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Abstract Bedforms such as dunes and ripples are ubiquitous
in rivers and coastal seas, and commonly described as trian-
gular shapes from which height and length are calculated to
estimate hydrodynamic and sediment dynamic parameters.
Natural bedforms, however, present a far more complicated
morphology; the difference between natural bedform shape
and the often assumed triangular shape is usually neglected,
and how this may affect the flow is unknown. This study
investigates the shapes of natural bedforms and how they in-
fluence flow and shear stress, based on four datasets extracted
from earlier studies on two rivers (the Rio Paraná in
Argentina, and the Lower Rhine in The Netherlands). The
most commonly occurring morphological elements are a sinu-
soidal stoss side made of one segment and a lee side made of
two segments, a gently sloping upper lee side and a relatively
steep (6 to 21°) slip face. A non-hydrostatic numerical model,
set up using Delft3D, served to simulate the flow over fixed
bedforms with various morphologies derived from the identi-
fied morphological elements. Both shear stress and turbulence
increase with increasing slip face angle and are only margin-
ally affected by the dimensions and positions of the upper and
lower lee side. The average slip face angle determined from
the bed profiles is 14°, over which there is no permanent flow
separation. Shear stress and turbulence above natural
bedforms are higher than above a flat bed but much lower
than over the often assumed 30° lee side angle.

Introduction

In rivers and marine environments, the transport of sediment
frequently generates rhythmic wavy features on the bed. The
dimensions and dynamics of these bedforms both reflect and
influence hydrodynamic and sediment dynamics processes at
various spatiotemporal scales. For instance, bedform size and
migration reflect the nature and intensity of sediment transport
(e.g. Villard and Kostaschuk 1998; Ernstsen et al. 2005;
Barnard et al. 2011). It is thus essential to precisely character-
ise bedform morphology and dynamics in order to correctly
estimate and forecast transport rates and morphological
changes. Indeed, bedforms have a strong influence on flow
(see reviews of Best 2005; Venditti 2013, and references
therein), especially through flow acceleration over the
bedform stoss side and deceleration/reversal over the lee side,
formation ofmacroturbulence in the lee of bedforms, and form
roughness. A good understanding and precise characterisation
of flow over bedforms is therefore relevant for system under-
standing, and the modelling and prediction of riverine and
marine hydrodynamics and sediment transport.

To date, most studies on the physical and numerical model-
ling of bedforms have investigated the dynamics and effects of
angle-of-repose bedforms, i.e. bedforms with a lee side angle
of at least 30°. However, it is now recognised that many large
rivers and coastal environments are characterised by bedforms
with lee side slopes lower than the angle of repose, the so-
called low-angle bedforms (Best 2005). Furthermore, labora-
tory and numerical experiments have concentrated on
bedforms of relatively simple geometry, typically a triangular
or sinusoidally shaped stoss side and straight lee side (Bsine-
straight^ shape; e.g. Smith and McLean 1977; Engel 1981;
Nelson et al. 1993; McLean et al. 1994; Bennett and Best
1995; Venditti and Bennett 2000; Lefebvre et al. 2014a).
However, field measurements show that natural bedforms
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mostly display a morphologywhich differs from the triangular
or sine-straight profiles (e.g. Carling 1996; Kostaschuk and
Villard 1996; Villard and Kostaschuk 1998; Carling et al.
2000; Parsons et al. 2005; Ernstsen et al. 2006; Best et al.
2010; Kwoll et al. 2014), with stoss and lee sides having
one or more brink points, i.e. breaks in the bed slope
(Fig. 1a). Notably, the lee side is rarely straight; it is often
composed of a relatively steep segment, the slip face, along
which sediment is avalanching; upstream and/or downstream
of the slip face, the bed often has a gentler slope.

Over bedforms with a straight angle-of-repose lee side, the
flow separates at the crest, a reverse flow is observed above
the lee side, with an eddy forming in the flow separation zone,
and a turbulent wake is produced at the flow separation point,
extending and expanding downstream (Engel 1981; Nelson
et al. 1993; Bennett and Best 1995; Lefebvre et al. 2014a).
This flow separation zone and associated turbulence produc-
tion 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 (Smith
and McLean 1977; Kostaschuk and Villard 1996; Lefebvre
et al. 2014b). The angle of the lee side is often thought to be
a crucial component of bedform morphology because of its
influence on flow: a permanent flow separation zone is present
only over steep lee sides and is temporary or absent over
bedforms with gentle lee sides (Kostaschuk and Villard
1996; Best and Kostaschuk 2002). Turbulence production—
hence, form roughness—is therefore reduced over low-angle
bedforms (which do not possess permanent flow separation)

compared to angle-of-repose bedforms (which feature a
permanent flow separation zone and strong turbulent wake;
Lefebvre and Winter 2016; Kwoll et al. 2016). Despite the
importance of the lee side angle in shaping flow, few studies
have characterised in detail flow over bedforms with lee side
angles smaller than the angle of repose (Kostaschuk and
Villard 1996; Best and Kostaschuk 2002; Lefebvre and
Winter 2016; Kwoll et al. 2016).

Based on numerical modelling of flow over triangular
bedforms, Lefebvre and Winter (2016) suggested that flow
separation is permanent for lee side angles steeper than 11–
18°, depending on bedform relative height. 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 flow
separation zone is present over bedforms with slip faces of
20 and 10°. Commonly, the average slope between the crest
and trough (i.e. the average angle of the lee side) has served to
assess whether a flow separation zone could be present over
natural bedforms (e.g. Holmes and Garcia 2008; Best et al.
2010). However, a bedform with an average lee side angle of
10° may have a steep slip face over which a permanent flow
separation occurs (e.g. Kostaschuk 2000; Lefebvre et al.
2014b). Therefore, detecting only the highest and lowest ele-
vation along the profile (i.e. crest and trough) and using them
to estimate whether a flow separation zone is present could be
misleading. To address this, Van der Mark and Blom (2007)
suggested calculating a representative lee face slope excluding
a distance of one sixth of the bedform height below the crest
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and above the trough, arguing that these are transitional areas.
This essentially removes the upper and lower lee sides of the
bedforms and allows an estimation of the angle of the slip
face, rather than the mean angle of the lee side. However,
dimensions of Bone sixth of the bedform height^ may not
represent the upper and lower lee sides of all bedforms; there-
fore, this method may not be universally applicable and could
lead to incorrect values of slip face dimensions. Obviously,
calculating the stoss and lee side angles (i.e. determining the
position of the crest and trough and assuming a triangular
shaped bedform) are not sufficient to determine the effect of
a bedform on flow.

