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Abstract Ripples occur on Earth and Mars in a range of sizes. From terrestrial studies, ripple size is
known to depend on grain‐size frequency, wind duration, wind strength (including stronger winds
that can ﬂatten ripples), and fundamental environmental factors that differ between the two planets.
Here we use computational ﬂuid dynamics (CFD) experiments to model boundary layer shear stresses
applied to aeolian ripple surfaces, to investigate how these stresses might differ between Earth and
Mars. CFD experiments used ANSYS Fluent, with inlet wind speeds of 10 and 15 m/s for both
planetary environments. Ripple proﬁles for Earth and Mars were developed using saltation and
reptation properties modeled by the numerical saltation model COMSALT (Kok & Renno, 2009,
https://doi.org.10.1029/2009JDO11702) to develop ripple proﬁles using the numerical technique of
Yizhaq et al. (2004, https://doi.org.10.1016/j.physd.2004.03.015). Although the CFD experiments using
these inputs could not include the effects of a saltation cloud, results are robust enough to indicate
clearly that for similar modeled wind speeds on Earth and Mars, boundary layer shear stress applied to
ripple surfaces is greater on Earth under conditions for which sand transport is expected. These results
indicate that ripples can grow larger on Mars than on Earth, because for typical Martian wind speeds
the shear velocity at the ripple crests is below the ﬂuid threshold.

Plain Language Summary

Elucidating the origin of many natural patterns on Earth and
planetary surfaces is a challenging problem of pattern formation in complex systems. Among these
mysterious phenomena are the aeolian sand ripples, which are a common pattern of granular matter on
Earth and on Mars. Ripple wavelength on Earth is <30 cm, and height is less than 1 cm, whereas on
Mars they might be much larger both in wavelength and height. On Mars, two sizes of aeolian
ripples were observed, small (decimeter scale) impact ripples like those on Earth and large, meter‐scale
ripples with no terrestrial analog. The large ripples on Mars were detected in orbital images and ﬁrst
visited in situ by the NASA Mars Exploration Rover Spirit at the El Dorado ripple ﬁeld in Gusev Crater.
The existence of very large ripples on Mars lacking exact terrestrial analogues is not fully understood at
this time and is still a matter of conjecture and debate. In this study, computational ﬂuid dynamics
simulations over simulated sand ripples illustrate the differences in shear stress expected at ripple crests
on Earth and Mars under two test ﬂow wind speeds. The distribution of the shear stress over ripple
crest is important for predicting the entrainment from the crest, which is one of several possible
mechanisms for limiting ripple growth by removing grains from the crest, yet its relative importance on
Earth and Mars is not understood. The Martian ripple proﬁle was three times larger in the experiments
than the terrestrial ripple proﬁle but still several factors smaller than the largest ripples encountered
by Mars rovers. Despite this, shear velocities along Martian ripple crests did not reach the critical
velocity where erosion from the crest occurs, while at the crests of the smaller terrestrial ripples, the
critical velocity was exceeded at the same test inlet wind speeds. These results indicate that ﬂuid shear
stress is a more important factor for controlling ripple size on Earth than on Mars and may help to
explain why impact ripples on Mars can grow larger than on Earth. These results are useful for
understanding the aeolian processes involved in ripple formation under Martian atmospheric conditions.
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Further studies are needed to verify this conclusion for more realistic larger Martian ripples and for
higher shear velocities.

