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ABSTRACT: The interaction between a turbulent flow and a granular bed subject to sediment transport 

produces various bedforms associated to distinct hydrodynamical regimes. Here, we are interested in 

ripples, dunes and anti-dunes (transverse bedforms), and chevrons and bars (bedforms inclined with 

respect to the flow direction), focusing on the mechanisms involved in the early stages of their formation 

through a linear stability analysis. We study the asymptotic behaviors of the dispersion relation with 

respect to the physical parameters of the problem. We show that the initial wavelength of ripples 

essentially scales on the saturation length, which controls the relaxation of sediment transport in 

non-homogeneous situations. We provide experimental and theoretical evidence that, in contrast to ripples, 

dunes cannot result from a primary linear instability. We also show that the same instability generates 

ripples or chevrons depending on the influence of the free surface, which depends on the hydrodynamical 

regime. The transition from transverse to inclined bedforms is triggered by the ratio of the saturation 

length to the flow depth. When bedload is the dominant mode of transport, the saturation length is on the 

order of 10d, where d is the grain size, and, in the literature, inclined bedforms have been effectively 

obtained in flume experiments run with millimeter-scale grains and centimeter-scale water depth, 

corresponding to a ratio of the saturation length to the flow depth typically larger than ≈0.1. When 

suspension is the dominant mode of transport, the saturation length scales on the flow depth times the 

ratio of the flow velocity to the particle settling velocity. This gives a typically large ratio of the saturation 

length to the flow depth, which suggests that bars in rivers are generated during flood events. 

 

 

1 INTRODUCTION 

 

The formation of bedforms in sedimentary rivers results from the interaction between the bed 

topography and the water flow. The turbulent velocity field is perturbed by the presence of the bedforms. 

In turn, the fluid motion induces sediment transport, which, through erosion and deposition, changes the 

shape of the bed. 

Many studies have been devoted to patterns transverse to the flow, namely ripples and dunes (Fig.1a). 

The instability of the bed, and the subsequent emergence of bedforms, has been related to the existence of 

a space-lag between the topography Z and the sediment flux q (Kennedy 1963, Richards 1980). The 

specific nature of this lag has recently been discussed in details by Fourriere et al. 2010, emphasizing that 

it results from two contributions. First, there is a hydrodynamical effect. For bedform wavelengths  

sufficiently small with respect to the water depth H (i.e. for ripples), it is generically destabilizing, and 

almost scale-free in the turbulent regime. However, the confinement of the flow can be important for  on 

the order of H and larger, with possible stabilizing effects in some regimes. The second contribution to the 

lag between Z and q is related to sediment transport properties, and more precisely to the way the flux 
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relaxes to its equilibrium value. This stabilizing effect involves a length scale Lsat, the so-called saturation 

length. This relaxation length follows different scaling laws depending on the mode of sediment transport. 

For bedload transport, it scales with the grain diameter d (Lsat ≈10 d, cf. Fourriere et al. 2010), in relation 

to the drag length of a grain in a turbulent flow. For particles in suspension, it rather scales with the water 

depth (Lsat ≈10–100H, cf. Claudin et al. 2011), in relation to the deposition length. 

In this paper, we first present the linear stability analysis of a flat bed, focusing on the mechanisms 

responsible for the formation of transverse bedforms. We provide experimental and theoretical evidence 

that, in contrast to ripples, dunes cannot result from a primary linear instability (Baas 1994 and 1999, 

Charru 2006, Coleman and Melville 1996 and 1996, Engelund and Fredsoe 1982, Langlois and Valance 

2007, Randkivi 2006, Richards 1980). We then generalize the approach to the case of non-transverse 

patterns, i.e. of bedforms making an angle  with respect to the flow. This is relevant for the formation of 

chevron patterns (Fig. 1b), also called V-shaped or rhomboid patterns (Woodford 1935, Morton 1978, 

Karcz and Kersey 1980, Ikeda 1983, Daerr et al. 2003, Devauchelle et al. 2010). We show that the ratio of 

the saturation length to the flow depth is the primary parameter to control the transition from transverse to 

inclined patterns. We finally suggest that alternate bars in rivers (Fig. 1c) are of the very same nature as 

chevrons, but when suspension is the dominant mode of transport. 

