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1. Abstract
The$aim$of$the$proposal$is$a$study$of$ripples$and$megaripples,$which$are$characteris7c$sand$structures$
found$on$Earth$and$Mars.$Our$collabora7on,$involving$geomorphologists$and$physicists,$will$combine$
field$and$wind?tunnel$measurements$with$mathema7cal$modeling$in$a$single$coordinated$effort$to$
quan7ta7vely$understand$aeolian$transport$mechanisms$crea7ng$these$structures.$During$the$first$year$
of$the$project$we$have$completed$all$the$planed$tasks:$star7ng$the$field$experiment$at$Nahal$Kasuy,$
modeling$of$normal$ripples$on$Mars$using$COMSALT$model,$preparing$and$calibra7ng$the$instruments$
for$wind$tunnel$experiments,$developing$the$analy7cal$theory$of$megaripples.$First$results$of$the$field$
study$in$Nahal$Kasuy$show$different$grain$size$distribu7on$along$the$crest$of$mature$(developed)$
megaripples.$In$the$highest$points$the$content$of$the$very$coarse$sand$(>$500$μm)$is$higher$and$the$
armoring$layer$is$thicker.$From$the$first$wind$tunnel$experiments$under$different$wind$speeds$(6.5$–$12$
m/s),$our$results$indicate$on$two$mechanisms$of$$megaripple$destruc7on$depending$on$the$size$of$
coarse$grains$cons7tu7ng$the$armoring$layer,$and$on$the$megaripple$height.$The$modeling$of$normal$
ripples$on$Mars$using$COMSALT$model$were$published$in$Yizhaq$et$al.$(2013).$The$results$indicate$that$
ripples$with$proper7es$similar$to$those$observed$at$Eagle$Crater$can$be$developed$by$the$impact$
mechanism$at$shear$veloci7es$far$below$the$fluid$threshold.$The$analy7cal$theory$ra7onalizes$this$
observa7on$as$a$consequence$of$strong$non?equilibrium$condi7ons,$which$are$predicted$to$be$
characteris7c$of$megaripples$on$Earth,$and$even$more$pronounced$on$Mars.$The$integra7on$of$
theore7cal$and$experimental$studies,$and$the$mul7tude$of$complementary$experimental$methods$and$
modeling$approaches,$will$provide$a$comprehensive$understanding$of$the$forma7on$and$(co?)evolu7on$
of$ripples$and$megaripples$on$Earth$and$Mars.
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z1, the reference height for momentum transfer, is well be-
low zm , the mean height of the saltation trajectories. This
justifies a posteriori the linearization in Eq. !25".

V. DYNAMICS

After the saturated case has been studied in the preceding
section, we now investigate the dynamics of the saltation
layer in order to get an estimate for the saturation time Ts
and thus for the model parameter # . Figure 3 shows numeri-
cal solutions of Eqs. !32" and !33" for the time evolution of
the sand flux q!u $ using spatially homogeneous conditions
(%/%x!0). To get rid of the free parameters in Eq. !20" we
neglected &a , thus disregarding direct aerodynamic entrain-
ment, and assumed instead a small initial density. Due to the
multiplication effect of the saltation process, the flux in-
creases first exponentially and reaches the equilibrium state

after passing through a maximum at t'2 s. The time tran-
sients are controlled by the parameter # and compare well
with measurements by Butterfield (13) and microscopic
simulations by Anderson (10,11) and McEwan and Willetts
(12) for #'0.4. An important result of the simulations of
Anderson was the dependence of the saturation time on the
shear velocity and the overshoot near t'2 s. Both features
are well reproduced by our model.

VI. A MINIMAL MODEL FOR GEOMORPHOLOGICAL
APPLICATIONS

The change of desert topographies, e.g., the movement,
growth, and shrinkage of dunes, depends mainly on the sand
transport or erosion and the perturbations of the wind field
caused by the topographies themselves. Here, we restrict our-
selves to the problem of the sand transport and assume that
the shear velocity above a certain topography is known. The
time evolution of the topography h(x ,t) is then given by the
mass conservation,

%h
%t !"

1
$sand

%q
%x , !43"

where $sand is the mean density of the immobile dune sand.
To obtain the sand flux q(x ,t) one can in principle solve the
coupled differential equations for the density $ , Eq. !32", and
velocity u, Eq. !33", of the sand in the saltation layer. How-
ever, for most geomorphological applications a simplified
version of our model will be sufficient. In the following, we
first derive this ‘‘minimal model’’ from the equations given
in Sec. III E and then show its usefulness by discussing a
particular practical application in Sec. VII.
The first simplification is to use the stationary solution

(%/%t!0) of Eqs. !32" and !33". This can be justified by the
fact that there are several orders of magnitude between the
time scale of saltation !approximately 2 s" and the time scale
of the surface evolution of a dune !several days or weeks".
Next, we consider the convective term (u%xu) that is only

important at places where large velocity gradients occur. This
is for instance the case in the wake region behind the brink of
a dune, where the wind speed at the ground decreases dras-
tically due to the flow separation of the air. Here, the inertia
of the grains becomes important. To solve the model for the
deposition in a wake region we want to consider an idealized
brink situation, where both the wind speed and the friction
with the bed drop discontinuously from a finite value to zero.
In this case, Eq. !33" reduces to

1
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This predicts an exponential decrease of the grain velocity
over a characteristic length scale ldep!4 d $quartz /
(3 Cd $air)'0.25m. Hence, the deposition takes place
within a length ldep#ls much shorter than the saturation
length ls on the windward side. Field measurements of lee
side deposition agree with this conclusion (27). Outside the

FIG. 2. Comparison of the different theoretical flux relations
!39"–!42" fitted to wind tunnel data of White. The fluxes are nor-
malized by q0!$air /(gu*

3 ). The saturated flux of our model and
the relation of So”rensen reproduce quite well the data, whereas the
others do not show the same structure.