1. Introduction
Aeolian impact or normal ripples are abundant on Earth and Mars. They develop from instability of a ﬂatbed
to the shear stress of wind on loose sand (Figure 1). Ripples develop in ﬁne sand with a unimodal distribution, unlike megaripples, which require a bimodal distribution including signiﬁcantly coarser material
(Lämmel et al., 2018; Yizhaq et al., 2012). Ripple wavelength on Earth is <30 cm, and height is less than
1 cm, whereas on Mars they might be much larger both in wavelength and height (Bridges et al., 2012;
Ewing et al., 2017; Lapotre et al., 2016, 2018a, 2018b; Silvestro et al., 2010, 2016; Sullivan et al., 2008). On
Mars, two sizes of aeolian ripples have been observed, small (decimeter‐scale) impact ripples like those on
Earth (Sullivan et al., 2005; Yizhaq et al., 2014) and large, meter‐scale ripples with no corresponding terrestrial analog (Bridges et al., 2012; Ewing et al., 2017; Lapotre et al., 2016). The large ripples on Mars have been
detected in orbital images (Bridges et al., 2007; Malin & Edgett, 2001) and ﬁrst visited in situ by the NASA
Mars Exploration Rover Spirit at the El Dorado ripple ﬁeld in Gusev Crater (Sullivan et al., 2008). Based
on recent data sent by the NASA Mars Science Laboratory Curiosity rover in Gale Crater, Lapotre et al.
(2016) gave an alternative hypothesis for the origin of the large (2.1 m in wavelength) ripples that superimpose the dune slopes. According to their theory, the large ripples visited by Curiosity are ﬂuid drag ripples
(Bagnold, 1941, pp. 165–166; Wilson, 1972) that form due to the large kinematic viscosity on Mars
(Lapotre et al., 2016). In this scenario, the large Martian ripples are not just larger versions of terrestrial
impact ripples, but rather analogues to current ripples (Allen, 1968) that form in unidirectional water
streams on Earth (Lapotre et al., 2016). These large ripples cannot be megaripples because there is no discernable grain‐size variation between the crest and slopes of the ripple (Ewing et al., 2017; Lapotre et al.,
2016); thus, they would form a unique aeolian bedform according to this theory. However, based on numerical simulations for wind velocity near the threshold, Durán et al. (2014) predicted using a scaling law (equation (4) in their paper) that the impact ripple wavelength on Mars can be 20 times larger than impact ripples
on Earth. Assuming a typical wavelength of terrestrial ripples to be 0.15 m means that ripples on Mars can
grow up to 3‐m wavelength without the need to explain their larger scale with the ﬂuid drag theory.
Ripples form when the wind speed exceeds a certain threshold (known as the ﬂuid threshold) and sand
grains start to move, mostly through saltation and reptation (Anderson, 1987, 1990; Anderson & Bunas,
1993; Kok et al., 2012). However, due to the presence of saltators near the bed (the saltation layer), the shear
velocity is reduced below the ﬂuid threshold, and steady state saltation is maintained due to the impact
mechanism (Kok et al., 2012). In steady state saltation, saltators move in a cascade of asymmetric ballistic
trajectories and are accelerated by the wind and, when reimpacting and rebounding from the bed, eject
low‐energy grains that hop just once. When the latter grains return to the surface, they neither rebound
nor disturb others, but they can roll short distances on the order of a few millimeters. This mode of sand
transport is known as reptation (Anderson, 1987, 1990; Durán et al., 2014).
Ripple dimensions (height and wavelength) develop over time until reaching a steady state size at which ripples migrate downwind with a velocity (celerity) that increases linearly with wind speed (Andreotti et al.,
2006; Rasmussen et al., 2015). In this steady state the deposition of grains at the crest is balanced by erosion
due to the speedup of wind velocity at the crest (Bagnold, 1941, pp. 151–153; Bar et al., 2016). The ﬁnal size of
ripples thus depends on the shear velocity on the crest, on the grain diameter, and on the impact angle of
saltating particles (Anderson, 1987; Andreotti et al., 2006; Bagnold, 1941; Durán et al., 2014; Schmerler
et al., 2016; Seppälä & Lindé, 1978; Sharp, 1963). Ripples will be ﬂattened when the shear velocity at the surface exceeds the ﬂuid threshold (Bar et al., 2016).
Due to the low density atmosphere on the surface of Mars the ﬂuid shear velocity, u*t, needed for direct
entertainment of grains into saltation is much higher than on Earth as shown in Figure 2 (Greeley et al.,
1980; Iversen & White, 1982; cf. Shao & Lu, 2000; Kok, 2010a; Kok, 2010b; Kok et al., 2012). The shear velopﬃﬃﬃﬃﬃﬃﬃﬃﬃ
city, u*, a measure of the wind stress deﬁned as u* ¼ τ=ρa where ρa is the air/atmosphere density and τ is
SIMINOVICH ET AL.
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Figure 1. Aeolian ripples on Earth and Mars. (a) Impact ripples at Nizzana sand dunes at the western Negev near the
border between Israel and Egypt (the average wavelength is about 10 cm). (b) A sharp transition between almost straight
normal ripples (left) and wavy megaripples (right) on the downwind slope of a dune at Sossusvlei, Namibia (the scale
bar is 0.5 m long). (c) Two sizes of ripples are evident in this 13 December 2015, view of the top of a Martian sand dune,
from the Curiosity rover at Gale crater. (d) Very large ripples of the El Dorado ripple aeolian deposit at Gusev crater, visited
by Mars Exploration Rover Spirit rover.

