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Abstract 

Ripples in a range of sizes occur on Earth and Mars.  From terrestrial studies, ripple size

is known to depend on grain size-frequency, wind duration, wind strength (including 

stronger winds that can flatten ripples), as well as 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 

mailto:rjs33@cornell.edu
mailto:silvestro@na.astro.it


experiments used ANSYS Fluent, with inlet wind speeds of 10 m/s 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 and Renno, 2009) to develop ripple profiles using the numerical technique of 

Yizhaq et al. (2005).  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.  This indicates that fluid shear stress is a more 

important factor for controlling ripple size on Earth than on Mars.

1. Introduction

Impact or normal ripples are common on Earth and Mars and are generated due to the

instability of a flat bed to the action of the wind on loose sand (Fig. 1). They develop on

fine sand with a unimodal distribution,  unlike megaripples which require  a bimodal

distribution to form (Yizhaq et al., 2012; Lämmel et al., 2018).  Their wavelength on

Earth is <30 cm and their height is less than 1 cm, whereas on Mars they might be much

larger both in wavelength and height (Sullivan et al., 2008; Bridges et al., 2012; Lapotre

et al., 2016; Silvestro et al., 2016; Ewing et al., 2017). On Mars, two sizes of aeolian

ripples were observed, small (decimeter scale) impact ripples like on Earth (Sullivan et

al., 2005; Yizhaq et al., 2014) and large, meter scale ripples with no terrestrial analog

(Bridges et al., 2012; Laoptre et al., 2016; Ewing et al., 2017). The large ripples on Mars

were detected in orbital images (Malin and Edgett, 2001; Bridges et al., 2007) and first

visited  in situ by the NASA Mars Exploration Rover (MER) 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 (MSL) Curiosity in Gale Crater, Lapotre et al. (2016)



gave an alternative hypothesis  for the origin of the large (2.1 meter in wavelength)

ripples that superimpose the dune slopes. According to their theory, the large ripples

visited by Curiosity are fluid drag ripples (Bagnold, 1941; Wilson, 1972) which form

due the large kinematic viscosity on Mars (Lapotre et al., 2016).  In this scenario, the

large Martian ripples are not just larger version of the terrestrial impact ripples, but

rather analogues to current ripples  [Allen,  1968] which 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  (Lapotre  et  al.,  2016;  Ewing  et  al.,  2017),  thus  they  form unique  bedform.

However, based on numerical simulations for wind velocity near the threshold, Durán et

al.  (2014) predicted that the ripple wavelength on Mars can be 20 times larger than

impact ripples on Earth. Assuming a typical wavelength of terrestrial ripples as 0.15

means  that  ripples  on  Mars  can  grow  up  to  3  m  wavelength  without  the  need  of

explaining their dimensions with the fluid drag theory.   

Ripples form when the wind speed exceeds a certain threshold and sand grains begin to

move, mostly through saltation and reptation (Kok et al., 2012).  The motion of grains

transported  by saltation  is  composed  of  a  series  of  asymmetric  ballistic  trajectories

which are accelerated by the wind and upon hitting the bed they eject low energy grains.

These grains move in small jumps close to the surface through a mode of transport

known as reptation (Anderson, 1987; Durán et al., 2014). 

The  ripple  dimensions  (height  and  wavelength)  grow  in  time  until  reaching  an

equilibrium where  the  growing  ceases  and  the  ripples  only  drift  downwind  with  a

velocity (celerity) which is linearly dependent on wind speed (Andreotti et al., 2006,

Rasmussen et al., 2015). In this state the deposition of grains at the crest is balanced by

erosion due the speedup of wind velocity at crest (Bar et al., 2016). The steady state



dimension of ripples depends on the wind velocity and on the grain diameter (Bagnold,

1941; Sharp, 1963; Seppälä and Lindé, 1978; Anderson, 1987; Andreotti et al., 2006;

Durán et al., 2014; Schmerler et al., 2016).  

Figure 1. Ripples on Earth and Mars. (a) Normal ripples at Nizzana sand dunes at the 

western Negev near the border between Israel and Egypt. (b) A sharp transition between

almost straight normal ripples (right) and wavy megaripples (left) 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 Dec. 13, 2015, view of a top of a Martian sand dune, from 

NASA's Curiosity Mars rover. (d) Large straight normal ripples in Gusev crater, Mars.  