FIG. 3. Numerical simulations of the time evolution of the
full model given by Eqs. !32" and !33" with a constant shear
velocity u* .
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Continuum saltation model for sand dunes
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We derive a phenomenological continuum saltation model for aeolian sand transport that can serve as an
efficient tool for geomorphological applications. The coupled differential equations for the average density and
velocity of sand in the saltation layer reproduce both the known equilibrium relations for the sand flux and the
time evolution of the sand flux as predicted by microscopic saltation models. The three phenomenological
parameters of the model are a reference height for the grain-air interaction, an effective restitution coefficient
for the grain-bed interaction, and a multiplication factor characterizing the chain reaction caused by the impacts
leading to a typical time or length scale of the saturation transients. We determine the values of these param-
eters by comparing our model with wind tunnel measurements. Our main interest are out of equilibrium
situations where saturation transients are important, for instance at phase boundaries !ground/sand" or under
unsteady wind conditions. We point out that saturation transients are indispensable for a proper description of
sand flux over structured terrain, by applying the model to the windward side of an isolated dune, thereby
resolving recently reported discrepancies between field measurements and theoretical predictions.

DOI: 10.1103/PhysRevE.64.031305 PACS number!s": 45.70.!n, 92.10.Wa, 92.60.Gn, 92.40.Gc

I. INTRODUCTION

Aeolian sand transport, from the entrainment of single
grains to the formation and movement of dunes, have been
studied for a long time. One of the most important issues has
been the relation q(u*) between the shear velocity u* andthe saturated sand flux q. The simplest flux law, which gives
a cubic relation between shear velocity and sand flux, was
already introduced by Bagnold in 1936 #1$. Since that time,
many new flux relations have been proposed and used by
different authors. The most important improvement was to
introduce a threshold to account for the fact that at low wind
speeds no sand transport occurs. !An overview of the histori-
cal development can be found in Ref. #2$." One of the most
widely used flux relations with threshold was proposed by
Lettau and Lettau #3$. Analytical derivations of the flux re-
lation starting from a microscopic picture deepened the un-
derstanding of the aeolian transport mechanisms a lot #4–7$.
An application of sand flux relations is geomorphological
problems, where they are used to calculate the erosion rate
from the wind shear stress in order to predict the evolution of
a free sand surface or dune. However, all flux relations of the
type q(u*) assume that the sand flux is everywhere satu-rated. This condition is hardly fulfilled at the windward foot
of an isolated dune, e.g. a barchan !crescent shaped dune,
discussed in Sec. VII", where the bed changes rapidly from
bedrock to sand. Correlated measurements of the sand flux
and the wind speed performed by Wiggs et al. #8$ showed a
large discrepancy between the measured flux and theoretical
predictions of the sand flux using the relation by Lettau and
Lettau near the dune’s windward foot. Numerical simulations
of barchan dunes by Wippermann and Gross #9$ that employ
this flux law also revealed this problem. Apart from the con-
ditions at the dune’s foot, it is conceivable that the sand flux
may never reach saturation on the entire windward side of a

dune, where the shear velocity increases gradually from the
foot to the crest. Such effects are obviously not captured by
an equilibrium flux law. To overcome the limitation of the
equilibrium relations and to get information about the dy-
namics of the aeolian sand transport, numerical simulations
based on the grain scale have been performed #10–12$. They
showed that the typical time to reach the equilibrium state in
saltation on a flat surface is approximately two seconds,
which was later confirmed by wind tunnel measurements
#13$. The problem of simulations on the basis of grains is
that they can neither now nor in the near future be used to
calculate the evolution of macroscopic geomorphologies.
In the following we derive a dynamic continuum model

that allows for saturation transients and can thus be applied
to calculate efficiently the erosion in presence of phase
boundaries and velocity gradients. In Sec. II we introduce the
phenomenology of aeolian sand transport. In Sec. III we de-
velop a continuum model for a thin fluidlike sand layer on an
immobile bed including the time dependence of the sand
transport and saturation transients. The following sections
discuss special cases, where certain restrictions lead to sim-
pler versions of the model. In Sec. IV we discuss the satu-
rated limit of the model and compare it with flux relations
and experimental data from the literature. In Sec. V we dis-
regard the spatial dependence of the sand flux and concen-
trate on the time evolution of the saltation layer. In Sec. VI
we present a reduced ‘‘minimal model’’ that can easily be
applied to geomorphological problems. Finally, we apply this
model in Sec. VII to predict the sand flux on the central slice
of a barchan dune.

II. SAND TRANSPORT AND SALTATION

Conventionally, according to the degree of detachment of
the grains from the ground, different mechanisms of aeolian
and transport such as suspension and bed load are distin-
guished. The bed load can be further divided into saltation
and reptation or creep. A detailed overview of this classifi-*Corresponding author. Email address: kkroy@ph.ed.ac.uk
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A two-species model of aeolian sand transport

By BRUNO ANDREOTTI
Laboratoire de Physique Statistique de l’E. N. S., 24 rue Lhomond, F-75005 Paris, France

Matière et Systèmes Complexes, rue Watt, F-75013 Paris, France

(Received 22 October 2002 and in revised form 4 February 2004)

The transport of sand by wind results from the equilibrium between the erosion of
grains dragged by the flow and the resulting slow down of the wind velocity. The
dynamical mechanisms governing the saturation of the sand flux are investigated
theoretically. We first demonstrate that previous models, based on the assumption
that all the grains have the same trajectory, are either not self-consistent or lead to
unstable solutions. A model based on a discrete number of states is derived, which
solves these problems. Two well-defined species of grain appear, which correspond
to saltons (high-energy grains) and reptons (grains ejected from the sand bed by the
impact of saltons). They play specific roles: the negative feedback of the transport
on the wind is limited to the reptation layer while most of the transport is due
to saltation. The model is further simplified, benefiting from the existence of these
two species and the dependencies of the threshold velocity, the saturated flux, the
aerodynamic roughness and the saturation length are derived and compared to
experimental measurements.