the shear stress. However, on Mars there is a large discrepancy between the ﬂuid threshold and the impact
threshold, u*ti, which is the shear velocity needed to sustain saltation by the impact mechanism (Claudin &
Andreotti, 2006; Kok, 2010b: Yizhaq et al., 2014). On Earth the ratio is u*ti/u*t ≃ 0.8 while on Mars it is much
smaller, u*ti/u*t ≃ 0.1 (Kok et al., 2012). It has been suggested that this difference can explain the large
aeolian activity observed on Mars despite the low predicted wind
velocities (Kok, 2010b; Kok et al., 2012; Silvestro et al., 2011;
Sullivan & Kok, 2017). Global climate models for Mars, because of
their low spatial resolution, generally do not predict u* > u*t, and
thus, no sand transport should occur (Basu et al., 2004; Chojnacki
et al., 2011). Even the MarsWRF model with a spatial resolution of
~ 490 m cannot resolve small‐scale turbulent effects and subgrid
topography, hence can underestimate surface wind strength (Baker
et al., 2018). The few and infrequent wind measurements made by
Mars landers have also found that winds on Mars rarely exceed the
ﬂuid threshold needed for initiation of sand transport (Holstein‐
Rathlou et al., 2010; Schoﬁeld et al., 1997; Zimbelman, 2000).
Recently, a mechanism was identiﬁed for low‐ﬂux sand transport
on Mars occurring close to u*ti without the need for gusts above the
ﬂuid threshold to initiate the saltation (Sullivan & Kok, 2017). This
mechanism is based on sporadic saltation clusters formed above the
impact threshold but well below the ﬂuid threshold, over long fetch
lengths where the grains hop on the surface with increasing energy
due to the low Martian gravity. These clusters can affect a narrow
zone of surface grains and should result in gradual changes to
Figure 2. Fluid threshold velocity as a function of grain size for Earth (blue) and
Mars (red) conditions. Both curves show a minimum around 100 μm. The
bedforms.
−4

calculations are based on Shao and Lu (2000) with γ = 3 ⋅ 10 interparticle force
parameter. Note that the Martian ﬂuid threshold velocity is much higher than
that on Earth.
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The goal of this paper is to evaluate the distribution of shear stress, τ,
and shear velocity, u*, over simulated ripples produced by a
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mathematical model under terrestrial and Martian conditions for two
wind speeds (10 and 15 m/s). Figure 3 shows the procedure used for the
calculation of the shear stress over the ripples. The distribution of the
shear stress over ripple crests is important for predicting the entrainment
from the crest. Despite this being one of several possible mechanisms for
limiting ripple growth (Katra et al., 2014), its relative importance on Earth
and Mars is not understood.