 

 
 

Figure 1  (a) Subaqueous ripples (Zion National Park, USA); photo credit: B. Andreotti. The crests are transverse to 

the flow (from top to bottom). (b) Chevrons formed by backswash on the beach (Honokai Hale, Hawaii); photo 

credit: L. Langevin. (c) Alternate bars in the Loire river (France); photo credit: Digital Globe 

 

2 TRANSVERSE PATTERNS 

 

2.1 Instability mechanism 

 

It has long been recognized that the mechanism responsible for the formation and growth of bedforms is 

related to the lag between sediment transport and bed elevation. This lag has two contributions, which can 

be considered as independent as the time scale involved in the bed evolution is much slower than 

hydrodynamics relaxation. First there is a shift between the bed and the basal shear stress profiles. This 

shift purely results from hydrodynamics and its sign is not obvious a priori, i.e. the stress maximum can 

be either upstream or downstream of the bed crest depending on the topography or the proximity of the 

free surface. The second contribution comes from the sediment transport: the sediment flux needs some 

time/length to adapt to some imposed shearing. This relaxation mechanism induces a downstream lag of 

the flux with respect to the shear. When the sum of these two contributions results in a maximum flux 

upstream of the bed crest, sediment deposition occurs on the bump, leading to an unstable situation and 
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thus to the amplification of the disturbance. 

We consider here the generic case of a flow over a fixed sinusoidal bottom Z=e
ikx

 of wavelength 

k (see Fig. 2). In order to obtain the basal shear stress b and in particular its phase shift with respect 

to the topography, the equations of hydrodynamics must be solved in this geometry. In the meteorological 

context of atmospheric flows over low hills, Hunt and collaborators (Jackson and Hunt 1975, Hunt et al. 

1988) or Sykes (1980) have been able to compute analytically the basal shear stress for asymptotically 

large patterns, under an infinite flow depth assumption. Jackson and Hunt's analysis can be generalized in 

the relevant range of wavelength <10
4
z0, (z0 is the hydrodynamical roughness) for which their 

asymptotic matching is no more valid, and in the presence of a free surface. The resulting basal shear 

stress can be expressed as  



b  0[1 (A iB)kZ] 

where 0 is the shear stress over the uniform flat bed. The coefficients A and B are functions of kz0. A 

encodes the component of the shear stress in phase with the topography, while B encodes that in 

quadrature. In the case of an unbounded flow, their dependence is weak (logarithmical) and they are both 

positive, which means that b reaches its maximum at an approximate distance B/(2A) upstream of the 

bump crest (Fig. 2). The flow confinement due to a finite depth H makes B negative for kH0. B also 

changes sign when the waves induced at the free surface by the wavy bed are close to resonant conditions. 

By definition, a resonance corresponds to a response maximum of an excitable system (here, the free 

surface) when submitted to a perturbation (here, the bedform). This happens for wavenumbers such that 

the Froude number verifies Fr
2
=tanh(kH)/kH and when Fr is large enough. Negative values of the 

coefficient B mean that the bottom shear stress is maximum downstream of the bump crest. 

 

 
 

Figure 2  Schematic of the instability mechanism showing the streamlines around a bump. The fluid flows from left 

to right. A bump grows when the point at which the sand flux is maximum is located upwind the crest. The 

upwind shift of the maximum shear stress with respect to the crest has a hydrodynamical origin (factor B/A) and 

scales on the size of the bump . The spatial lag between the shear stress and the flux maxima is the saturation 

length Lsat 

 

 

The sediment transport is controlled by the basal shear stress. We define the volumetric flux q from the 

conservation of sediment mass: 



tZ xq  0  

The sediment flux relaxes towards its equilibrium value qsat over a typical distance Lsat along the 

direction of the flow. Following the aeolian transport case (see e.g. Andreotti et al. 2010), one can account 

for this relaxation by a first order process, and thus write: 



Lsatxq  qsat q  

where the saturated flux qsat is a function of b. The results presented in this article are very robust with 

respect to the functional form chosen for the saturated flux. We generically write 



qsat (u*
2 uth

2 )  

where we have introduced the shear velocity as bu*
2
.  is a dimensionful constant of proportionality 

and  is an empirical exponent. For bed-load, experimental and theoretical results suggest =3/2 (see e.g. 

Meyer-Peter and Muller 1948, Fernandez Luque and van Beek 1976, Lajeunesse et al. 2010). In the case 
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of steady and homogeneous suspension, transport laws of this form are also found after vertical 

integration of particle volume fraction profile . The shear threshold itself depends on the bed slope as 



uth uth
0 (1xZ /)  

where uth
0
 is shear velocity threshold for a flat bed and  is the tangent of avalanche angle. 