1. Introduction
The morphogenesis and the dynamics of dunes is controlled by the transport of

sand by the wind (Bagnold 1941). The shape of the dune determines the velocity
field around it. In turn, the wind controls the sand flux and thus modifies the
dune topography through the erosion/deposition process. The flux of sand which
can be transported by a given wind is limited to an equilibrium value called the
saturated flux, which increases with the wind strength. There has been a great effort
to obtain experimentally (Chepil & Milne 1939; Bagnold 1941; Zingg 1953; Williams
1964; Svasek & Terwindt 1974; Nickling 1978; Jones & Willetts 1979; White 1979;
Willetts, Rice & Swaine 1982; Greeley, Blumberg & Williams 1996; Iversen &
Rasmussen 1999) using both wind tunnels and atmospheric flows on the field, numeri-
cally (Anderson & Haff 1988, 1991; Werner 1990) and theoretically (Bagnold 1941;
Kawamura 1951; Owen 1964; Kind 1976; Lettau & Lettau 1978; Ungar & Haff 1987;
Sørensen 1991; Sauermann, Kroy & Herrmann 2001), the relationship between the
saturated flux over a flat sand bed and the shear velocity u∗. Apart from the work
by Ungar & Haff (1987) which we shall turn to later, all the theoretical studies give
similar results: the saturated flux q vanishes below a threshold value uth of the shear
velocity and scales at large shear velocity like the Bagnold (1941) prediction,

qB =
ρairu

3
∗

g
(1.1)

where ρair is the density of air.
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It is evident that the curvature in the measured
distributions results primarily from departures at
extremities of the trap. In both cases, the depar-
tures represent the capture of larger quantities of
sediment than would be expected on the basis of
the exponential trends describing the central
portion of the data. Excess transport at the
upwind compartments might be expected to
result from the superimposition of a creep/repta-
tion component on the distribution generated by
saltation-mode transport. This is consistent with
the observations and interpretation of the vertical
distributions of mass flux. Explanation of the
departures at the farthest downwind compart-
ments remains more speculative. It is possible
that these departures represent the superim-
position of modified-saltation/suspension mode
transport on the saltation distribution. Conceptu-
ally, the mass flux resulting from saltation might
decrease with distance until it becomes small
enough to be masked by (relatively) distance-
independent deposition from suspension or
modified saltation. However, it is worth noting
that the small size of samples trapped in the distal
compartments renders them increasingly suscept-
ible to uncertainty as a result of both measure-
ment resolution and the influence of sand
contamination from various sources, for example
during sample retrieval. The total amount of
sediment captured in the three compartments
beyond 1Æ75 m averaged <0Æ8% of the total
transport load in all runs, so the departures in
that segment did not involve a substantial portion
of the total transport load in any event.
Departures from the mean slope among indi-

vidual runs are somewhat larger than was found
for the vertical distributions, averaging about
8Æ7% vs. 4Æ2%. As with the vertical distributions,
the largest deviations from the mean slope
occurred during the smallest and largest transport
rate events. However, unlike the vertical distri-
butions, the deviations in the slopes of the
horizontal distributions appear to be systematic
in terms of direction (Table 3). Regression analy-
sis confirmed that a strong, significant relation-
ship is present between the best-fit slopes of the
horizontal distributions and shear velocity
(r2 ¼ 0Æ73; P ¼ 0Æ003). The direction of the rela-
tionship is positive, indicating that the rate at
which deposition decreases with distance
becomes smaller as shear velocity increases. This
is consistent with the notion that grains follow
longer trajectories under more energetic wind
conditions, as embodied in much previous work
(e.g. Kawamura, 1951; Owen, 1980).

Numerical simulations of mass flux
distributions

Details of the calculation procedure followed for
the numerical simulations are given by Namikas
(1999). In brief, a particle launch velocity is
selected from the specified distribution, and Eqs 1
and 2 are solved iteratively to determine a
sequence of particle positions defining the tra-
jectory. The relative proportion of particles fol-
lowing that trajectory which passes through each
vertical or horizontal interval corresponding to a
trap compartment is determined by superimpo-
sing the calculated trajectory on a series of
‘launch positions’ ranging from immediately in
front of the trap to an upwind distance equal to
the trajectory length (Fig. 9). The contributions to
each compartment affected by the trajectory are
then weighted by the probability of that particular
launch velocity. The process is repeated for each
launch velocity in the distribution. Typically,
about 40–60 values of both launch speed and
angle were used, so that each simulated mass flux
distribution represents the net result of about
2000–3000 trajectories. The resulting distribu-

Fig. 9. Conceptual illustration of the calculation pro-
cedure used to construct simulated vertical (A) and
horizontal (B) distributions of mass flux. The relative
contribution of each trajectory to a given trap com-
partment is determined from the proportion of launch
positions that produce trajectories terminating at that
compartment elevation/distance, and then scaled by
the probability of the specific launch velocity that
produced that trajectory. The overall mass flux distri-
bution is determined by summing these contributions
for the approximately 2000–3000 individual launch
velocities representing the joint launch speed and
angle distributions.
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Saltation of uniform grains in air 

By P. R .  OWEN 
Department of Aeronautics, Imperial College, London 

(Received 14 April 1964) 

The interaction between a turbulent wind and the motion of uniform saltating 
grains of sand or soil, so massive as to fail to enter into suspension, is examined 
on the basis of two complementary hypotheses. The first asserts that the effect 
of the moving grains on the fluid outside the region to which saltation is confined 
is similar to that of solid roughness of height comparable with the depth of the 
saltation layer. The second requires the concentration of particles engaging in the 
saltation to adjust itself so that the shear stress exerted by the wind on the ground 
-different from that acting on the fluid outside the saltation layer by an amount 
accountable to the change in horizontal momentum suffered by the particles 
in their passage through the fluid-is just sufficient to maintain the sand-strewn 
surface in a mobile state. 

Existing experimental data on the wind profiles outside the saltation region 
and the horizontal flux of particles through it are shown to be consistent with 
these hypotheses. 

The second hypothesis implies a self-balancing mechanism for controlling 
the concentration of saltating particles. For if the concentration is too low the 
shear stress at the surface rises above the value required merely to secure mobility 
and more particles are encouraged to leave the surface; conversely, too large a 
concentration depresses the surface stress, and the consequent loss of surface 
mobility inhibits saltation and reduces the concentration of particles until 
equilibrium is restored. 