2. Materials and Methods
2.1. Ripple Model
To produce the ripple proﬁles for Earth and Mars, we used the COMSALT
model for saltation (Kok & Renno, 2009) together with a spatiotemporal 2‐
D model for aeolian sand ripples (Yizhaq et al., 2004). This is the same
method used in Yizhaq et al. (2014) to model small impact ripples at
Eagle crater. COMSALT includes many of the features included in previous saltation models (e.g., Werner, 1990), and in addition it includes
(1) a physically based parameterization of the splashing function (Kok &
Renno, 2009), (2) a generalization of this splashing function to beds composed of polydisperse particles, and (3) a detailed consideration of the
effect of turbulence in the boundary layer on particle trajectories, which
agrees with wind tunnel experiments. Results of numerical simulations
under Martian conditions indicate that saltation can be maintained on
Mars by wind speeds an order of magnitude less than those required to
initiate saltation mainly due to the low density Martian atmosphere
(Kok, 2010b).

Figure 3. A schematic chart shows the procedure used for the calculation of
the shear stress. The ripple model was run with parameters given by
COMSALT under Earth and Martian conditions. The proﬁles produced by
the ripple model were the input for ANSYS Fluent software to calculate the
shear stress distribution over the ripples. CFD = computational ﬂuid
dynamics.

COMSALT simulations (Kok & Renno, 2009) were used to give the values
of the parameters for saltation and reptation on Earth and Mars that were
employed by the ripple model for simulating ripple proﬁles. Then these
proﬁles were used by ANSYS Fluent, which is a computational ﬂuid
dynamics (CFD) commercial software (reference Cornell Fluent tutorials,
n.d.; see section 2.2), to compute the shear stress distribution. Speciﬁcally,
COMSALT supplies three parameters to the ripple model: the average
number of reptating grains per impact of one saltating grain n, the number density of saltator impacts on a ﬂat surface N 0im , and the probability
distribution of reptation lengths p(α).

The ripple model is based on the mathematical approach developed by
Anderson (1987) and includes a modiﬁcation to the reptation ﬂux that
depends on the local bed slope (Yizhaq et al., 2004). Within this framework, the role of saltating particles is to extract energy from the wind to
maintain the reptation population. Thus, ripple formation is due entirely
to spatial changes in the reptation ﬂux. The 2‐D model of sand transport is based on the Exner equation
(Anderson, 1987; Yizhaq et al., 2004), which expresses the mass conservation:


 ∂h
∂Q
1−λp ρp
¼−
;
∂t
∂x

(1)

where h(x,t) is the local height of the bed at point x and time t, λp is the porosity of the bed (taken as 0.35), ρp
is the grain density, and Q(x,t) is the sand ﬂux, which includes both saltation (Qs) and reptation (Qr) ﬂuxes.
We further assume that saltation ﬂux can be taken as uniform; thus, it does not contribute to ripple formation (i.e., ∂Qs/∂x = 0; for a different view of this assumption see Durán et al., 2014). Equation (1) thus provides the reptation ﬂux, Qr. The reptation ﬂux at a certain point and time is expressed by the sum of all
the reptating grains that pass through that point at that time. The grains have a probability distribution of
SIMINOVICH ET AL.
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Table 1
The Parameters Used in the Ripple Numerical Simulations, Which Were
Calculated by the COMSALT Model
−2

N 0im [m
Earth

/s]

1.32125 ⋅ 10

8

n

p(α)

0.7288

a ¼ 7:81⋅10−5
b ¼ 0:170
c ¼ 0:0235
s ¼ 1:564
a ¼ 3:9⋅10−4

Mars

6

1.75020 ⋅ 10

1.1748

b ¼ 0:215
c ¼ 0:027
s ¼ 1:241

10.1029/2018JE005701

reptation lengths p(α), which mainly depend on the grain size and very
weakly on the shear velocity (Yizhaq et al., 2014). The reptation ﬂux is
given by a double integral term that turns equation (1) into a complex
integro‐differential equation (Anderson, 1987):
∞
x
 0
Qr ¼ mn ∫ dαpðαÞ ∫ N im x dx;
0