It is known that, over bedforms having a lee side composed
of an upper lee side and a slip face (i.e. lee side with a brink
point, Fig. 1a), the flow separates at the slip face crest and not
at the bedform crest, and the length of the flow separation zone
is related to the angle of the bed along the upper lee side
(Kornman 1995; Paarlberg et al. 2007). Kornman (1995) fur-
ther showed that an increase in the angle of the upper lee side
resulted in a decrease in the flow separation length and form
roughness. However, this result was based on only four labo-
ratory experiments with bedforms having an angle-of-repose
slip face. The effect of the length of the upper lee side, or of the
presence and dimensions of a lower lee side (Fig. 1a) on the
flow and form roughness have also never been tested.
Therefore, it is hypothesised that, in order to identify whether
there will be a flow separation zone, a strong wake and thus
high form roughness, it is required to determine the position of
the different brink points and calculate the dimensions of each
segment. For example, two bedforms having similar slip faces
but different dimensions of the upper and lower lee sides may
or may not contribute to the same total shear stress.

Despite the potential importance of bedform morphology
in determining flow, only few studies have investigated
bedforms of complicated morphology (i.e. having brink
points) in the laboratory (Kornman 1995; Venditti 2007;
Kwoll et al. 2016) or through numerical modelling (Stoesser
et al. 2008; Omidyeganeh and Piomelli 2011). This may be
due to the fact that natural bedforms are of complex shape
which is difficult to parameterise; no study has yet examined
in detail natural bedform morphology in order to identify the
different bedform features (Fig. 1a), evaluate the occurrence
of morphology type (Fig. 1b and c) or calculate the relative
dimensions of each morphological element. Venditti (2003)
performed such an analysis on stable laboratory bedforms
which, however, may not be representative of bedforms in
the field; for instance, they had an angle-of-repose slip face.
Therefore, there is a need to describe the geometry of natural
alluvial bedforms in order to provide a basis on which to scale
physical or numerical modelling of flow over bedforms.

In order to address these topics, this study aims to charac-
terise the morphology of some natural bedforms and compare
the influence on flow exerted by bedforms with a typical

natural versus an arbitrary triangular morphology. To do so,
bed profiles are analysed to categorise bedform morphology.
Numerical simulations of flow over bedforms with various
geometries encompassing the range of shapes defined from
river bed profiles are carried out. The results of the numerical
simulations are used to generalise the influence of natural
bedform morphology on flow and shear stress.

Bedform morphology

Datasets

Data of four longitudinal bed profiles were used to character-
ise bedform morphology. They were extracted from two
datasets of multibeam echosounder data: one from the Rio
Paraná (Argentina) described in Parsons et al. (2005) and the
other from the Lower Rhine (The Netherlands) reported in
Frings (2007). Here, the datasets are presented briefly and
the reader is referred to the original publications for more
details. The two rivers have sandy sediment (fine sand in the
Rio Paraná, coarse to very coarse sand in the Lower Rhine)
and similar Froude numbers (Fr=0.12–0.15).

Three-dimensional bathymetry of a section of the Rio
Paraná, just upstream of the confluence of the Rio Paraguay,
was measured in May 2004. The survey area was 600 m wide
and 1.3 km long. The multibeam echosounder data were
gridded with a grid cell of 0.5 m. Two bed profiles (referred
to as Rio Paraná N and S) were extracted from the gridded
data, both following the main axis of the river: one in the
southern part of the survey area (shown in Figs. 2 and 3 of
Parsons et al. 2005) and another one in the north. Each profile,
having an average depth of 7 m, is about 1 km long and
contains about 20 bedforms approx. 1.5 m high and 50 m
long. The median grain size over one of the dunes was
220 μm (Kostaschuk et al. 2009) and the average depth-
averaged velocity over the length of a whole dune about
1.2 m s–1 (Parsons et al. 2005).

A 2.3-km-long, 25-m-wide section of the Lower
Rhine, situated at the IJsselkop bifurcation, was surveyed
in January 2004. The measured three-dimensional bed
elevations were gridded with a grid cell of 0.2 m. Two
bed profiles were extracted from the gridded data, both
following the main axis of the river: one in the southern
part of the river, upstream of the bifurcation (Pan Kanaal,
referred to as Lower Rhine S), and another in the north-
ern part downstream of the bifurcation (Nederrijn, re-
ferred to as Lower Rhine N). Each profile is approx.
1 km long and contains 70 to 90 bedforms (bedform
height 0.6 m, bedform length 15 m, water depth 9 m).
The depth-averaged flow velocity during the survey was
1.1–1.4 m s–1 and the median grain diameter 1–2 mm
(Frings 2007).
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Obviously, the datasets used here are not exhaustive and
this work does not aim at characterising all possible bedform
morphologies. Instead, the shape displayed by bedforms from

two unidirectional flow environments is examined and their
morphology is defined in order to characterise natural
bedform shape and use this information to carry out numerical
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simulations. It also constitutes a first step towards establishing
a universally applicable method to characterise bedform
morphology.

Morphology characterisation

The positions of crests and troughs of individual bedforms
were determined following the bedform tracking tool devel-
oped by Van der Mark and Blom (2007). Thereafter, typical
bedform features in the form of brink points marking the be-
ginning and end of a segment of the bedform (Fig. 1a) were
detected. Up to three brink points were defined on the stoss
side (stoss brink points, SBP). The first of these, SBP1, sepa-
rates the lower stoss side, which has a comparatively flat bed,
and the middle stoss side, having a comparatively steep bed.
The second stoss side brink point, SBP2, shows a change
between the comparatively steep bed of the middle stoss side
and the upper stoss side, which has an overall angle close to
0°. In those cases where the upper stoss side shows some
strong variations in height, a third stoss side brink point,
SBP3, separates the Bdown^ upper slope, which has a negative
angle, and the Bup^ upper stoss side, having a positive angle.
None to three of the brink points may be present and, therefore,
six stoss side types are defined (Fig. 1b).