1. Introduction 
Wind blowing over soil or a sand-strewn surface will, if the particles are heavy 

enough and the windspeed is not too large, induce a motion known as ‘saltation ’ 
in which individual grains ejected from the surface follow distinctive trajectories 
under the influence of air resistance and gravity. They fail to enter into suspen- 
sion, as they would if the particles were very fine or the wind violent: instead, 
once lifted from the surface, they rise a certain distance, travel with the wind 
and then descend, either to rebound on striking the surface or to embed them- 
selves in i t  and eject other particles. 

The approximate domain of grain size and windspeed-or, more precisely, 
friction velocity in the flow away from the surface and beyond the region con- 
taining the moving grains-in which saltation of quartz-like material can occur 
is illustrated in figure 2. 

A vivid and detailed account of the phenomenon is given by Bagnold in his 
book The Physics of BZown Xands and Desert Dunes (1941); indeed, i t  is largely to 
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A theory for the rapid flow of identical, smooth, nearly 
elastic, spherical particles 

By J. T. JENKINS 
Department of Theoretical and Applied Mechanics, Cornell University, Ithaca, New York 

AND s. B. SAVAGE 
Department of Civil Engineering and Applied Mechanics, McGill University, Montreal, Quebec 

(Received 25 May 1982) 

We focus attention on an idealized granular material comprised of identical, smooth, 
imperfectly elastic, spherical particles which is flowing at such a density p d  is being 
deformed a t  such a rate that particles interact only through binary collisions with 
their neighbours. Using general forms of the probability distribution functions for the 
velocity of a single particle and for the likelihood of binary collisions, we derive local 
expressions for the balance of mass, linear momentum and fluctuation kinetic energy, 
and integral expressions for the stress, energy flux and energy dissipation that appear 
in them. We next introduce simple, physically plausible, forms for the probability 
densities which contain as parameters the mean density, the mean velocity and the 
mean specific kinetic energy of the velocity fluctuations. This allows us to  carry out 
the integrations for the stress, energy flux and energy dissipation and to  express these 
in terms of the mean fields. Finally, we determine the behaviour of these fields as 
solutions to the balance laws. As an illustration of this *e consider the shear flow 
maintained between two parallel horizontal plates in relative motion. 

1. Introduction 
Rapid deformations of dry, relatively dense granular materials occur in many 

industrial processes and geophysical phenomena. Such flows of interest here proceed 
a t  those densities and strain rates a t  which the impulsive forces in collisions between 
pairs of neighbouring particles are responsible for the transfer of momentum in the 
flowing material. At lower particle densities the transport of momentum by particle 
translations becomes important, while a t  lower rates and higher concentrations, 
multiple contacts of longer duration require the consideration of forces associated 
with the sliding of particles over their neighbours. 

Roughly thirty years ago Bagnold (1954) considered the collisions between 
particles of a rapidly sheared granular material consisting of identical spherical grains. 
Bagnold argued that, because both the momentum exchanged in a collision and the 
frequency of collisions are proportional to the mean rate of shear, the shear stress 
and the normal stress must both be proportional t o  the square of the mean shear rate. 
The normal stress and shear stress measured in Bagnold’s own experiments and the 
more recent experiments of Savage (1978) and Savage & Sayed (1980,1982) on simple 
shear flows do depend on the mean rate of shear in this way. However, in more general 
shearing flows Bagnold’s relations between the stresses and the mean shear rate 
require that the stresses vanish a t  points of the flow where the mean shear rate is 
zero. But a t  these points particle interactions may still persist as enduring contact 
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It is evident that the curvature in the measured
distributions results primarily from departures at
extremities of the trap. In both cases, the depar-
tures represent the capture of larger quantities of
sediment than would be expected on the basis of
the exponential trends describing the central
portion of the data. Excess transport at the
upwind compartments might be expected to
result from the superimposition of a creep/repta-
tion component on the distribution generated by
saltation-mode transport. This is consistent with
the observations and interpretation of the vertical
distributions of mass flux. Explanation of the
departures at the farthest downwind compart-
ments remains more speculative. It is possible
that these departures represent the superim-
position of modified-saltation/suspension mode
transport on the saltation distribution. Conceptu-
ally, the mass flux resulting from saltation might
decrease with distance until it becomes small
enough to be masked by (relatively) distance-
independent deposition from suspension or
modified saltation. However, it is worth noting
that the small size of samples trapped in the distal
compartments renders them increasingly suscept-
ible to uncertainty as a result of both measure-
ment resolution and the influence of sand
contamination from various sources, for example
during sample retrieval. The total amount of
sediment captured in the three compartments
beyond 1Æ75 m averaged <0Æ8% of the total
transport load in all runs, so the departures in
that segment did not involve a substantial portion
of the total transport load in any event.
Departures from the mean slope among indi-

vidual runs are somewhat larger than was found
for the vertical distributions, averaging about
8Æ7% vs. 4Æ2%. As with the vertical distributions,
the largest deviations from the mean slope
occurred during the smallest and largest transport
rate events. However, unlike the vertical distri-
butions, the deviations in the slopes of the
horizontal distributions appear to be systematic
in terms of direction (Table 3). Regression analy-
sis confirmed that a strong, significant relation-
ship is present between the best-fit slopes of the
horizontal distributions and shear velocity
(r2 ¼ 0Æ73; P ¼ 0Æ003). The direction of the rela-
tionship is positive, indicating that the rate at
which deposition decreases with distance
becomes smaller as shear velocity increases. This
is consistent with the notion that grains follow
longer trajectories under more energetic wind
conditions, as embodied in much previous work
(e.g. Kawamura, 1951; Owen, 1980).