(2)

x−α

where m is the mass of each particle. Because saltation ﬂux is assumed to
be spatially uniform and the impact angle, ϕ, is constant (actually, it also
has a narrow probability distribution that can be neglected in the context
of this study; Schmerler et al., 2016), the number density of impacting
grans, Nim(x), varies only due to changes in the bed slope hx. Based on geometrical considerations, we ﬁnd (Yizhaq et al., 2004):
1 þ hx cotϕ
N im ðx Þ ¼ N 0im qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ :
1 þ h2x

(3)

Equation (3) breaks down when the lee slope of the ripple exceeds the impact angle ϕ of the impinging saltating particles (i.e., when 1 + hx cot ϕ < 0) since the ratio N im =N 0im becomes negative, which is unphysical. In
these cases, we added the constraint that the impact ﬂux is zero. We also applied this condition for the shadow zone where the impact rate is zero by deﬁnition. Thus, we used a complete shadowing effect (Manukyan
& Prigozhin, 2009) below the line deﬁned by the saltation path of a grain that touches the crest. Equation (2)
was modiﬁed to include a correction of the reptation ﬂux that is smaller at the stoss slope and larger at the lee
slope of the ripple (Yizhaq et al., 2004). The physical explanation for this modiﬁcation is that part of the
kinetic energy of the impacting saltator is imparted to surface grains, which vibrate rapidly, and as a result
can creep down the slope. This ﬂow of particles is known as “impact‐induced gravity ﬂow” (Hardisty &
Whitehouse, 1988). This mechanism acts to reduce the ﬂux on the windward slope and to increase it on
the lee face due to addition of rolling grains (see also Prigozhin, 1999). The full model that includes the reptation ﬂux modiﬁcation is given by
ht ¼ −Q0 ∂x ½ð1−μÞQr ;

(4)

where the parameter μ heuristically includes the correction to reptation ﬂux discussed above, and Q0


¼ mnN 0im cotϕ=ρb 1−λp . The basic parameters (N 0im ; n; pðαÞ) used in the model are given by COMSALT,
which simulates Martian and Earth environments for u* = 0.5 m/s and for 100‐μm sand particles (see
Yizhaq et al., 2014). The computed probability distribution of reptation lengths is given by

 pﬃﬃﬃﬃﬃﬃﬃﬃ
 pﬃﬃﬃﬃﬃﬃﬃ
pðαÞ ¼ s 1− exp − x=a ðb=x Þ exp − x=c ;

(5)

∞

where s, a, b, and c are numerical constants (see Table 1) and ∫ pðαÞdα ¼ 1.
0

Equation (4) was solved numerically by using an explicit second‐order ﬁnite difference scheme with periodic
boundary and random initial conditions. The integral terms were calculated by using the composite trapezoid rule, and the time integration was carried out by using the second‐order Adams‐Bashforth rule
(Fausett, 1999). The grid consisted of 2,048 points for a spatial dimension of 2 m (i.e., Δx ≈ 1 mm) and a time
step of 0.005 s. Wind velocity and direction (from left to right) are constant during the simulations. Although
ripples on Earth can be formed within minutes (e.g., Anderson, 1990; Andreotti et al., 2006; Rasmussen
et al., 2015; Schmerler et al., 2016), the lower Martian air density results in a much lower saltator impact rate
(~2 order of magnitudes) on Mars (~106 m−2/s for u* = 0.5 m/s) than on Earth (~108 for u* = 0.5 m/s), making Martian ripple formation a much slower process than on Earth. As the model does not have a feedback
between ripple topography and wind ﬂow that can account for a ﬁnal steady state, the modeled ripples can
continue to grow, although with a decreasing rate, because the difference in their height decreases in time
resulting in slowing the rate of merging events between adjacent ripples (see Figure 7 in Yizhaq et al.,
2004). In the current study, we chose larger modeled Martian ripples than terrestrial ripples to show that
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Figure 4. The two proﬁles used in the ANSYS Fluent simulation for (a) Earth and (b) Mars. The proﬁles were produced by
numerical simulations of the ripple model (equation (1)). Note that the Martian ripple is larger (in both height and
wavelength) than the terrestrial ripple.

