stream‐wise flow forms. A reverse flow is more likely to be found over slip faces with a
maximum angle of 20° or more.

4. The influence of slip face orientation to the flow was less pronounced for the presence of a turbulent
wake than for the initiation of flow separation, because turbulent wakemay also be advected over the slip
face.

A detailed description of the bedform morphology including the presence and properties (height, maximum
angle, and orientation) of the slip face is therefore necessary to correctly represent the complex interaction of
flow and bedform. This has crucial implications for calculating bedform roughness and predicting flow and
sediment dynamics over bedforms.
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