Numerical simulations of mass flux
distributions

Details of the calculation procedure followed for
the numerical simulations are given by Namikas
(1999). In brief, a particle launch velocity is
selected from the specified distribution, and Eqs 1
and 2 are solved iteratively to determine a
sequence of particle positions defining the tra-
jectory. The relative proportion of particles fol-
lowing that trajectory which passes through each
vertical or horizontal interval corresponding to a
trap compartment is determined by superimpo-
sing the calculated trajectory on a series of
‘launch positions’ ranging from immediately in
front of the trap to an upwind distance equal to
the trajectory length (Fig. 9). The contributions to
each compartment affected by the trajectory are
then weighted by the probability of that particular
launch velocity. The process is repeated for each
launch velocity in the distribution. Typically,
about 40–60 values of both launch speed and
angle were used, so that each simulated mass flux
distribution represents the net result of about
2000–3000 trajectories. The resulting distribu-

Fig. 9. Conceptual illustration of the calculation pro-
cedure used to construct simulated vertical (A) and
horizontal (B) distributions of mass flux. The relative
contribution of each trajectory to a given trap com-
partment is determined from the proportion of launch
positions that produce trajectories terminating at that
compartment elevation/distance, and then scaled by
the probability of the specific launch velocity that
produced that trajectory. The overall mass flux distri-
bution is determined by summing these contributions
for the approximately 2000–3000 individual launch
velocities representing the joint launch speed and
angle distributions.
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Fig. S4. Hop length distributions (A) in the upper transport layer, i.e., measured at z= 5d, and (B) in the interfacial layer, i.e., measured at the surface of the
bed. The different symbols correspond to different wind speeds (see legends). Solid line in A, ψ sðℓÞ=φsℓ

−1
s expð−

ffiffiffiffiffiffiffi
ℓ=ℓs

p
Þ, with ℓs ’ 30d independent of the wind

speed. Solid line in B, ψbðℓÞ=φb=dðd=ℓÞ
α, with α ’ 1:2 over the range 10d–1,000d. In the main text, we use the convenient approximation α= 1.
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Aeolian sand beds exhibit regular patterns of ripples resulting
from the interaction between topography and sediment trans-
port. Their characteristics have been so far related to reptation
transport caused by the impacts on the ground of grains entrained
by the wind into saltation. By means of direct numerical simu-
lations of grains interacting with a wind flow, we show that the
instability turns out to be driven by resonant grain trajectories,
whose length is close to a ripple wavelength and whose splash
leads to a mass displacement toward the ripple crests. The pattern
selection results from a compromise between this destabilizing
mechanism and a diffusive downslope transport which stabilizes
small wavelengths. The initial wavelength is set by the ratio of
the sediment flux and the erosion/deposition rate, a ratio which
increases linearly with the wind velocity. We show that this scaling
law, in agreement with experiments, originates from an interfacial
layer separating the saltation zone from the static sand bed,
where momentum transfers are dominated by midair collisions.
Finally, we provide quantitative support for the use of the
propagation of these ripples as a proxy for remote measurements
of sediment transport.

aeolian transport | wind ripples | resonance | self-organization

Observers have long recognized that wind ripples (1, 2) do not
form via the same dynamical mechanism as dunes (3). Cur-

rent explanations ascribe their emergence to a geometrical effect
of solid angle acting on sediment transport. The motion of grains
transported in saltation is composed of a series of asymmetric
trajectories (4–7) during which they are accelerated by the wind.
These grains, in turn, decelerate the airflow inside the transport
layer (1, 7–12). On hitting the sand bed, they release a splash-like
shower of ejected grains that make small hops from the point of
impact (1, 13, 14). This process is called reptation. Previous wind
ripple models assume that saltation is insensitive to the sand bed
topography and forms a homogeneous rain of grains approach-
ing the bed at a constant oblique angle (15–20). Upwind-sloping
portions of the bed would then be submitted to a higher im-
pacting flux than downslopes (1). With a number of ejecta pro-
portional to the number of impacting grains, this effect would
produce a screening instability with an emergent wavelength λ
determined by the typical distance over which ejected grains are
transported (15–17), a few grain diameters d. However, observed
sand ripple wavelengths are about 1,000 times larger than d,
on Earth. The discrepancy is even more pronounced on Mars,
where regular ripples are 20–40 times larger than those on
a typical Earth sand dune (21, 22). Moreover, the screening
scenario predicts a wavelength independent of the wind shear
velocity up, in contradiction with field and wind tunnel mea-
surements that exhibit a linear dependence of λ with up (23–25).

Model
To unravel the dynamical mechanisms resolving these discrep-
ancies, we perform direct numerical simulations of a granular
bed submitted to a turbulent shear flow. This flow is driven by
a turbulent shear stress ρf u2p imposed far from the bed, where ρf
denotes air density or more generally that of the fluid consti-
tuting the atmosphere. The grains, of density ρp, are subject to
gravity g and interact through contact forces. Based on the work

presented in ref. 26, we explicitly implement a two-way coupling
between a discrete element method for the particles and a
continuum Reynolds averaged description of hydrodynamics,
coarse-grained at a scale larger than the grain size. This coupling
occurs by means of drag and Archimedes forces in the equations of
motion of the grains and via a body force term in the Reynolds
averaged Navier–Stokes equations (SI Text). This method enables
us to perform runs over long periods of time using a large 2D
spatial domain, while keeping the whole complexity of the granular
phase (Movie S1). In particular, we do not have to introduce
a splash function to describe reptation: the ejecta generated by
a grain that collides with the sediment bed are directly obtained
from the interaction of the particles with their neighbors in contact.

Results
Sand Ripple Instability. Starting from a flat sediment bed, dis-
turbed only by the randomness in the granular arrangement, one
observes in the simulations the emergence and the propagation
of ripples (Fig. 1, Fig. S1, and Movie S2). Tracking the grain
trajectories, one can see that the saltation rain above the rippled
bed is strongly modulated (Fig. 1B). As observed in experiments
(Fig. S2), grains in saltation preferentially hit the bed upwind of
the ripple crests. As ejected grains make small hops, the repta-
tion flux tends to be enhanced on the windward side and reduced
on the lee side. This results in a net transport from the troughs
toward the crests that amplifies topographic disturbances, hence
the instability. The spontaneous ripple pattern has a wavelength
λ and a propagation speed c, both varying linearly with the im-
posed wind shear velocity (Fig. 2), in agreement with experi-
mental observations (23–25). Both λ and c are found to vanish
when up tends to the threshold value uth, above which sediment
transport takes place. The key issue addressed in this article is
the origin of these scaling laws, which results from the interplay
between saltation and reptation transport modes.