These different ingredients can be mixed all together to compute the dispersion relation, i.e. the growth 

rate  of the bed as a function of its wavenumber k. Examples of curves (k) are displayed in Fig. 3. 

Positive values of  mean that the corresponding wavenumbers are unstable, whereas an undulated bed 

with a negative is  stable. An important value of k is that for which the growth rate is maximum. It 

corresponds to the most unstable mode, and is thus expected to dominate the scale at which the pattern 

emerges. Fig. 3a shows that this maximum is independent of the flow depth and corresponds to a 

wavelength that scales with Lsat. 
 

 
 
Figure 3  Growth rate  as a function of the wave-number k for different values of H/z0 (H/z0 = 5000, 10000, 20000) 

and the typical values of parameter Fr = 0.8,  = 0.6, uth/u* = 0.8 and Lsat/z0 = 80. In (a),  is rescaled by Lsat and k 

by z0, whereas in (b) and (c) all lengths are rescaled by the relevant length-scale H, so that all curves collapse in 

region where kH≈1. The dashed line represents the reference unbounded case. In panel (c), due to the log-scale, 

the absolute value of  is displayed and the grey areas encode for negative values of the growth rate 

 

2.2 Ripples as the result of a linear instability 

 

We have studied the formation of ripples, dunes and mega-dunes in the Leyre river. This river is located 

in the south west of France, in a region called `les Landes de Gascogne' (44
o
32'N, 0

o
52'W). It flows in a 

particularly homogeneous basin, both in terms of the nature of the ground (rather sorted sand grains) and 

of the vegetation. Except during flooding events, bed-load is the dominant mode of transport. The size of 

the grains on the river bed is around d=330 m. The experiments have been performed at the end of 

summer (low water period), in two straight and flat portions of the river. 

The experiments were conducted as follows. Using long parallel metallic bars, the surface of the sand 

bed was carefully leveled at time t=0, and the formation of bedforms was directly observed. In order to 

measure the emergence of ripples, we used a (water proof) laser sheet inclined at a low angle to the 

horizontal. Taking pictures through a glass plate from the top, we have determined the height profile Z(x,t) 

along this line as a function of time. Fig. 4b shows the evolution of one such a ripple from the initial stage 

where it is symmetric to the time at which an avalanche slip face develops. To determine the wavelength 

 and the amplitude 2 of the ripple pattern, we computed the auto-correlation C of the profile. Typically 

25 s after the beginning of the experiment, C shows a secondary maximum whose position gives and 

whose amplitude gives . During the first 150 s, the wavelength does not evolve much (Fig. 4c) whereas 

the amplitude grows and saturates (Fig. 4a). As the final amplitude is not very large compared to the grain 

size d (and thus the initial noise level), it is difficult to get an indubitable evidence of an exponential 

growth. Still, the curves we obtained are consistent with a linear regime over a factor of two in amplitude, 

saturated by non-linear hydrodynamical effects. The analysis of initial ripple wavelengths within the 

above theoretical framework gives a saturation length on the order of several (typically 10) grain 

diameters. It is slightly smaller for the glass bead experiments than for the natural sand grain ones. Lsat is 

also found to be weakly sensitive to u*. These results suggest that grain inertia (Parker 1975) is the 

dominant mechanism limiting saturation. 
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Figure 4  Formation of ripples in a natural river, starting at t=0 from a flat sand bed. The experiment was performed 

in the Leyre river (France), for H≈50 cm, Fr≈0.2 and u*≈3 cm/s. The sediment is well sorted with a mean grain 

size d=320±70 m (a) Amplitude 2 of the bed disturbances as function of time t.  is determined from the 

auto-correlation of the bed profile Z(x,t). (b) Bed elevation profile measured by taking a picture of the bed 

enlightened by an inclined laser sheet. Low amplitude ripples can be detected from t=25 s after flattening the sand 

bed. Non-linear effects make the amplitude saturate around t=100 s and a clear avalanche slip face can be 

observed at t=150 s. During this linear stage, the wavelength ≈90 mm does not evolve significantly in time 

(panel c). Beyond this initial phase, a pattern coarsening (panel d) toward dunes is observed which saturates at 

≈20 cm and ≈4.5 mm after typically one hour: tracking the pattern during further 14 hours, we did not observe 

any significant change of these characteristics 

 

2.3 Non-linear formation of dunes 

 

We have observed the evolution of the patterns for typically two hours after flattening the sand bed (Fig. 