the shear velocity over the Martian ripples is below the ﬂuid threshold whereas for the smaller terrestrial ripples the shear velocity is above the ﬂuid threshold. We leave the study of even larger Martian ripples, which
requires a huge numerical effort (larger grid and a much longer time) to simulate, for a future study.
2.2. CFD Method
ANSYS Fluent (ANSYS Manual) was used to study the distribution of shear stress over the ripples. The
details of the numerical technique are given below.
2.2.1. Geometry of the Control Grid
A two‐dimensional rectangular control grid with a height of 1 m and a length of 12 m was used in the simulations. The control grid is divided into two sections in the ﬂow direction: a section with ripples along 7 m
and a smooth plate downwind having a length of 5 m (see Figure S1 in the supporting information). This
geometry was chosen as a compromise between numerical efﬁciency and high enough spatial resolution.
It is short enough to be numerically efﬁcient with reasonably ﬁne mesh while long enough to ensure that
the mean ﬂow and the small‐scale ﬂow features near the ripples do not change considerably downwind that
is to decrease the inﬂuence of the boundary conditions on the ﬂow. The upper boundary of the control
volume is a ﬁxed smooth wall. The ripple proﬁles are asymmetric (Figure 4), and their shapes were obtained
by the numerical simulations of the ripple model described above (for u* = 0.5 m/s). We used an adaptive
mesh that is ﬁner near the undulating bed to capture ﬁne details of the ﬂow. The mesh consists of quadrilateral and triangular plane elements (Figure 4).
2.2.2. Setup and Solution
To ﬁnd a numerical solution, we used a steady state density‐based two‐dimensional solver. The parameters
for Earth and Mars atmospheres are presented in Table 2 (Kok et al., 2012). At the upper and lower boundaries of the grid we used no‐slip solid wall boundary conditions for velocity, and constant temperature pertinent to Earth and Mars atmospheres at the walls. At the inlet we used a uniform normal‐to‐plane ﬂow with
turbulent intensity of 5%, which is a moderate value (turbulence intensities greater than 10% are considered
high, according to the ANSYS Manual) and turbulent viscosity ratio of 10 (typical for most external ﬂows
where boundary layers developed freely). We applied the SST (shear stress transport) k‐omega turbulence
model (CFD‐Wiki, 2011; Menter, 1994) since the main goal of this work was to ﬁnd the shear stress distribution at the surface.
As in all turbulence models, the SST model has a number of free parameters that must be deﬁned
before running the simulation. We used the default values of the free parameters given by ANSYS
SIMINOVICH ET AL.
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Table 2
The Parameters for Earth and Mars Atmospheres Used in the ANSYS Fluent Simulations
Parameter's
description
Parameter's
Symbol and
units
Earth
Mars

Temperature
T [k]

293
213

Acceleration
due to gravity
g

m

Surface
atmospheric
pressure
P [Pa]