Significance

Wind ripples decorate the flanks of dunes in amazingly regular
patterns, on both Earth and Mars. Their emergence at a wave-
length much larger than the grain size is currently unexplained.
We report direct numerical simulations of grains interacting
with a wind flow that are, for the first time to our knowledge,
able to reproduce the spontaneous growth of ripples with an
initial wavelength and a propagation velocity linearly increasing
with the wind speed. We propose a new formation mechanism,
involving resonant grain trajectories tuned with the ripple
wavelength. We also show that the product of the ripple wave-
length and velocity is a proxy for the sediment flux, opening a
promising perspective from which to perform remote measure-
ments of sand mass transfers, on Mars in particular.
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1. Abstract
The$aim$of$the$proposal$is$a$study$of$ripples$and$megaripples,$which$are$characteris7c$sand$structures$
found$on$Earth$and$Mars.$Our$collabora7on,$involving$geomorphologists$and$physicists,$will$combine$
field$and$wind?tunnel$measurements$with$mathema7cal$modeling$in$a$single$coordinated$effort$to$
quan7ta7vely$understand$aeolian$transport$mechanisms$crea7ng$these$structures.$During$the$first$year$
of$the$project$we$have$completed$all$the$planed$tasks:$star7ng$the$field$experiment$at$Nahal$Kasuy,$
modeling$of$normal$ripples$on$Mars$using$COMSALT$model,$preparing$and$calibra7ng$the$instruments$
for$wind$tunnel$experiments,$developing$the$analy7cal$theory$of$megaripples.$First$results$of$the$field$
study$in$Nahal$Kasuy$show$different$grain$size$distribu7on$along$the$crest$of$mature$(developed)$
megaripples.$In$the$highest$points$the$content$of$the$very$coarse$sand$(>$500$μm)$is$higher$and$the$
armoring$layer$is$thicker.$From$the$first$wind$tunnel$experiments$under$different$wind$speeds$(6.5$–$12$
m/s),$our$results$indicate$on$two$mechanisms$of$$megaripple$destruc7on$depending$on$the$size$of$
coarse$grains$cons7tu7ng$the$armoring$layer,$and$on$the$megaripple$height.$The$modeling$of$normal$
ripples$on$Mars$using$COMSALT$model$were$published$in$Yizhaq$et$al.$(2013).$The$results$indicate$that$
ripples$with$proper7es$similar$to$those$observed$at$Eagle$Crater$can$be$developed$by$the$impact$
mechanism$at$shear$veloci7es$far$below$the$fluid$threshold.$The$analy7cal$theory$ra7onalizes$this$
observa7on$as$a$consequence$of$strong$non?equilibrium$condi7ons,$which$are$predicted$to$be$
characteris7c$of$megaripples$on$Earth,$and$even$more$pronounced$on$Mars.$The$integra7on$of$
theore7cal$and$experimental$studies,$and$the$mul7tude$of$complementary$experimental$methods$and$
modeling$approaches,$will$provide$a$comprehensive$understanding$of$the$forma7on$and$(co?)evolu7on$
of$ripples$and$megaripples$on$Earth$and$Mars.
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Aeolian sand beds exhibit regular patterns of ripples resulting
from the interaction between topography and sediment trans-
port. Their characteristics have been so far related to reptation
transport caused by the impacts on the ground of grains entrained
by the wind into saltation. By means of direct numerical simu-
lations of grains interacting with a wind flow, we show that the
instability turns out to be driven by resonant grain trajectories,
whose length is close to a ripple wavelength and whose splash
leads to a mass displacement toward the ripple crests. The pattern
selection results from a compromise between this destabilizing
mechanism and a diffusive downslope transport which stabilizes
small wavelengths. The initial wavelength is set by the ratio of
the sediment flux and the erosion/deposition rate, a ratio which
increases linearly with the wind velocity. We show that this scaling
law, in agreement with experiments, originates from an interfacial
layer separating the saltation zone from the static sand bed,
where momentum transfers are dominated by midair collisions.
Finally, we provide quantitative support for the use of the
propagation of these ripples as a proxy for remote measurements
of sediment transport.

aeolian transport | wind ripples | resonance | self-organization

Observers have long recognized that wind ripples (1, 2) do not
form via the same dynamical mechanism as dunes (3). Cur-

rent explanations ascribe their emergence to a geometrical effect
of solid angle acting on sediment transport. The motion of grains
transported in saltation is composed of a series of asymmetric
trajectories (4–7) during which they are accelerated by the wind.
These grains, in turn, decelerate the airflow inside the transport
layer (1, 7–12). On hitting the sand bed, they release a splash-like
shower of ejected grains that make small hops from the point of
impact (1, 13, 14). This process is called reptation. Previous wind
ripple models assume that saltation is insensitive to the sand bed
topography and forms a homogeneous rain of grains approach-
ing the bed at a constant oblique angle (15–20). Upwind-sloping
portions of the bed would then be submitted to a higher im-
pacting flux than downslopes (1). With a number of ejecta pro-
portional to the number of impacting grains, this effect would
produce a screening instability with an emergent wavelength λ
determined by the typical distance over which ejected grains are
transported (15–17), a few grain diameters d. However, observed
sand ripple wavelengths are about 1,000 times larger than d,
on Earth. The discrepancy is even more pronounced on Mars,
where regular ripples are 20–40 times larger than those on
a typical Earth sand dune (21, 22). Moreover, the screening
scenario predicts a wavelength independent of the wind shear
velocity up, in contradiction with field and wind tunnel mea-
surements that exhibit a linear dependence of λ with up (23–25).

Model
To unravel the dynamical mechanisms resolving these discrep-
ancies, we perform direct numerical simulations of a granular
bed submitted to a turbulent shear flow. This flow is driven by
a turbulent shear stress ρf u2p imposed far from the bed, where ρf
denotes air density or more generally that of the fluid consti-
tuting the atmosphere. The grains, of density ρp, are subject to
gravity g and interact through contact forces. Based on the work

presented in ref. 26, we explicitly implement a two-way coupling
between a discrete element method for the particles and a
continuum Reynolds averaged description of hydrodynamics,
coarse-grained at a scale larger than the grain size. This coupling
occurs by means of drag and Archimedes forces in the equations of
motion of the grains and via a body force term in the Reynolds
averaged Navier–Stokes equations (SI Text). This method enables
us to perform runs over long periods of time using a large 2D
spatial domain, while keeping the whole complexity of the granular
phase (Movie S1). In particular, we do not have to introduce
a splash function to describe reptation: the ejecta generated by
a grain that collides with the sediment bed are directly obtained
from the interaction of the particles with their neighbors in contact.