Two brink points were defined over the lee side (Fig. 1a),
the slip face crest and the slip face base, which separate the
relatively flat upper and lower lee sides from the steepest part
of the lee side, the slip face. The slip face is defined here as the
part of the bedform lee side (i.e. between the crest and the
following trough) which has angles steeper than 5°. In cases
where the bedform slip face is composed of several segments,
the slip face is taken as the longest segment with angles
greater than 5°. The beginning and end of the slip face are
the slip face crest and base. None to two lee side brink points
can be present and, therefore, four lee side types are defined
(Fig. 1c).

For each bedform of each profile, the occurrence and posi-
tion of brink points were identified and the stoss and lee side
types (as defined in Fig. 1) determined. All segments were
represented by a straight line going from the crest, trough or
brink point to the next brink point, crest or trough. If any
segment was composed of only one point, it was joined to
the neighbouring segment. The horizontal length, height and
angle of each segment, as represented by this straight line,
were calculated. It was also determined whether the middle
stoss side was best described by a straight line or a sinusoidal
curve. For this, the coefficients of determination between the
original bedform profile and a profile made of a straight line or
a sinusoidal wave for this segment were calculated. The mid-
dle stoss side was considered to be best represented by the
shape having the highest coefficient of determination.

Some bedforms were discarded from the analysis because
they had a very complicated morphology (for example, a very

large secondary bedform within their lower lee side, which
could not be well described using the selected brink points)
or because they had a low aspect ratio (Hb/Lb <0.01), no slip
face (lee side angles <5°) or a low relative bedform height
(Hb / depth < 0.04). These portions of the bed, although
automatically recorded as bedforms due to bed elevation varia-
tions, were considered to represent a flat bed or secondary
bedforms in case of low relative height. In total, 118 bedforms
were used to characterise bedformmorphology, 37 from the Rio
Paraná profiles (95% of detected bedforms) and 81 from the
Lower Rhine profiles (48% of detected bedforms).

Bedform morphology

Examining at first only bedform height and length, without
further exploring the morphology in detail, shows that the two
datasets have different scales of bedforms, the bedforms of the
Rio Paraná being larger and longer than those of the Lower
Rhine (Fig. 2a). The relationship between bedform height and
length is Hb=0.13 Lb

0.59 (coefficient of determination
R2=0.66, number of observations n=118) and falls within the
upper limit defined by Flemming (1988) as Hb max=0.16
Lb

0.84. The two datasets are also clearly distinguished in terms
of water depth, with the higher, longer bedforms of the Rio
Paraná having formed in shallower water than the smaller,
shorter bedforms of the Lower Rhine (Fig. 2b and c). The
height and length do not exceed the upper limit of scaling of
dune height and length fromwater depth (Hb max=h/2.5 and Lb
max=16 h) as reported by Venditti (2013) from the Allen
(1982) dataset. However, the lower limits (Hb min=h/20 and
Lb min=h) are noticeably too high, and the Lower Rhine
bedforms are undoubtedly smaller than expected for that water
depth according to these general relationships determined
principally from flume-generated bedforms.

A closer look at the data shows that most of the stoss sides
of the investigated bedforms are made of one segment (type
S6, 62% of all considered bedforms, Fig. 3, left panel).
Thereafter, the most common types are stoss sides with one
brink point (types S3 and S5, respectively 15% and 11% of all
considered bedforms), while types with more than one brink
point occur only rarely (<6% of all considered bedforms). The
middle stoss side is best described by a sinusoidal wave (74%
of all considered bedforms, Fig. 3, middle panel). The lee side
mainly comprises two segments, the upper stoss side and the
slip face (type L3, 50% of all considered bedforms, Fig. 3,
right panel). However, one third of the bedforms also show
two brink points (type L1, 37%). The other two cases occur
more rarely (6% for type L2 and 7% for type L4).

Most segments are very well described by straight lines (or
sinusoidal in the case of the middle stoss side) between the
brink points, the coefficients of determination of the different
segments being generally higher than 0.85. One notable ex-
ception is the upper stoss side, with R2=0.22. This is because
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small, secondary bedforms are often found on the bedform
upper stoss sides. As these types occur only rarely (<6% of
all considered bedforms), they are not taken into account for
the numerical modelling exercise.

In summary, the most typical morphological elements of
the bedforms investigated here are stoss sides made of one
segment with a sinusoidal shape, and lee sides made of two
segments, an upper lee side and a relatively steep slip face.
However, it is also quite common to have two brink points
along the lee side. Despite the fact that the bedforms from the
two datasets contrasted in terms of their relation of height and
length to water depth, there is no obvious difference in their
morphology; the stoss and lee side types, as well as the shape
of the stoss side occurring most often are the same for both the
Rio Paraná and the Lower Rhine.

The average bedform and segment dimensions and water
depth, as well as their extreme values (5th and 95th percen-
tiles), are presented in Table 1. Interestingly, the slip face
angles never reach the angle of repose (30°), being on average
14°, and less than 21° for 95% of the bedforms; the steepest
slip face determined from the present dataset has an angle of
24.4°. Another point to be noted is that the bedform aspect
ratio (Hb/Lb) and asymmetry (Llee/Lb), also sometimes referred
to as bedform steepness, are not related to the slip face angle
(Fig. 2d and e, R2=0.21 and 0.06 respectively). Furthermore,
the height and length of the whole bedforms are interrelated as
well as those of the stoss side (HSS=0.15 LSS

0.64, R2=0.80,
n=73), upper lee side (HULS=0.03 LULS

0.87, R2=0.51, n=98),
slip face (HSF=0.25 LSF

0.92, R2=0.66, n=118) and lower lee
side (HLLS=0.03 LLLS

1.09, R2=0.54, n=49).

Modelling flow over typical bedforms

Model description

Delft3D (Deltares 2011) is a process-based open-source inte-
grated flow and transport modelling system. In Delft3D-

FLOW the 3D nonlinear shallow water equations derived
from the three-dimensional Navier–Stokes equations for in-
compressible free surface flow are solved. In order to capture
non-hydrostatic flow phenomena such as flow recirculation
on the lee of bedforms, the non-hydrostatic pressure is com-
puted by using a pressure correction technique: for every time
step, a hydrostatic step is first performed to obtain an estimate
of the velocities and water levels; a second step, taking into
account the effect of the non-hydrostatic pressure, is then car-
ried out and the velocities and water levels are corrected, such
that continuity is fulfilled (Deltares 2011).