4d). A statistically stationary state is eventually reached, which corresponds to what was observed in the 

natural conditions, i.e. before the experiment. As in flume experiments, we have observed a coarsening of 

the ripple pattern, i.e. a progressive growth of the wavelength by merging of bedforms. Fig. 4d shows that 

this growth is linear in time and stops when the wavelength  becomes on the order of the flow depth H. 

Consistently with the theory, we did not observe the emergence of wavelengths directly at the scale of the 

flow depth: the secondary maximum of  for kH of order unity is a trivial consequence of the existence of 

the `resonance dip’ rather than a second mode of instability (Fourriere et al. 2010). We thus reach the 

conclusion that the formation of dunes should not be associated to a linear instability but to a non-linear 

pattern evolution. In the unbounded case (an infinite flow depth), it is probable that this pattern 

coarsening would have no limit as it is driven by hydrodynamics, which is mostly self-similar. The 

observation that this coarsening stops at some final wavelength should therefore be associated to a 

stabilizing mechanism, namely the presence of the free surface. 

 

2.4 Anti-dunes 

 

Anti-dunes, bedforms propagating upstream, result from inverted dynamical mechanisms. For ripples, 

hydrodynamics is the destabilizing mechanism and the saturation length a stabilizing mechanism. For 

anti-dunes it is the opposite. They are upstream propagating bedforms, associated to a negative value of 

the component A, which means that the flow velocity and thus the saturated flux is minimum on their 

crests. The saturation transient moves the point at which the flux is minimum downstream, ensuring the 

crest of the anti-dune to be in the deposition zone. This means that, the delay induced by the saturation 

length has this time a destabilizing effect. 

Large negative values of the shear stress component A are found in the vicinity of the resonance of free 

surface standing waves. Our model predicts that anti-dunes form specifically at Froude number larger 

than unity and that the resonant conditions correspond to a narrow range of wavenumbers (Andreotti et al, 

2011). Therefore, the selected wavelength scales with the flow depth H (and not with Lsat as for ripples). 

Experimental data (Recking 2009) support quantitatively our analysis. 
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Figure 5  Schematic of bedforms that make an angle  with respect to the flow. (a) Plane wave. (b) Alternate bars 

(guided waves in a channel of width W). The x-axis is in the direction of the flow (black arrows), and y is 

transverse to it. z is the third coordinate, perpendicular to the bed mean plane. We note Z(x,y) the bed profile 
 

3 INCLINED PATTERNS 

 

3.1 Linear analysis 

 

The above analysis can be generalized to the case for which the bedforms that make an angle  with 

respect to the flow (Fig. 5). We now consider a wavy bottom whose surface is described by the equation 

Z=e
ik(cos x+sin y)

. The hydrodynamical calculations must be conducted in 3D, with coefficients Ax and Bx 

associated to the component xy of the basal shear stress, and coefficients Ay and By associated to the 

component yz. Similarly, the sediment flux is now a vector with two components qy and qy.  

 

 
Figure 6  Growth rate  as a function of the rescaled wavenumber kH and of the angle  for uth/u*  0 and Fr  0. 

(a) Data computed for Lsat /H=1/4. The most unstable mode () corresponds to ripples (=0). Isocontours for Lsat
2 

 /Q= -5,-2,0,10-6,10-5,10-4,10-3,10-2,10-1,0.2. (b) Data for Lsat /H=4. The influence of the free surface on the basal 

shear stress drives the most unstable mode towards higher values. Isocontours for Lsat
2  /Q =-75, -25, -10, -1, 

-0.1, 0,0.005, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35. The dotted lines correspond to the maximum over all possible 

values of of growth rate, for a given kH 

 

Fig. 6 shows the iso-contours of the growth rate  as a function of the wavenumber rescaled by the flow 

thickness kH, and of the pattern angle . Two values of : Lsat /H have been chosen, which are on both 

sides of the transition between ripples and chevrons. The growth rate shown in panel (a) of Fig. 6 is 

computed for a small value of Lsat /H =1/4. Let us first focus on the horizontal axis =0, on which the 

maximum of the growth rate is located, and for which one recovers the results presented above. The 

region of negative growth rate for kH <<1 (gray zone on the left-hand side) is due to flow confinement. In 

this limit, the flow is controled by the balance between gravity induced slope effect and turbulent friction 

on the bottom. Therefore, the disturbance to the base state corresponds to a down-slope velocity 

component (Bx<0). This results into a diffusive sediment flux, which tends to stabilize the bedform (<0). 