Results
Sand Ripple Instability. Starting from a flat sediment bed, dis-
turbed only by the randomness in the granular arrangement, one
observes in the simulations the emergence and the propagation
of ripples (Fig. 1, Fig. S1, and Movie S2). Tracking the grain
trajectories, one can see that the saltation rain above the rippled
bed is strongly modulated (Fig. 1B). As observed in experiments
(Fig. S2), grains in saltation preferentially hit the bed upwind of
the ripple crests. As ejected grains make small hops, the repta-
tion flux tends to be enhanced on the windward side and reduced
on the lee side. This results in a net transport from the troughs
toward the crests that amplifies topographic disturbances, hence
the instability. The spontaneous ripple pattern has a wavelength
λ and a propagation speed c, both varying linearly with the im-
posed wind shear velocity (Fig. 2), in agreement with experi-
mental observations (23–25). Both λ and c are found to vanish
when up tends to the threshold value uth, above which sediment
transport takes place. The key issue addressed in this article is
the origin of these scaling laws, which results from the interplay
between saltation and reptation transport modes.

Significance

Wind ripples decorate the flanks of dunes in amazingly regular
patterns, on both Earth and Mars. Their emergence at a wave-
length much larger than the grain size is currently unexplained.
We report direct numerical simulations of grains interacting
with a wind flow that are, for the first time to our knowledge,
able to reproduce the spontaneous growth of ripples with an
initial wavelength and a propagation velocity linearly increasing
with the wind speed. We propose a new formation mechanism,
involving resonant grain trajectories tuned with the ripple
wavelength. We also show that the product of the ripple wave-
length and velocity is a proxy for the sediment flux, opening a
promising perspective from which to perform remote measure-
ments of sand mass transfers, on Mars in particular.
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To investigate quantitatively the dynamical mechanisms lead-
ing to the ripple instability, we have also performed simulations
starting from a modulated bed whose topography follows a si-
nusoidal profile of given wavenumber k and of small initial
amplitude

!!Ẑ
!!ð0Þ. The phase and the modulation amplitude!!Ẑ

!!ðtÞ are measured as a function of time, by a simple Fourier
transform of the elevation profile at the wavenumber k. As
expected for a linear instability, the growth or the decay of the
disturbance can be fitted to an exponential of the form!!Ẑ
!!ðtÞ=

!!Ẑ
!!ð0Þeσt (Fig. S1), which gives the growth rate σ. The

resulting dispersion relation σðkÞ, obtained for each wind ve-
locity, is typical of a long-wave instability (Fig. 3A): small
wavenumbers (large wavelengths) are unstable (σ > 0), whereas
large wavenumbers (small wavelengths) are stable (σ < 0). The
most unstable mode, determined by the wavenumber that max-
imizes σ, coincides with the wavenumber 2π=λ of the pattern that
spontaneously emerges from a flat sediment bed.

Destabilizing Effect of Reptation. We have determined the contri-
bution of the grains in reptation to the growth rate by selecting
the grains with a hop height smaller than 3d and measuring the
difference between deposition and erosion rates. As shown in
Fig. 3B, we find that reptation has a destabilizing effect (σ > 0)
and contributes to σðkÞ linearly in k. The ratio σ=k is homoge-
neous to an erosion/deposition rate and has therefore the di-
mension of a velocity. This linear scaling in k must then originate
from a characteristic value of such a rate associated with repta-
tion. To determine it, we have measured the vertical flux density
profile φðzÞ, defined as the volume of the grains crossing a unit
horizontal surface at altitude z per unit time (SI Text). φðzÞ
systematically presents a maximum at the surface of the static
bed (Fig. S3), which defines the basal erosion/deposition rate φb.
The scaling properties of sand ripples directly originate from an
unexpected dependence of φb on the wind speed, which must
therefore be discussed in detail.
The vertical flux density profile φðzÞ reveals the existence of

a yet unnoticed interfacial layer separating the saltation zone
from the static bed (Fig. S3). In this layer, which is a few grain
sizes thick, the grain volume fraction is close to that of the static
bed, and midair collisions are frequent (27–30). As evidenced by
the large collision probability in this layer (Fig. S3A), only a small
fraction of the grains arriving from the upper transport layer
truly impact the static bed: most of them actually bounce back
before. Because of these collisions, the shear stress carried by the
grains is transferred from a kinetic form, i.e., a flux of momen-
tum associated with a particle flux, to a contact stress. As the
typical grain velocity in this layer is set by φb, the associated
collisional stress scales as ∼ ρpφ

2
b. In a situation of steady and

homogeneous transport, this stress must balance the grain-borne
shear stress in the upper transport layer, which scales with ρf and

with the square of the excess shear velocity δu= up − uth. The
basal erosion/deposition rate therefore varies as

φb ∼
ffiffiffiffiffiffiffiffiffiffiffiffi
ρf
#
ρp

q
ðup − uthÞ; [1]

in agreement with the numerical data computed with differ-
ent values of the ratios up=uth and ρp=ρf (SI Text) (Fig. 2B). This
scaling law is found to hold even close to the threshold (Fig. S3B),

A

B C

Fig. 1. Ripples emerging from a flat bed in a simulation ðu*=uth = 3Þ. (A) Large-scale view of the system composed of 45,000 grains in a quasi 2D xyz box of
respective dimensions 3,400  d × 1  d × 1,000  d. Periodic boundary conditions are used in the x (wind) direction. The results presented here are obtained for
a density ratio ρp=ρf = 500, a grain Reynolds number R=d=ν