The non-hydrostatic Delft3D modelling system has been
used to set up a two-dimensional vertical (2DV) 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 veloci-
ties (including flow separation), turbulence and shear stress
over idealised, angle-of-repose bedforms under unidirectional
flow conditions (Lefebvre et al. 2014a). Further verified
against field data, the model also proved to correctly simulate
velocities, TKE and water levels in a tidal environment over
natural bedforms (Lefebvre et al. 2014b).

The same numerical model is used here to simulate flow
over bedforms of similar dimensions as previously modelled.
All simulations are performed on a 2DV plane Cartesian mod-
el grid over a fixed bed (i.e. no sediment transport) composed
of 20 similar bedforms. The following conditions are pre-
scribed 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 down-
stream boundary (Fig. 4). The grid sizes were set following
the suggestions of Lefebvre et al. (2014a): horizontal grid size
(dx) ofHb/5 (dx=0.18 m for bedform heightHb=0.9 m); a non-
uniform vertical grid size, stretched in the vertical direction
with fine spacing near the bed (dz1) and coarser spacing in the
water column (dz2), whereby dz1=Hb/30 between the trough

Table 1 Average, 5th and 95th
percentile (p5 and p95) values of
water depth, and bedform and
segment dimensions

Average p5 p95

Water depth All 8.2 m 9.6 5.8

Bedform length (Lb) All 25.2 m 6.2 75.4

Bedform height (Hb) All 0.9 m 0.3 2.0

Stoss side length All 17.5 m (18.5 Hb) 3.7 (6.8 Hb) 52.8 (39.7 Hb)

Upper lee side length L1, L3 5.5 m (6 Hb) 0.9 (1.5 Hb) 19.5 (15.2 Hb)

Upper lee side angle L1, L3 1.9° 0.3° 4.0°

Slip face length All 3.0 m (3.6 Hb) 1.1 (2.1 Hb) 6.3 (6.1 Hb)

Slip face angle All 13.8° 6.1° 20.9°

Lower lee side length L1, L2 1.6 m (1.9 Hb) 0.4 (0.5 Hb) 5.4 (7.1 Hb)

Lower lee side angle L1, L2 2.5° 0.7° 5.2°
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position and the height of the crest + 5 dz1, which gradually
increases to dz2=0.06 h (where h is the water depth) within the
remaining water column, resulting in 53 layers being used in
each simulation. The time step is dt=0.001 minutes, following

a Courant Friedrich Lewy criterion CFL ¼ dt
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ghð Þ = dx
p

< 10 where dt is the time step and g is the acceleration due to
gravity. There is a uniform background horizontal viscosity of
10–3 m2 s–1 and a background vertical eddy viscosity of
0 m2 s–1, integrated into a k-ε turbulence closure model
(Uittenbogaard et al. 1992). Details of the model setup, cali-
bration and validation, including the turbulence closure
scheme and sensitivity to grid size, can be found in Lefebvre
et al. (2014a, b).

Simulations

Four series of simulations were carried out to test the influence
of bedform morphology on flow velocities, separation zone,
turbulent kinetic energy and shear stress. For all simulations,
the bedform height and length, the length of the stoss side and
the water depth were taken from the dimensions calculated
from typical bedform shapes; the dimensions of the upper
and lower lee side and the slip face were kept within the range
determined from the analysis of the natural bedform shape
(Table 1). A summary of the experiments and the dimensions
used is presented in Table 2.

The first series of simulations (Exp1a, Fig. 5a) examines
the influence of the slip face angle on flow. This is because,
over triangular bedforms, this angle determines the presence
of a flow separation zone and turbulence intensity over the
bedforms (Lefebvre and Winter 2016). Bedforms having a
sinusoidal stoss face and a lee side made of an upper lee side
and a slip face (type L3) with angles varying from 6° to 24° in
2° steps are modelled in order to reflect the range of slip face
angles determined from bedform morphology. This experi-
mental series is complemented by simulations reproducing
some of these bedforms but with a straight stoss side instead
of a sinusoidal one (Exp1b, Fig. 5b), in order to assess the
influence of the stoss side shape.

The second series investigates the influence of the dimen-
sions of the upper and lower lee side by varying first the posi-
tion of the slip face crest (Exp2a, Fig. 5c) and then the position
of the slip face base (Exp2b, Fig. 5d). These experiments start
with a bedform having a straight lee side made of only a slip
face. Keeping a constant bedform length and height, the lee side
is then broken into two segments by adding a slip face crest or
base, their positions being varied by increasing simultaneously
the height and length of the upper or lower lee side (upper lee
side length varying from 0 to 6 m by 0.5 m increments, lower
lee side length varying from 0 to 3 m by 0.25 m increments).
This results in a slip face angle varying from 6.7 to 22.4°, which
is in the range of the p5 and p95 of slip face angles determined
from the bed profiles (respectively 6.1 and 20.9°, Table 1).
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The third series is designed to determine the effect of the
position of the slip face without considering the influence of
the slip face angle, which is kept constant at the average value
determined from the field bedform profiles (14°). The
bedform lee side is made of three segments, and the slip face
length and height are kept constant while the length and height
of the upper and lower lee sides are simultaneously varied
(Fig. 5e).

The last series of simulations tests the influence of the angle
of the upper lee side. As in the third series, the angle of the slip
face is kept constant at the average value determined from the
field bedform profiles (14°). The angle of the slip face is

varied from 0 to 4°, whereas the length of the upper lee side
is kept relatively constant, its height as well as the slip face and
lower lee side dimensions being varied in order to maintain a
constant bedform length and height (Fig. 5f).