s2

9.81
3.711

101,325
600

Surface
atmospheric
density
ρ

Speciﬁc
heat

h i
kg
m3

1.205
0.014684

h
Cp

J
Kg·K

1,005
743.246

Thermal
conductivity
i

k

W
m·K

0.0257
0.0257

Kinematic
viscosity
ν

m2 

μ

s

−6

15.11 · 10
−4
6 · 10

Molar
mass

Viscosity
h

kg
m·s

i

h
mw
−5

1.8208 · 10
−5
1.2 · 10

kg
Kmol

i

28.966
43.34

Fluent (see section 2.2.3). To assure full convergence for the solver, we used the solution steering
option, which is a solver convergence tool in ANSYS Fluent for density‐based steady state solutions.
The blending parameter in the steering option speciﬁes the ratio of the second‐order blending
accuracy to the ﬁrst‐order accuracy. The default value is 100%, but typical values are 75% or 50%,
which demand less computations. This option is applicable only when higher‐order discretization
scheme is used. A blending parameter of 75% was used, and default values were used for the other
parameters of the steering option. In the computations we used the equation of an ideal gas as the
equation of state for the atmospheres of Earth and Mars. The density‐based solver solves Reynolds‐
averaged Navier‐Stokes equations. These equations include three partial differential equations:
modiﬁed conservation equations (mass, momentum, and energy) coupled with two ordinary
differential equations for turbulent kinetic energy and turbulent dissipation. The solution of these
equations is an ensemble‐averaged velocity ﬁeld with spatial distributions of turbulent kinetic energy
and turbulent dissipation. Note that we considered a single phase ﬂow over a rough surface without
taking into account the effect of the saltation cloud on the ﬂow.
2.2.3. Code Validation
Numerical results were compared with the known analytical solutions for laminar and turbulent ﬂow
over a ﬂat plate under Earth ambient pressure (see Figure S2). Mesh veriﬁcation was done by increasing
mesh density to ensure that the chosen mesh was ﬁne enough to capture the details of the ﬂow.
Especially, we veriﬁed that the mesh is dense enough to resolve the ﬁne structure of the ﬂow close

Figure 5. Wind velocity distribution over simulated ripples under Mars conditions for inlet velocities of 15 m/s. Note that
the wind velocity is larger at the ripple crests. Vortices form between successive ripples, as shown more clearly in
Figures 8b and 9b.
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to the ripples (such as the vortices between successive ripples) in the
region with the wall coordinate y+ = yu*/ν < 14 (for more details
see Landau and Lifshitz, p. 175, Figure 31) where ν is the ﬂuid's kinematic viscosity of air deﬁned as ν = μ/ρ (see Table 2).

3. Results
We used two inlet wind velocities of 10 and 15 m/s to compute the shear
stress distribution over the modeled ripples. As a wind speed of 15 m/s
was already strong enough to show a clear difference in the shear stress
distributions over the ripples between Earth and Mars, and as the highest
wind speed measured at the Phoenix landing site was 16 m/s (Holstein‐
Rathlou et al., 2010), we did not perform any simulations with stronger
winds. These two wind velocities were sufﬁcient to support our main
hypothesis that the shear velocity over Martian ripples is below the ﬂuid
threshold, whereas under Earth conditions it is above the ﬂuid threshold
thus limiting their growth.

Figure 6. Shear velocity over the ripples for two inlet wind velocities 10 m/s
(red) and 15 m/s (green) for (a) Earth and (b) Mars. Ripple height is shown
in blue. The ﬂow for Mars conditions is slightly asymmetric because of the
shape of the windward slope. The dashed line shows the calculated ﬂuid
shear velocity threshold velocity based on Shao and Lu (2000) for 100 μm
particles (1.86 m/s for Mars and 0.247 m/s for Earth). For Earth conditions
the shear velocity is above the ﬂuid threshold velocity (i.e., u* > u*t) at the
crest and over part of the windward (stoss) slope, whereas under Mars
conditions u* < u*t for the entire ripple proﬁle.

The wind velocity distribution over the ripples for Mars conditions at
15 m/s is shown in Figure 5 (for Mars at 10 m/s and for Earth conditions
at both inlet velocities, see Figures S3–S5).
Shear stress and shear velocity distribution over the ripples for Earth and
Mars for inlet wind velocities of 10 and 15 m/s are shown in Figures 6 and
7, respectively.

Interestingly, the simulated ﬂow shows the existence of vortices between
the adjoining ripples (Figures 8 and 9 and Bar et al., 2016). Clearly, the
development of the vortices depends on the morphometry of the ripples
and the incoming ﬂow velocity and ﬂuid characteristics. These small vortices are similar to the lee eddies observed in simulated ﬂow over a barchan dune (Herrmann et al., 2005).
Evidence for the presence of such vortices between successive ripples was found in wind tunnel experiments
of ﬂow over ripples by Tong and Huang (2012).