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðρp=ρf − 1Þgd

q
= 22 (ν is the air kinematic viscosity), and shear velocities in the range

u*=uth =1‒5. The colored background codes for the wind velocity; see wind profile (on the left). (B) Close-up view at the scale of the ripple wavelength,
featuring saltation trajectories, with hop height between 15 and 30d. The average resonant trajectory is shown in red. (C) Zoom at the level of the interfacial.
A collision between a grain in saltation (orange) and a grain in reptation (green) is sketched.
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Fig. 2. Selection of ripple wavelength and propagation speed. Blue circles,
data consistently deduced from the most unstable mode of the dispersion
relation and measured starting from a flat sand bed; red squares, experimental
data (8). (A) Ripple wavelength λ as a function of the wind shear velocity u*
(left axis). Yellow triangles, ratio of the saltation flux qs to the erosion/
deposition rate φb (right axis). (B) Propagation velocity c as a function of u* (left
axis). Yellow triangles, erosion/deposition rate φb, measured for many values of
density ratios ρp=ρf and grain Reynolds numbers Re (right axis). Dashed lines,
linear fits to the data. Statistical error bars are of the size of the symbols.
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Andreotti et al., PRL 96, 028001 (2006): field 180µm, wind tunnel 120µm
Bagnold (1941): 250µm
Walker, MA thesis (1981): 200, 250,320,400,780µm
Seppälä and Lindé, Geografiska Annaler. A (1978): 150µm
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Figure 1: Ripple wavelength � rescaled by the grains size d against shear velocity u⇤/u⇤t. Field
data by Andreotti et al. [51] (mean grain diameter about 180µm); wind tunnel
data by Bagnold [2] (250µm), Walker [57] (200µm) and (250µm), Andreotti et
al. [51] (120µm), and Seppälä and Lindé [56] (150µm). Note that the initial ripple
length can be described by a linear relation �0/d/ u⇤/u⇤t � 1 with a non-generic
slope. The experiments by Andreotti et al. showed that ripple evolution corresponds
to an affine shift of the data towards larger values, corresponding to an offset the
at u⇤ = u⇤t present in the shown data.

11



saltation

reptation

d1

d2

transport
(reptation)

wind strength 
(+ saltation)

megaripple morphology

megaripple
=

repton dune



megaripple
=

repton dune

megaripple morphology

WIND RIPPLES' 

ROBERT P. SHARP 
California Institute of Technology2 

ABSTRACT 
Two types of wind ripples are distinguished; sand ripples composed of normal wind-blown sand with a 

median diameter roughly between 0.30 and 0.35 mm., and granule ripples composed in part of particles ap- 
proaching granule size 2-4 mm. The planimetric patterns and facing directions of ripples on dunes indicate 
antecedent wind conditions and the microcomplexity of wind currents moving over a topographically varied 
ground surface under a unidirectional wind aloft. Misinterpretation of non-contemporaneous ripples has 
supported the fallacious concept of a lee-side eddy on sand dunes. 

Impregnation of sand ripples permits study of internal relationships. Sand ripples are asymmetrical piles 
of relatively coarse, homogeneous, essentially structureless sand resting on a smooth platform of much 
finer, thinly bedded sand. Internal foreset layering is rare. The underlying fine beds may represent material 
sifted out of the ripples as they travel across the surface. 

It is suggested that most of the grains composing a sand ripple are traveling by surface creep through 
saltation impact and only a limited number are experiencing exchange with the saltation curtain. Granting 
this point, it is argued that size of creeping grains and wind velocity can control the wave length, height, 
and index (wave length/height) of sand ripples. Thus, it is possible to account for ripple dimensions without 
recourse to Bagnold's concept of characteristic grain path. Ripple index varies inversely with grain size and 
directly with wind velocity. By contrast, the degree of asymmetry of individual sand ripples varies directly 
with grain size and inversely with velocity. 

Simple experiments with liquid smoke suggest that a flat eddy lies on the lee side of a sand ripple under 
gentle wind velocities of 2 or 3 mph, but under velocities strong enough to move sand no evidence of such 
an eddy could be seen. Repeated observations of sand-grain movement on active ripples in the field provide 
no evidence that a lee-side eddy influences grain movements or the shape, location, and development of sand 
ripples. The rate of movement of individual sand ripples was measured in the field at 0.35-3.2 inches per 
minute under wind velocities ranging between 16 and 40 mph. Over this velocity range the relationships are 
approximately linear. Ripples that move 1 wave length in 1 minute can obviously adjust rapidly to changes 
in wind regime. 

Granule ripples are much larger than sand ripples, attaining wave lengths up to 10 feet and heights up to 
11 inches in the study areas. They form where lag concentrates of larger particles are developed by deflation 
under strong winds. Surface creep by saltation impact is clearly the transporting mechanism for these larger 
grains. Owing to a longevity of months or years and heterogeneous internal constitution, including consider- 
able normal wind-blown sand, granule ripples have a prominent internal foreset structure. A mean index of 
about 15 seems representative for granule ripples compared to roughly 18 for sand ripples, but departures 
from these means are large. Relationships observed on granule ripples support conclusions drawn from sand 
ripples to the effect that wind ripples are composed primarily of creeping grains and that grain size exerts 
great influence on their dimensions and shape. 

INTRODUCTION 

This treatment of wind ripples concerns 
data, interpretations, and conclusions de- 
rived almost solely from studies in the Kelso 
Dunes of the eastern Mojave Desert, Cali- 
fornia (34° 48' N. Lat., 115° 43' W. Long.). 
Two types of wind ripples are distinguished: 
sand ripples and granule ripples. Sand rip- 
ples are formed of typical wind-blown sand 
of median grain size about 0.30-0.35 mm. 

1 Manuscript received May 3, 1962. 
SPublication No. 1083, Division of Geological 

Sciences, California Institute of Technology, Pasa- 
dena, California. 

(This term was also used by Bagnold, 1941, 
p. 144.) Granule ripples are formed where 
local lag concentrations of grains mostly 
greater than 1 mm. in diameter develop. 
The following discussion pertains to sand 
ripples unless otherwise specified. 

RIPPLE PATTERNS 

Differences in trend and facing direction 
of sand ripples furnish a useful record of 
antecedent wind conditions. Ripples also 
provide graphic testimony to the complexity 
of wind currents near the ground resulting 
from interactions between a prevailing wind 
aloft and the diverse morphology of a dune 
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thank you!

Summary
‣analytical mesoscale model of aeolian ripples 

• ripples vs megaripples

• two-species ~ two particle sizes 

• megaripples = repton dunes

• disintegration of wave structures

• velocity scaling with length (not separation)

• aspect ratio vs mass as predicted for dunes 


