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[1] Richards [1980] conjectured that megaripples of the
continental shelf are due to a seabed instability in the presence
of seabed ripples. Towards a better understanding of this
megaripple formation process, we use a morphodynamical
numerical model to investigate the bed roughness influence
on the bed load – induced linear stability of a sandy bed. We
find that the linearly most amplified mode shifts from a
dune mode (grain roughness) towards a megaripple mode
(large bed roughness). Then, we discuss how megaripples
INDEX
could be generated over a flat bed and over dunes.
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analysis for a steady current using a depth-dependent
turbulent viscosity model. He got two distinct unstable
modes: one corresponding to ripples and the other
corresponding to dunes. Increasing the bed roughness, the
ripple mode wavelength increases whereas the dune mode
wavelength decreases so that both modes coalesce for a
critical value of the bed roughness. Richards [1980] conjectured that megaripples might be related to the ripple
mode through a cascade process from ripples toward
megaripples. However, none of these studies discuss in
detail the generation of megaripples.
[4] In this letter, we study the generation of dunes and
megaripples, focusing on 20 m wavelength megaripples as
such features were observed in the Dover Strait [Idier et al.,
2002]. For this purpose, we use a numerical morphodynamical model taking into account bed load sediment transport
only to study the linear regime of the bottom instability for
various bed roughness heights.

2. Morphodynamical Model and Parameters

1. Introduction
[2] Megaripples are dynamic continental shelf sedimentary structures with heights up to 2 m, wavelengths up to
20 m and crests perpendicular to the current (Table 1). They
occur as rhythmic patterns and their migration rate may
reach 1 m/h [Idier et al., 2002]. They can be observed on
flat beds as well as over large scale transverse bed forms,
e.g., dunes [Stride, 1982]. Both dunes and megaripples are
usually covered by even smaller bed forms, i.e., ripples.
The prediction of the temporal evolution of the height
and position of dunes and megaripples is of practical
importance for various applications including navigation
safety.
[3] As a first step towards the understanding of these bed
forms dynamics, we focus on their generation processes.
Linear stability analysis [Richards, 1980; Hulscher, 1996]
showed that both dunes and ripples may result from free
instabilities developing on the sandy interface between the
seabed and the 3-dimensional current. Using the NavierStokes equations and a constant turbulent viscosity,
Hulscher [1996] showed that the Linearly Most Amplified
(LMA) mode has a wavelength similar to dunes wavelength
observed in the field. Richards [1980] performed a similar

[5] In the present study we use a numerical model taking
into account the free surface slope and based on a more
sophisticated turbulence model than in previous stability
analysis, as Komarova and Hulscher [2000] showed the
benefits of turbulence modelling improvements. The flow
model is based on the 3D hydrostatic Navier-Stokes
equations. The vertical turbulent viscosity is parameterized
by a mixing length model. A classical bottom friction
parameterization is used:
t~b ¼ r

k~
u k2 ~
u
C2 k ~
uk

with C ¼ ð1=kÞ lnðDZ=z0 Þ

where r is the water density, ~
u the near-bed velocity and C
the friction coefficient which depends on the Karman
constant (k = 0.41), the bed roughness length z0 and a
characteristic length DZ (one tenth of the height of the first
grid cell above the bottom [Janin et al., 1997]). The bed
roughness length z0 is related to the bed roughness height ks
by z0 = ks/30. ks is modelled as the sum of the grain
roughness height kbs and the form roughness height kbf:
ks ¼ kbs þ kbf ¼ 3f þ 20Hr2 =lr
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ð1Þ

ð2Þ

with f the sediment grain size, Hr and lr the height and the
wavelength of the small scale bed forms [van Rijn, 1989].
[6] The bottom evolution model is based on the sediment
mass conservation, which relates the temporal bed evolution
to the divergence of the sediment flux:
@h
1 ~~
r:Sb ¼ 0
þ
@t 1  p
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Table 1. Bed Form Classification and Associated Bed Roughness
Heighta
Height (m)
Wavelength (m)
Roughness ks (m)

Ripples

Megaripples

Dunes

<0.06
<0.6
to 0.3

0.06 – 2
0.6 – 20
0.3 to 4

2 – 15
20 – 1000
4 to 15

a

From Dalrymple et al. [1978] and van Rijn [1989].

with h the bed level, p the bed porosity and ~
S b the sediment
flux. Both bed load and gravity driven sediment fluxes are
taken into account:


~
~
Sb ¼ aðk ~
tb k  tc Þb ~
tb = k ~
tb k  brh

ð4Þ

tc is the critical bed shear stress, estimated with the van Rijn
[1989] formula and b is the bed slope coefficient, equal to
the co-tangent of the repose angle of the sediment. b and a
are computed from the van Rijn [1989] formula:
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
b ¼ 2:1 and a ¼ 0:053 ðs  1Þg f1;5 D0;3 t2:1
* c

ð5Þ

with s = rs/r the relative density, D* = f((s  1)g/n2)1/3 the
particle parameter and n the water molecular viscosity.
[7] In this model, the grain size f influences both the bed
shear stress (1) and the sediment flux (5), whereas smallscale bed forms geometry (wavelength lr, height Hr)
influences only the bed shear stress (1). To compute the
flow, the sediment flux and the bed evolution, the Telemac
finite element software is used, like in previous sandbanks
studies [Idier and Astruc, 2003].
[8] As the spatial scales under consideration are small, the
Coriolis force is neglected and the unstable modes crests are
likely to be almost perpendicular to the current [Hulscher,
1996]. Thus, we use the 3D hydrodynamic model as a 2DV
model (no lateral variability) and study the time evolution
of small amplitude (h = 15 cm) sinusoidal bed forms
(wavelength l) perpendicular to the current, superimposed
to a flat bed, and subject to a steady flow (depth-averaged
velocity U = 1 m.s1, in the x-direction). The physical
parameter values are those of dunes areas located in the
Dover Strait: water depth H = 30 m, grain size f = 0.3 mm,
b = 1.3 (repose angle of 37.5 ), rs = 2665 kg.m3, r =
1000 kg.m3 and p = 0.375. In the present study, no
parameter tuning has been done to improve the model
results. In the model, the vertical dimension z is described
by 10 logarithmically distributed layers, and the numerical
errors are kept constant in all the computations (constant
CFL number and 24 grid points per bed form wavelength).
[9] From the initial and final bathymetry computed with
the numerical model, we estimate the complex growth rate w
h1(x, t) the
of the bed perturbations, as @ ~
h1/@t = w~h1 with ~
Fourier Transform of the first order bed perturbation. The bed
perturbation growth rate is the real part of w and the migration
rate is lIm(w)/2p. Each point (l, z0) of Figure 1 corresponds
to one numerical computation performed for a bed perturbation h1(x, t) of wavelength l and a bed roughness z0.

3. Results: From Dunes to Megaripples
[10] First, for a ripple-free bed (z0 = 0.003 cm), among
the studied wavelength range [10 m – 500 m], a single LMA

Figure 1. Scaled growth rate versus bed roughness length
z0. (The growth rate is scaled by the growth rate of the LMA
mode obtained for each bed roughness value).
mode (l = 400 m) is observed (Figure 1) which lies in the
range [100 m –600 m] of observed dunes in the south of the
North Sea [Stride, 1982]. In addition, the small wavelength
perturbations (l < 175 m) are damped.
[11] Subsequently, computations are performed to analyze
whether small-scale bed forms such as megaripples may
grow if ripples are present on the sandy bed (as conjectured
by Richards [1980]). For that purpose, the bed form-related
roughness height kbf is included in the bed roughness ks.
Figure 1 shows that, increasing ks, the LMA mode shifts
towards the short wavelengths. The 20 m wavelength
megaripple observed on Dover Strait dunes [Idier et al.,
2002] is found to be the LMA mode for a bed roughness
length of 3.6 cm (i.e., ks = 1.1 m) (Figure 1). The continuous
decrease of the wavelength, from dunes to megaripples,
suggests that the generation mechanisms of dunes
and megaripples are similar within the limits of this model.
An appealing comment on this result is that it fits
the classification of bottom bed forms proposed by
Ashley [1990] on the basis of field observations in which
the wavelength of the so-called dunes extends from 0.6 to
1000 m with no distinction between dunes and megaripples
whereas at smaller scales, ripples are distinguished.
[12] Figure 2 shows that the megaripple growth and
migration rates are several orders of magnitude larger than
those of the dunes: small bed forms are more dynamic than
larger ones. From observations in the Dover Strait [Idier et
al., 2002], the dune (160 m width) migrates of about 10 m/y
(including meteorological effects), whereas the overlapping
megaripples (l  20 m) have a migration up to 5 m per tidal
cycle (12.42 h) (for a period of quiet weather). Thus, the
ratio R between dune migration rate and megaripple migra-