As the wavenumber increases, inertia becomes more and more important so that the phase delay of the 



 

1746 

shear stress with respect to the topography is progressively reduced. When the confinement effect 

becomes negligible, one recovers a phase advance (Bx>0) and thus a destabilizing hydrodynamical effect. 

In the semi-infinite regime, when the wavelength is much larger than the saturation length (kLsat >>1), the 

growth rate is a growing function of kH. This results from mass conservation, as the amount of sediment 

to be transported is smaller for shorter wavelengths, while the flow-induced destabilizing effect (the 

coefficient Bx) remains of the same intensity. The re-stabilization at larger wavenumbers (gray zone on the 

right-hand side) is associated to the saturation length Lsat. The maximum growth rate is determined by the 

balance between the stabilizing effect of transport and the destabilizing effect of hydrodynamics. 

Let us consider a given granular bed (Lsat is fixed) under different flow conditions. When H is large 

enough, the free surface does not influence the flow, and the most unstable mode corresponds to ripples 

(=0) of wavenumber 1/Lsat. When decreasing the flow depth H to values comparable to, or smaller 

than, Lsat, the influence of the free surface on the flow increases. The panel (b) of Fig. 6 corresponds to 

such a large value of the saturation length (Lsat/H=4). One observes that all transverse patterns (=0) are 

stable (<0). However, some inclined patterns, which correspond to chevrons, remain unstable. 

Why is the confinement by the free surface stabilizing for quasi-transverse patterns (small ) but 

destabilizing for inclined patterns (large )? Consider first the limit kH<<1 for which the balance between 

slope effect and basal friction dominates. For any value of , the disturbance to the flow is associated to a 

fluid motion down the slope, along the direction normal to the crests. As already mentioned, for =0, this 

corresponds to a stabilizing down-slope transport (it results into a diffusion of height). However, at 

close to /2, the slope effect mostly induces a motion in the direction perpendicular to the main flow. 

As this would lead to a net water discharge from the crests to the trough, there must be a longitudinal 

up-slope fluid motion to balance it (Bx>0). Sediment transport is mostly controlled by the longitudinal 

modulation of the shear stress. As a consequence, the very same dynamical mechanism (balance between 

friction and slope effect) leads to a stabilizing (small ) or a destabilizing (large effect of the free 

surface. For any , this effect becomes weaker as kH increases, since inertia becomes more and more 

important. 

 

3.2 Primary control parameter: Lsat /H 

 

From the dispersion relations, one can deduce the wavenumber km and the angle m of the most unstable 

mode for which the growth rate is the largest (see black point in Fig. 6). They are represented in Fig. 7 in 

the two limits uth/u*0 and uth/u*1. The two cases behave very similarly. For both, there exist a 

threshold in Lsat /H, of order one, below which ripples are more unstable than chevrons. Below this 

transition at small Lsat/H, the ripples wavenumber km is proportional to 1/Lsat and thus does not depend on 

H. The behaviour beyond the transition is more complex, as it depends on both the flow depth H and the 

saturation length Lsat. 

 

 
Figure 7  Angle m and wavenumber km of the most unstable mode as a function of Lsat /H , for Fr0. The solid line 

corresponds to the limit uth/u*0  (transitions at Lsat /H ≈1.0 and at ≈2.9 102 marked by ) and the dotted line to 

the limit uth/u*1 (transitions at Lsat /H ≈1.6) 
 

In practice, small values of Lsat/H are obtained in experiments in deep flumes, when bedload is the 

dominant mode of transport (Baas 1994 and 1999, Coleman and Melville 1996 and 1996, Langlois and 

Valance 2007). On the contrary, values of Lsat/H large enough to be in the chevron regime can be achieved 

in two ways. H must be small if bedload is dominant, and this is typically the situation of experiments on 
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alternate bars (Ikeda 1983, Ikeda 1984, Fujita and Muramoto 1985, Schumm and Khan 1972, Lisle et al. 