In order to allow for a concise systematic study for all
simulations and focus the analysis on the influence of bedform
morphology, the depth-averaged water velocity at the up-
stream open boundary and the bed roughness were not
changed between the simulations. The bed roughness was
defined as a uniform roughness length z0=0.0001 m
(representing a median grain diameter d50=1.2 mm, coarse
sand). This value was chosen primarily because it is in the
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Table 2 Summary of bedform dimensions used for the numerical experiments. For all simulations: water depth h=8.2 m, mean velocity u=1 m s–1,
bedform height Hb=0.9 m, bedform relative height Hb/h=0.1, length stoss side=17.5 m, angle stoss side=2.9°. Sin. Sinusoidal

Name Number of
simulations

Lb (m) Stoss
shape

Angle lee
side (°)

Length upper
lee side (m)

Angle upper
lee side (°)

Length slip
face (m)

Angle slip
face (°)

Length lower
lee side (m)

Angle lower
lee side (°)

Exp1a 10 28.1–22.3 Sin. 4.8–10.5 3.1 1.9 7.6–1.8 6.0–24.0 0 0

Exp1b 5 28.1–22.5 Straight 4.8–10.1 3.1 1.9 7.6–2.0 6.0–22.0 0 0

Exp2a 13 25.2 Sin. 6.6 0–5.9 1.9 7.7–1.8 6.7–22.4 0 0

Exp2b 13 25.2 Sin. 6.6 3.1 1.9 4.7–1.6 9.7–22.3 0–3 2.5

Exp3 13 25.2 Sin. 6.6 4.5–2.3 1.9 2.9 14.0 0–2.5 0–2.3

Exp4 9 25.2 Sin. 6.6 3.8–4.0 0–4.0 3.8–2.3 14.0 0–0.1 5.0–0
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range where roughness length has only a small influence on
the flow separation zone size and other flow properties
(Lefebvre et al. 2014a); the corresponding grain size is in the
range of grain size in which bedforms commonly develop, and
represent typical grain sizes for the Lower Rhine (median
grain diameter 1–2 mm, Frings 2007). The water velocity
was set to 1 m s–1, which relates to measurements of
1.2 m s–1 (Parsons et al. 2005) over the Rio Paraná bedforms
and 1.1–1.4 m s–1 in the Lower Rhine (Frings 2007).

As bedform size is generally related to flow velocity and
sediment size (Ashley 1990), all the bedforms simulated in
this study may not represent equilibrium bedforms for the
given flow and roughness conditions. However, it is known
that bedforms do not adapt instantaneously to flow conditions
and, therefore, bedform dimensions are not systematically rep-
resentative of flow velocity; for a given flow velocity,
bedforms of different sizes can be observed (Harbor 1998).
Furthermore, local variations in grain size also influence
bedform size and, along a channel with similar flow velocities
and depth, bedforms of varying sizes can be found (Ernstsen
et al. 2005). The aim of the present work is not to provide an
accurate description of the mutual adjustment of flow and
bedform; this is not possible since sediment transport is not
modelled. Rather, it aims at providing a description of the
relative effect of changes in bedform morphology on the flow.
For consistency, flow velocity and bed roughness were kept
the same in all simulations, although each bedform configu-
ration would be the result of local sediment and hydrodynamic
conditions. It should also be pointed out that the bedform
dimensions tested here vary little in terms of height and length
(Hb=0.9 m, Lb=22–28m, for a water depth of 8.2 m), and only
the bedform morphology itself is varied. The relationship be-
tween morphology and flow conditions or sediment size is
currently unknown; the analysis of bed profiles from the Rio
Paraná and the Lower Rhine certainly showed that different
morphologies can exist along the same bed profile, which
supposedly experiences similar flow conditions.

Model output analysis

From the simulation results, the horizontal and vertical veloc-
ities and the TKE above the 16th bedform of a total of 20
bedforms are investigated in order to characterise equilibrium
conditions not perturbed by entrance and exit conditions. The
position and size of the flow separation zone, when present, is
calculated following the method detailed in Lefebvre et al.
(2014a): the flow separation line delimitates the region in
which the flow going upstream (i.e. negative horizontal veloc-
ity and positive vertical velocity, below the zero-velocity line)
is compensated by flow going downstream (between the zero-
velocity line and the flow separation line). The length of the
flow separation zone is the horizontal distance between the
separation point and the reattachment point (Fig. 4c).

Because Delft3D uses the Reynolds-averaged Navier–Stokes
equations, it is not possible to model intermittent flow sepa-
ration; only permanent flow separation can be simulated and is
considered here.

The average slope of the water level (S, calculated from
bedform 5 to 15 in order to avoid inflow and outflow effects;
Fig. 4a), which has adjusted to the flow conditions over the
bedform field, is used to calculate the total shear stress
τT = ρhS where ρ is the water density. The total shear stress
is composed of the contribution of the grain shear stress and
the form shear stress. The grain or flat bed shear stress is
related to the input roughness length, velocity and water depth

through the Chézy coefficient C ¼ 18log 12h=30z0ð Þ ¼ u=
ffiffiffiffiffiffi

hS
p

where u is the mean velocity. Since all simulations were
carried out using the same bed roughness (z0=0.0001 m), ve-
locity (u=1 m s–1) and water depth (h=8.2 m), the grain or flat
bed shear stress is the same for all simulations (1.5 Pa).
Therefore, calculating the total shear stress allows a direct
comparison of the form shear stress of all the simulations.

Model results

Flow velocity, separation zone and turbulence

Simulated horizontal velocities show the general pattern of
flow over bedforms with flow acceleration over the stoss side
and deceleration over the lee side. For slip face angles smaller
than 18°, no flow separation occurs; a strong flow deceleration
is detected over the trough but no reverse flow (e.g. Fig. 6a).
For slip face angles steeper than 18°, the flow separation is
first restricted to the trough (e.g. Fig. 6b) and becomes larger
as the slip face angle increases. For a slip face angle of 24° (the
steepest slip face tested), the flow separation zone starts just
under the slip face crest and extends to a distance of 3.6 HSF

(Fig. 6c). This is somewhat smaller than the commonly stated
length of the flow separation zone over triangular or sine-
straight angle-of-repose bedforms of 4 to 6 Hb (Engel 1981;
Lefebvre et al. 2014a), and the length of the flow separation
zone over bedforms with a slip face crest and an angle-of-
repose slip face of 4.5 HSF (Paarlberg et al. 2007). It suggests
that the size of the flow separation zone would still increase
for steeper slip face angles.

For small slip face angles over which there is no flow
separation, the TKE along the bedform is low, with a small
region of higher turbulence recognisable over the trough and
stoss side (e.g. Fig. 6d). For steeper slip faces, TKE is higher
and a noticeable wake is visible (e.g. Fig. 6e). At the steepest
slip face tested, TKE is high with a well-defined wake extend-
ing from the crest along the flow separation line and above the
following stoss side (e.g. Fig. 6f).