Figure 2. Dimensional growth and migration rates versus
the wavelength of the LMA modes. The dotted lines are
interpolation of the discrete LMA modes we obtained.
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tion rate is 400. Using the model results for wavelengths of
160 and 20 m (Figure 2), we find R = 2600. This ratio is
6 times larger than the ratio obtained from field observations. This discrepancy should be related to the model
assumptions (dunes perpendicular to the current, small
amplitude dynamics, hydrostatic pressure) and to the fact
that in the field, the dune migration rate is estimated over
one year (due to the slow dynamics) whereas the megaripple
migration rate is estimated over a single tide.

4. Hydrodynamics and Bed Form Generation
[13] In this paragraph, using the above numerical results
and some algebra, we analyze the relation between hydrodynamics, bed slope effect and bed form generation.
[14] For the analysis purpose, we split the bed shear stress
in two parts: one (tb0) corresponding to the bed shear stress
over a flat bed, the other one (tb1) corresponding to the
perturbation due to the presence of the bottom structures.
tb1 = jtb1j cos (2px/l + jtb) with jtb the spatial phase-lag
between the bathymetry and the bed shear stress (a positive
phase-lag means a maximum bed shear stress upstream of
the dune crest).
[15] From Richards [1980], the sign of the growth rate is
controlled by the balance between a term A proportional to
jtb1jsin jtb and a damping term B (always negative). This
damping term is proportional to the bedslope coefficient
b and to the bottom perturbation wave number and is
independent of the bed roughness. Using equation (1) and
a Fourier transform, we estimate tb0, jtb1j and jtb from our
numerical computations (Figure 3). The phase-lag jtb is
always positive, lower than p. Thus the term A is always
positive and is a growth term. Figure 3 shows that for
increasing bed roughness, tb0, jtb1j and sin jtb increase
leading to a growth term increase. Physically, a bed roughness increase leads to an increase of the vertical turbulent
diffusion and thus of the bed shear stress (tb0) and the
free surface slope, but also of jtb1j and jtb [Dawson et al.,
1983]. Further more, jtb1j decreases with the wavelength,
whereas sin jtb increases, such that jtb1jsin jtb is nonmonotonous and reaches a maximum, which is shifted
towards the shorter wavelength for increasing bed roughness. Adding the effects of the A and B terms of the growth
rate, the results of Figure 1 are recovered: the LMA
mode wavelength decreases for increasing bed roughness
(due to the shift of the maximum of A) whereas the short
wavelength damped modes band becomes narrower (due to
the imbalance between increasing A and constant B terms
for increasing bed roughness).

5. Discussion
[16] In this section, we propose some mechanisms to
explain the generation in the field of megaripples over a flat
bed and over dunes. The underlying assumption of this
discussion is that it is relevant to compare the LMA mode to
finite amplitude dunes and megaripples observed in the
field. Indeed, even if such comparison is not rigorously
justified, we should notice that some studies ([Calvete et al.,
2001] for sandridges) found that the LMA mode is the
dominant mode in the non-linear regime.
[17] According to our numerical computations (H = 30 m
and U = 1 m/s), the bed roughness height required for 20 m

Figure 3. Numerical results: (a) 0-order bed shear stress
modulus jtb0j, (b) First order bed shear stress modulus jtb1j,
(c) Phase-lag jtb of the first order bed shear stress with
respect to the bathymetry.
wavelength megaripple to be the LMA mode over a flat bed
is ksc = 1.1 m. This value is higher than the grain (0.09 cm)
or ripple (max. 0.3 m) induced bed roughness height. Thus
grain or ripple induced bed roughness only cannot explain
the large bed roughness ksc which is responsible for the
presence of megaripples. In this discussion, we focus on the
mechanisms responsible for such large bed roughness on a
flat bed and then over a dune. One should notice that even if
some suspended transport should occur under this large
bottom shear stress (tb0 = 125 kg/m/s; Figure 3a), in this
preliminary study, only bed load – induced bed evolution is
considered.
5.1. Megaripple Generation Over a Flat Bed
[18] The computed critical bed roughness height ksc =
1.1 m over a flat bed (equation (2)) is almost equal to the
height of observed 20 m wavelength megaripples (about
1 m). This coincidence is intriguing. However, within the
framework of the present morphodynamical model, no clear
conclusions can be drawn as the sub-grid-scale bottom
features which are parameterized by means of the bed
roughness cannot be distinguished from the resolved
megaripples. The investigation deserved to clarify this point
is out of the scope of this letter.
[19] In addition to grain and ripple induced bed roughness, the presence of surface waves in shallow waters can
lead to an apparent bed roughness 1 to 10 (depending on the
water depth and surface wave characteristics) times larger
than the physical roughness [Perlin and Kit, 2002]. In the
present study (30 m water depth and for a depth-averaged
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Figure 4. Bed shear stress profile over a finite amplitude
dune, located in the middle of a periodic dune field, for
different sets of (z0 in cm, U in m.s1).