1991 and 1997, Lanzoni 2000a and 2000b). Note that the flume then plays the role of a wave-guide: for a 

finite fixed width W a relation between wavenumber k and angle is selected. We have gathered some of 

the experimental and field data from the literature, which show that the transitional value of Lsat/H, above 

which chevrons rather than ripples are observed, is around 0.1. The second possibility to get large values 

of Lsat/H is to use fine particles transported in suspension by the flow (Chang and Simons 1971). Less 

dense, or smaller, bed particles should then produce larger chevrons. One can thus propose that alternate 

bars form and move during flooding events, when sand grains get suspended, while the ripples and the 

dunes covering the sand bed form during low water, when sand grains are transported in bedload 

(Andreotti et al. 2011).  

 

4 CONCLUSIONS 

 

We have shown that ripples and chevrons result from the same instability, although in different 

hydrodynamical regimes. Ripples have a wavelength smaller than the flow depth H so that the flow near 

the bed does not feel the presence of the free surface. On the opposite, chevrons are long enough to 

disturb the flow over its entire depth. The flow dynamics is then controlled by the free surface. In both 

cases, the instability results from a phase advance of the shear stress with respect to the topography, and is 

limited by the saturation length  Lsat Consequently, the transition between ripples and chevrons is mainly 

controlled by the parameter  Lsat/H. This parameter reflects the ratio of the wavelength at which ripples 

would appear in a semi-infinite fluid to the flow thickness. When this ratio is small, the most unstable 

mode corresponds to transverse ripples. Conversely, chevrons and bars appear when  Lsat/H is large. The 

Froude number Fr, the shear velocity ratio u*/uth as well as the avalanche slope  have a quantitative, but 

less crucial role. Interestingly, both ripples and chevrons are expected to coexist at the transition for Fr 

close to unity. Also, a pure longitudinal erosive mode (incision) is found in the limiting case u*/uth1 and 

Lsat /H. 

This article revisits the instability of a flat sediment bed submitted to a turbulent flow, and thus the way 

to classify bedforms (Ashley 1990). The global picture that emerges from this work can be summed up as 

follows. Aeolian dunes and sub-aqueous ripples result from the very same linear instability, in the 

semi-infinite regime (Lsat/H<<1). Their initial wavelength is the product of a non-dimensional factor 

coming from hydrodynamics (destabilizing mechanism) by the saturation length Lsat (stabilizing 

mechanism). The very different length-scales of sub-aqueous ripples and aeolian dunes directly results 

from the scaling law of the saturation length Lsat with the fluid to grain density ratio. In the viscous regime, 

the saturation length can become smaller than the hydrodynamic roughness z0, which then plays the role 

of the stabilizing effect and controls the initial wavelength.  

All the wavenumbers from 0 up to a cut-off wavenumber, which scales on 1/Lsat, are unstable. This 

results into a scale-free pattern coarsening, which is both observed in the air and under water. By the same 

process, sub-aqueous ripples progressively form dunes and aeolian dunes develop into giant dunes 

(Andreotti et al. 2009). In both cases, the growth of the pattern wavelength is limited by a finite size effect, 

the inversion capping layer height for aeolian dunes and the free surface for aqueous ripples. 

Under water, other types of bedforms can be observed in the regime of large saturation length (Lsat/H>1), 

which does not exist in the air. This regime is achieved either when suspended load dominates or for bed 

load when the flow thickness H is small enough to be comparable with the grain diameter d. Whatever the 

Froude number, the non-dimensional parameter Lsat/H triggers a transition from ripples, whose crests are 

transverse to the flow, to bedforms inclined with respect to it. These bedforms are called chevrons on a 

beach and alternate bars when they are guided by the lateral boundaries of the channel. When the Froude 

number is larger than 1, anti-dunes appear when H/z0 and Lsat/H are also sufficiently large. This mode is 

related to a inverted mechanism in comparison to ripples, bars and chevrons: the sediment  transport 

saturation transient is the destabilizing process. Our results also predict the emergence, at large enough 

Froude numbers, of `anti-chevrons' or `anti-bars', i.e. bedforms inclined with respect to the flow and 

propagating upstream, whose experimental evidence is an interesting challenge. 

In conclusion, field measurements and new experiments are required to explore in a continuous way the 

role of the parameter Lsat/H regarding the emergence of bedforms, and the model needs to be extended 

toward non-linear pattern dynamics to investigate the eventual wavelength and amplitude selection at 

long time. 
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