The presence and relative length of the flow separation
zone (i.e. the length of the flow separation zone normalised
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by the height of the slip face, LFSZ/HSF) is strongly linked to
the slip face angle (Fig. 7a). For example, none of the simu-
lations of Exp3 displays a flow separation zone because the
slip face of these bedforms is smaller than 18°. For small slip

face angles, the influence of the presence of a lower lee side
can also be recognised, bedforms with a slip face angle of 19°
and a lower lee side (Exp2b) having no flow separation zone.
Considering all simulations with bedforms having a slip face
steeper than 18°, the relative length of the flow separation
zone increases linearly with slip face angle (θ in degrees),
whereby LFSZ/HSF=0.55 θ–9.23 (R2=0.83, n=10).

Shear stress

Shear stress increases with increasing slip face angle, being
lowest (1.5 Pa) for the smallest slip face angle tested (6°) and
highest (2.6 Pa) for the steepest face angle tested (24°;
Fig. 7b). The morphology of the lee side has little influence
on the shear stress; shear stress of experiments having varying
slip face angles and upper and lower lee side dimensions
(Exp2a and Exp2b) varies in the same range as shear stress
from experiments where only the slip face angle is varied
(Exp1a and Exp1b; Fig. 7b). Furthermore, the relative length
of the upper and lower lee sides has very little influence on
shear stress as shear stress calculated from results of Exp3
(where only the dimensions of the upper and lower lee side
varied and the slip face angle was always 14°) is in the range
1.7–1.8 Pa with no particular trend (Fig. 7b).

Results from Exp4 show that the upper lee side angle has
an influence on shear stress: the highest shear stress (1.9 Pa) is
found for the simulation where the upper lee side angle is 0°
and the slip face is the longest; shear stress decreases as the
angle of the upper lee side increases, and the lowest shear
stress (1.6 Pa) is found for the simulation with the steepest
upper lee side angle (4°) and the shortest slip face. Finally, the
shape of the stoss side has an overall small influence on shear
stress which varies depending on the slip face angle: for the

Fig. 6 Details of horizontal
velocity (left panels) and
turbulent kinetic energy (TKE,
right panels) over the lee side and
lower stoss side of bedforms with
slip face angles of 12°, 18° and
24°. Grey line Position of zero-
velocity points (under which
velocity is negative, i.e. flow is
reversed), red dots and purple
bold line position of the flow
separation line (which delimitates
the region in which the flow going
upstream is compensated by flow
going downstream)
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function of slip face angle (a), and shear stress as a function of slip face
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the experiments
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small slip face angle, shear stress over bedforms with a sinu-
soidal stoss side is 3% (0.05 Pa) higher than over bedforms
having a straight stoss side; for the highest slip face angle,
shear stress is 5% (0.14 Pa) higher for the bedform with a
straight stoss side than for the bedform with a sinusoidal stoss
side; for the other slip face angle tested, the difference is less
than 2%.

In summary, there is little influence of the length or height
of the upper or lower lee side or the shape of the stoss side on
form roughness; shear stress is controlled mainly by the slip
face angle and, to a lesser extent, by the upper lee side angle.
Similarly to shear stress, TKE intensity is principally con-
trolled by slip face angle. As a result, a strong relation is found

between mean TKE along the bedform TKE and shear stress:

τ ¼ 0:56ρTKEþ 0:55 (R2=0.97, n=63, Fig. 7c).

Discussion

Characterising bedform morphology

Many studies describing large bedform fields were done com-
puting only the bedform height and length to characterise
bedform properties, without detailing the bedform geometry
(e.g. Harbor 1998; Van der Mark et al. 2008; Naqshband et al.
2014). Furthermore, although the curved shape of the stoss
side has been widely used for laboratory and numerical
modelling investigations (e.g. McLean et al. 1994; Bennett
and Best 1995; Stoesser et al. 2008; Lefebvre et al. 2014a),
the use of a brink point on the lee side, although often
recognised from field measurements (Carling 1996; Roden
1998; Parsons et al. 2005; Ernstsen et al. 2006; Lefebvre
et al. 2014b), has been rarely modelled (with the exception
of, for example, Venditti 2003; Kwoll et al. 2016). In fact, the
present study shows that bedforms are not well represented by
a triangular shape and display a variety of shapes—most typ-
ically for the bedforms analysed here, a sinusoidal stoss shape
and a lee side made of two segments.

Shear stress of experiments with a lee side made of several
segments varies by over 30% depending on the angle of the
slip face (7–22°). All these experiments have a constant lee
side angle of 7° and the variations in slip face angles are
created only by varying the presence and positions of the slip
face brink points. This shows that, in order to assess the influ-
ence of bedforms on flow and, in particular, the presence of
reverse flow, the amount of turbulence produced and shear
stress intensity, it is essential to detail the morphology of the
lee side (especially whether there are brink points) and to
calculate the actual angle of the different segments if present,
as opposed to the average angle of the lee side or the bedform
aspect ratio (Hb/Lb) and asymmetry, as these proved not to be
good proxies of slip face angles (Fig. 2d and e). Van der Mark

and Blom (2007) excluded a distance of one sixth of the
bedform height below the crest and above the trough in order
to compute the angle of the slip face. However, the length of
the upper lee side of the bedforms investigated here measures
1.5 to 15.2 Hb and the lower lee side length, when present, is
0.5 to 7.1Hb. Therefore, excluding a constant distance (of one
sixth of the bedform height or other) from the lee side in order
to compute the slip face dimensions is very likely to give
misleading results. Instead, the bedform slip face angle needs
to be determined from an analysis of bed angles calculated
from high-resolution bed measurements. Calculating only
the angle of the lee side would lead to erroneous assessments
of whether there is a flow separation zone, how much turbu-
lence is produced and shear stress intensity. This is particularly
relevant for field studies because natural bedforms present a
much more complex morphology than bedforms which form
in the laboratory under controlled stable conditions.

In the present analysis of bedform shape, it has been as-
sumed that each segment could be represented by straight
lines. However, secondary bedforms are often superimposed
on primary bedforms—for example, in the Rio Paraná profiles
(see also Parsons et al. 2005, especially their Fig. 4). This
accounts for the low coefficient of determination between a
straight line and the real bed for the upper lee side.
Superimposed bedforms are known to have an important ef-
fect on flow (Fernandez et al. 2006) and respond to different
hydrodynamic forcing than large bedforms (Ernstsen et al.
2006; Barnard et al. 2011). Therefore, future work could con-
centrate on determining where these secondary bedforms oc-
cur and characterising their dimensions in order to further
investigate their influence on the flow and form roughness,
and how they reflect hydrodynamics and sediment transport.