flow velocity of 1 m.s1), surface waves would lead to an
apparent grain (resp. ripple) roughness height up to 0.9 cm
(resp. 3 m), the latter being larger than the critical ksc value
so that megaripples can be generated by the combined
roughness enhancement of ripples and surface waves.
5.2. Megaripple Generation Over Dunes
[20] Dunes are also often covered by megaripples. The
megaripples height may be constant [Terwindt, 1971] or
increasing along the dune profile [Idier et al., 2002], the
former case being the most common.
[21] Field measurements [Dyer, 1970] and modelling
studies [Dawson et al., 1983] show that the bed shear stress
increases along the stoss side of dunes. This increase is not
only due to an increase of the depth-integrated velocity U
by water mass conservation, but also to a flow acceleration, which can be related to an apparent bed roughness
(equation (1)) such that a similar velocity profile can be
obtained over a flat bed if this apparent bed roughness is
considered. Thus, assuming that the megaripple wavelength
(20 m) is small compared to the dune wavelength (160 m)
and that the dune bed position variations are small over a
megaripple wavelength, we can use the results obtained for
a flat bed to estimate whether megaripple can grow over a
given dune.
ksc) where 20 m wavelength
[22] A situation (ks
megaripple are damped over a flat bed is selected to study
the effect of a dune on the bed shear stress distribution with
the help of the flow model. The dunes superimposed to the
flat bottom (in 35 m water depth) have a trochoidal shapes
(sin4 wave) like observed dunes, a height of 10 m and a
wavelength of 400 m (Figure 4). Hydrodynamic computations are performed for various couples of bed roughness z0
and depth-averaged velocity U values (Figure 4).
[23] The presence of the dune leads to bed shear stress
values larger than the corresponding value for dune-free
bottom (whatever the bed roughness and the depth-averaged
velocity values are) at the exception of a small region
downstream of the dune where the value is smaller and
possibly negative (Figure 4). A maximum bed shear stress
of 360 kg/m/s is reached at the dune crest for the couple z0 =
2 cm (i.e., ks = 0.6 m) and U = 2 m/s which is 72 times
larger than its value upstream of the dune (5 kg/m/s). This
velocity value is representative of the current in the dune
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area studied by Idier et al. [2002]. The contribution of mass
conservation to this bed shear stress enhancement proved to
only doubles it. Thus the contribution of the apparent
roughness related to the flow acceleration over the dune is
dominant. From the bed shear stress value at the crest and
upstream the dune, the apparent bed roughness height at the
crest is estimated to be ks = 1.2 m. This value exceeds the
ksc = 1.1 m critical value obtained for a flat bed.
[24] Thus, a possible conclusion is that dune slopes
support megaripple generation by combined action of the
dune itself, small ripples and moderate surface waves. This
could explain why the feet of the dune and the area in
between the dunes may remain megaripple-free as only
longwave perturbations can develop. This result still hold
for sand starved areas [Idier et al., 2002] where in between
the dunes the coarser sediment related bed roughness
remains behind the critical value.

6. Conclusion
[25] This study of the seabed stability shows that for
increasing bed roughness the linearly most amplified mode
shifts from a dune mode of 400 m wavelength (grain
roughness) towards a megaripple mode of 20 m wavelength
(bed roughness height ks of about 1 m). Thus, megaripples
would emerge as a combined action of ripples and wave.
Various mechanisms are proposed to explain the origin of
the large bed roughness height required for the megaripple
generation. They could explain the observed full covering
of the sea bed by megaripples (combined action of ripples
and surface waves) and the partial dunes covering
(combined action of dunes, ripples and surface waves).
However, the present study includes only the bed load
transport and neglects suspended sediment transport. It
could be worthwhile to investigate the influence of such
an assumption on the present results.
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