4. Discussion
In this study ANSYS Fluent CFD simulations with ripple proﬁles
demonstrate that shear stress along Martian ripple crests is below
the ﬂuid threshold shear stress for motion to occur via direct ﬂuid
drag. In contrast, the CFD simulations over smaller terrestrial ripple
proﬁles show that the shear velocity at the crests is above the ﬂuid
threshold. This is consistent with their smaller size, as erosion of particles at the crest limits ripple growth. It is important to note that our
analysis does not account for the effect of a saltation cloud, which will
decrease the shear stress at the surface (Kok et al., 2012; Tong &
Huang, 2012). Our results thus overestimate the shear stress during
saltation. This effect is much more signiﬁcant for Earth than for
Mars where the sand ﬂux is generally an order of magnitude smaller
(see Table 1; Chojnacki et al., 2017). In addition, the saltation ﬂux
on Mars will further reduce the simulated shear velocity over the ripples; thus, our results suggest that for ambient wind speeds up to at
least 15 m/s, no direct entrainment would occur from the
ripple crests.

Figure 7. As in Figure 6 but now showing the same results in terms of shear
stress: (a) Earth and (b) Mars.
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Since our simulation does not include the effect of saltating particles
on the ﬂow, the shear stress distribution over sand ripples is more
important at the initial stage of saltation where sand transport
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Figure 8. Close‐up of the vortices that formed between successive ripples for (a) Earth and (b) Mars for 15 m/s wind speed.

occurs due to direct wind entrainment. Over this short time frame, sand grains from the crests will be
dislodged as the shear stress at the surface exceeds the ﬂuid threshold, thus decreasing ripple height.
Although our simulated ripples are quite small compared to the large ripples observed on Mars (e.g., Lapotre
et al., 2016), the smaller shear stress at the crest may explain why impact ripples can be larger on Mars.
Speciﬁcally, the ripples on Mars can still grow due to saltation that occurs at low wind speeds above the
impact threshold (Sullivan & Kok, 2017). Thus, the large ripples on Mars can form under the same impact
mechanism acting for small ripples without the need for the wind‐drag formation hypothesis (Lapotre
et al., 2018a, 2018b). However, further work is needed to explore our hypothesis that the same impact
mechanism can produce the multiple scales of ripples on Mars.
This work should include (i) the effect of the saltation cloud on the ﬂow and (ii) CFD simulations of shear
stress over large ripples like the ones found by Curiosity at Gale Crater (Lapotre et al., 2016) and for more
common sand grain sizes observed on Mars (e.g., 200 and 300 μm).

Figure 9. Streamlines of the ﬂow inside the trough between two successive ripples for (a) Earth and (b) Mars for 15 m/s
wind speed from left to right.
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5. Conclusions
The existence of very large ripples on Mars lacking exact terrestrial analogues is not fully understood at this
time and is still a matter of conjecture and debate (Lapotre et al., 2018a, 2018b; Sullivan et al., 2018; Vaz et al.,
2017). In this study, ANSYS Fluent CFD simulations over simulated sand ripples illustrate the differences in
shear stress expected at ripple crests on Earth and Mars under two test inlet wind speeds. The Martian ripple
proﬁle was three times larger in the experiments than the terrestrial ripple proﬁle but still several factors
smaller than the largest ripples encountered by Mars rovers. Despite this, shear velocities along Martian ripple crests did not reach ﬂuid threshold, while at the crests of the smaller terrestrial ripples, ﬂuid threshold
was exceeded at the same test inlet wind speeds. These results indicate that ripples can grow larger on
Mars than on Earth, because for typical Martian wind speeds the shear velocity at the ripple crests is below
the ﬂuid threshold. The results of this study are useful for understanding aeolian process involved in ripple
formation under Martian atmospheric conditions. Further studies are needed to verify this conclusion for
more realistic larger Martian ripples and for higher shear velocities.
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