Natural bedform morphology

Bedform shape is linked to the interaction of hydrodynamics
and sediment transport; it is therefore expected to reflect these
processes. In his study of the shape of laboratory angle-of-
repose bedforms, Venditti (2003) estimated that about one
third of the analysed bedforms had a brink point on the lower
stoss side (SBP1). This brink point was situated 4.25 to 6.85
Hb behind the preceding crest, a distance close to the range of
flow separation lengths expected over angle-of-repose
bedforms. He therefore suggested that the location of SBP1
was controlled by flow reattachment. Twenty-one percent of
the bedforms investigated here have a brink point on the lower
lee side (types S1, S2 and S3). This brink point is present
behind bedforms having a relatively steep slip face of on av-
erage 16.4° (compared to a slip face angle of 13.8° on average
for all bedforms). Eight occurrences of SBP1 were detected
behind a slip face steeper than 18°, i.e. behind a slip face steep
enough to induce flow separation; in those cases, SBP1 was
situated 3.6 to 10.2HSFC (on average 6.2HSFC) behind the slip
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face crest. This is somewhat smaller than the expected dis-
tance between the slip face crest and the reattachment point
of 8.8 to 14.4 HSFC (on average 10.4 HSFC). Furthermore, the
distance between the slip face crest and SBP1 was not related
to the slip face angle (R2=0.35). Therefore, as a brink point has
not systematically been detected at the expected position of
the reattachment point, the morphology of the bedforms stud-
ied here does not suggest that the presence of a flow separation
zone controls the formation of the brink point of the following
stoss side.

The present analysis demonstrates that the slip face angle
of the natural bedforms of the Rio Paraná and Lower Rhine
never reaches an angle of repose and has a relatively low
average value of 14°. This supports field observations
(Carling 1996; Roden 1998; Carling et al. 2000; Ernstsen
et al. 2005) that angle-of-repose bedforms are rarely found
in natural environments. On the other hand, bedforms formed
in a flume generally have steeper slip faces than natural
bedforms (Van der Mark et al. 2008), which explains why
angle-of-repose bedforms have been intensively studied in
the laboratory. Furthermore, natural bedforms also appear to
have a smaller height/length relationship to water depth than
flume-formed bedforms, as suggested by Naqshband et al.
(2014) and observed in the present study (Fig. 2b and c).
There are therefore strong dissimilarities between the
bedforms formed in a flume and in the field, which are likely
due to be due to differences in hydrodynamics and sediment
properties between laboratory and natural environments.
Laboratory bedforms develop typically from sorted sand un-
der steady flow conditions, which differs from natural
bedforms, usually established on a bed with mixed sediment
and experiencing unsteady flow conditions. The presence of
cohesive sediment has been shown to alter the shape of
bedforms, with bedforms having a high clay content being
smaller, longer and less steep than those formed in sand alone
(Schindler et al. 2015). Changes in flow conditions result in
changes of bedform shape and dimensions, with a certain lag
related to the time needed for bedforms to reach equilibrium
with the new hydrodynamic conditions (Wilbers and Ten
Brinke 2003). This also results in bedforms of different sizes
being observed for a given flow condition (Harbor 1998).
Differences between flume and natural bedforms may also
arise from differences in scaling and ratios of, for example,
sediment size, depth and flow velocity (Peakall et al. 1996).

At present, there is no known relationship between mor-
phology and flow conditions or sediment size; there is, for
example, still debate regarding the occurrence of bedforms
with steep or gentle lee sides, and under which range of con-
ditions (flow, sediment) they are formed (Best 2005). No sig-
nificant differences were found between the morphology of
the Rio Paraná and Lower Rhine bedforms, although they had
different length and height ratios to water depth (Fig. 2). This
is probably because these two environments are similar

(unidirectional flow with similar Froude number, sandy sedi-
ment); other environments may reveal dissimilarities. A
characterisation of bedform shape and dimensions (including
number and positions of brink points and slope of each seg-
ment) from a variety of environments (with unidirectional and
tidal flows) would enable to better constrain the influence of,
for example, sediment characteristics or hydrodynamics on
bedform shape, and could reveal important information on
the relation between bed morphology, sediment flux and flow
characteristics.

Influence of bedform morphology on flow

In the present study, flow separation was found to exist only
for slip face angles steeper than 18°. This agrees with
Lefebvre and Winter (2016), who used the same numerical
model to carry out a systematic study of form friction in rela-
tion to lee side angles of triangular bedforms. The angle from
which flow separation is detected agrees also with many field
measurements of flow over bedforms, which suggest that per-
manent flow separation is present over slip faces of about 15–
20° (Ernstsen et al. 2006; Kwoll et al. 2014) but absent over
slip faces of less than 15° (Bradley et al. 2013). A recent
laboratory study (Kwoll et al. 2016) shows that intermittent
flow separation exists over bedforms with slip face angles of
10° and 20° (reverse flow recorded in 2.7% and 9.4% of the
cases respectively). The modelling system approach used here
does not allow to simulate intermittent flow reversal, as it uses
the Reynolds-averaged Navier–Stokes equations. This is cer-
tainly a shortcoming of the present work, and further study
should focus on detailing time-dependant flow over bedforms
with varying morphology.

A large-scale eddy simulation (LES) could be used for such
an investigation. However, LES simulations are expensive in
terms of computational time; even when carried out at labora-
tory scale in order to keep low Reynolds numbers, each sim-
ulation may take weeks or months (Piomelli and
Omidyeganeh 2013), which is unsuitable for systematic anal-
ysis of a large number of bedform configurations. Laboratory
studies can potentially circumvent this handicap by providing
detailed high-frequency measurements of flow over bedforms
with varying shapes and slip face angles. In particular, flume
measurements allow to characterise flow intermittency (Best
and Kostaschuk 2002; Kwoll et al. 2016). However, limita-
tions also exist for that approach: the number of bed configu-
rations which can be tested is still limited as it takes time and
effort to build each bedform prototype and measure flow over
them at high resolution; scaling of bedforms can be problem-
atical (cf. Froude numbers are generally much higher in the
flume than in the field); more importantly, it is difficult to get
reliable measurements near the bed, especially in the bedform
trough where the highest intermittency values occur (Kwoll
et al. 2016). Therefore, numerical and laboratory studies
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should ideally be used to complement each other, as both have
advantages and disadvantages.

For given angles of each segment, the length and height of
the upper and lower lee sides do not have such a strong
influence on shear stress values. However, the angle of the
upper lee side does have an effect on shear stress, which
agrees with results from Kornman (1995) who concluded that
form roughness is reduced considerably when the angle of the
upper lee side increases. His experiments were carried out
with bedforms having an angle-of-repose slip face. The nu-
merical experiments confirm his results over low-angle
bedforms; the shear stress of the bedforms with an upper lee
side angle of 0° is 12% higher than that of bedforms with an
upper lee side angle of 4°.

The results fromKwoll et al. (2016) differ from those of the
present study in that the former imply that there is no perma-
nent flow separation (>50% of the cases) for slip face angles
of 20°. However, there is an agreement in that, for relatively
gentle slip faces (18–20°), flow separation is constrained in
the bedform trough; over steeper slip faces, the flow separates
at the slip face crest. Furthermore, both studies conclude that
turbulence and shear stress increase with increasing slip face
angles. Kwoll et al. (2016) estimated that the nonlinear in-
crease in shear stress with slip face angle reflected nonlinear
variations in the turbulent flow field. In the present study, the
strong linear relation identified between turbulence and shear
stress (Fig. 7c) further suggests that variations in shear stress
with slip face angle are controlled by variations in turbulence.
The ratio of total shear stress to shear stress over a flat bed (τT/
τS) of the numerical simulations shows a very good agreement
to the laboratory measurements of Kwoll et al. (2016) above
bedforms with similar aspect ratios (Hb/Lb=0.03 and relative
height Hb/h=0.15). The increase of τT/τS with slip face angle
also follows the equations proposed by Kwoll et al. (2016;
Fig. 8, R2=0.90, n=66):

τT=τS ¼ 1þ 0:001θ2SF ð1Þ

Although providing a good and simple fit to the data,
Eq. 1 may not be appropriate as it implies an accelerating
increase of shear stress with slip face angle. In reality, shear
stress is likely to reach a plateau around 30° (Ogink 1989;
Van Rijn 1993; Lefebvre and Winter 2016). The type of
equation proposed by Lefebvre and Winter (2016) for the
increase of form friction with slip face angle describes such
a pattern and also well fits the data from the present study
and from the Kwoll et al. (2016) laboratory results (Fig. 8,
R2=0.92, n=66):

τT=τS ¼ 1

1þ e−0:2θS Fþ4:1
þ 1 ð2Þ

Both Eqs. 1 and 2 are, however, unlikely to be universal, as
shear stress varies not only with slip face angle but also with

aspect ratio and relative height (Lefebvre et al. 2014a;
Lefebvre and Winter 2016). Nevertheless, they provide an
estimate of the relative contribution of bedform roughness to
shear stress. Total shear stress over bedforms having the di-
mensions modelled here (Table 2) and with a slip face angle of
14° (the average angle of the bedforms analysed in this study)
is 13 to 26% higher than that of a flat bed; assuming that τT/τS
over such bedforms having a 30° slip face follows that of
Kwoll et al. (2016), total shear stress is reduced by about 70
to 85% over bedforms with a slip face angle of 14° compared
to angle-of-repose bedforms. Therefore, natural low-angle
bedforms are likely to provide a greater roughness than a flat
bed, albeit not as high as usually assumed in previous work on
angle-of-repose bedforms. It should also be noted that
bedforms having a slip face angle smaller than ~8° have a
shear stress which is less than 10% higher than the shear stress
over a flat bed (Fig. 8). Therefore, those bedforms which have
a very low slip face angle should not be considered as addi-
tional roughness elements.

Future research should concentrate on characterising flow
and roughness over bedforms with slip face angles of 10–20°.
These constitute 70% of the bedforms determined from the
bed profiles, and they are therefore likely to be frequently
found in natural environments. The mutual adjustment of
flow, sediment transport and bed morphology over these
bedforms is still poorly constrained; the exact processes of
intermittent and permanent flow separation, and associated
turbulence should be further investigated as well as the pro-
cesses creating such bedform morphology.
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Fig. 8 Ratio of the shear stress associated with a flat bed at the velocity
and depth without bedforms and the shear stress calculated from the
model simulation results as a function of slip face angle; see Table 2 for
details of the experiments.Dashed lineApproximation of Eq. 1, solid line
Eq. 2
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Conclusions

High-resolution bed profiles from two alluvial environments
were analysed to characterise natural bedform morphology.
The most common morphological elements were a stoss side
made of a single sinusoidal segment and a lee side composed
of two segments, a gently sloping upper lee side and a rela-
tively steep slip face. Lee sides made of three segments were
also fairly common. The slip face angles never reached the
angle of repose and were in the range of 6–21°.

Numerical simulations were carried out to determine how
bedform shape, through the occurrence and dimensions of
these segments, influences flow and shear stress over
bedforms. Results show that the occurrence and length of a
flow separation zone were mainly determined by the slip face
angle. For the bedform dimensions tested here, no flow sepa-
ration was detected for slip face angles smaller than 18°. For
slip face angles steeper than 18°, the size of the flow separa-
tion zone increases with increasing slip face angle. The shear
stress is principally influenced by the slip face angle and little
affected by the dimensions or positions of the upper and lower
lee sides. However, shear stress decreases with increasing an-
gle of the upper lee side. Turbulence and shear stress are
strongly linked, shear stress increasing linearly with the aver-
age TKE above the bedform. Therefore, in order to correctly
estimate the presence of a flow separation zone and the inten-
sity of turbulence and shear stress over bedforms, it is neces-
sary to detail the bedform shape, in particular the presence and
location of brink points on the lee side and the angle of the slip
face, and not only determine the position of the bedform crest
and trough and assume a triangular shape.

This work contributes to the characterisation of typical
bedform morphology and provides a method to determine
bedform characteristics from bed profiles. Further studies
should complement it in order to further elaborate the relation
between bed morphology and flow and sediment properties. It
is important to note that the average slip face angle determined
from the bed profiles is 14°, over which there is no permanent
flow separation, and shear stress and turbulence are higher
than over a flat bed but much lower than over angle-of-
repose bedforms. Therefore, it is likely to be inaccurate to
assume high shear stress simply due to the presence of
bedforms. Instead, the slip face angle should be determined
in order to correctly parameterise the influence of bedforms on
flow.
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