Due to the low density on the surface of Mars the fluid shear velocity  
*tu

 needed for

direct  entertainment  of  grains  into  saltation  is  much  higher  than  on  Earth  (Fig  2;



Greeley et al., 1980; Iversen and White, 1982; cf. Shao and Lu, 2000; Kok 2010a;  Kok

2010b; Kok et al., 2012).  However, on Mars there is a big discrepancy between the

fluid threshold to the impact threshold 
*tiu

, which is the shear velocity needed to sustain

saltation by the impact mechanism (Kok, 2010b: Yizhaq et al., 2014). On Earth the ratio

* */ 0.8ti tu u :
 while on Mars it is    

* */ 0.1ti tu u :
(Kok et al., 2012).  It was suggested

that this difference can explains the large aeolian activity observed on Mars despite the

low predicted wind velocities (Kok, 2010b; Kok et al.,  2012; Silvestro et  al.,  2011;

Sullivan and Kok, 2017). GCM models for Mars generally do not predict  
* *tu u

 and

thus no sand transport should occur (Basu et al., 2004; Chojnacki et al., 2011). Sporadic

and limited wind measurements made by Mars landers have also found that winds on

Mars  rarely  exceed  the  fluid  threshold  (Schofield  et  al.,  1997;  Zimbelman,  2000;

Holstein-Rathlou et al., 2010). Recently it was suggested that sand transport on  Mars

could occur close to 
*tiu

 without the need of gusts above the fluid threshold to initiate

the saltation (Sullivan and Kok, 2017). 

The goal of this paper is studying the distribution of shear stress    and shear velocity

*u
 (a measure of the wind stress defined as 

* / au  
where 

a
 is the air/atmosphere

density) over simulated ripples produced by a mathematical model under terrestrial and

Martian conditions for two moderate wind speeds (10 and 15 m/s).



Figure 2. Fluid threshold velocity as a function of grain size for Earth (red) and Mars 

(blue) conditions. Both curves show a minimum around 100 µm. The calculations are 

based on Shao and Lu, 2000. Note that the Martian fluid threshold velocity is much 

higher than that on Earth.  

2. Methods

2.1 Ripple model 

To produce the ripples profiles for Earth and Mars we used the COMSALT model for 

saltation (Kok and Renno, 2009) together with a dynamic 2D model for sand ripples 

(Yizhaq et al., 2004) in the same method used in Yizhaq et al., (2014). 

COMSALT includes many of the advances of previous models (e.g. Werner, 1990), and 

in addition it includes: (1) a physically based parameterization of the splashing of 



surface particles that agrees with experimental and numerical studies (Kok and Renno, 

2009), (2) a generalization of this splashing process to beds of mixed particle sizes, and 

(3) a detailed treatment of the influence of turbulence on particle trajectories, which 

agrees with laboratory measurements. Because of these and other advances, COMSALT

is the first physically-based numerical saltation model to reproduce a wide range of 

experimental data. Result of the indicate that saltation can be maintained on Mars by 

wind speeds an order of magnitude less than those required to initiate it (Kok, 2010b). 

We used COMSALT to give the values of the parameters for saltation and reptation on 

Earth and Mars that were used by the ripple model, specifically: the average number of 

reptating grains per impact of one saltating grain, the number density of saltator impacts

on a flat surface, and the probability distribution of reptation lengths. 

     The ripple model is based on the classic approach of Anderson (1987) and includes a 

correction to the reptation flux that depends on the local bed slope (Yizhaq et al., 2004). 

According to Anderson's model, the sole role of saltating grains is to bring energy into 

the system, extracting it from the wind that blows above the surface of the sand. Within 

this view, ripple formation is due entirely to spatial changes in the reptation flux. We 

thus built a 2D dimensional model of sand transport based on the Exner equation 

(Yizhaq et al., 2004): 

(1 ) ,p p

h Q

t x
     

 

                                     (1)                    

where h(x,t) is the local height of the sand surface at point x and time t, 
p


is the porosity

of the bed (taken as 0.35), 
p


is the grain density and Q(x,t) is the sand flux, which 

includes both saltation and reptation flux. Here, we assume that saltation flux can be 



taken as uniform and we do not take it into consideration in the Exner equation (for a 

different view of this point see Durán et al., 2014). Thus, in Eq. 1 we take into account 

only the reptation flux, Qr. The reptation flux at a certain point and time is obtained by 

the sum of all the grains that pass that point at that time. The grains have a probability 

distribution of reptation lengths
( )p 

. Following Anderson (1987), we derive an explicit

expression for the reptation flux:

0

( ) ( ')
x

im

x

rQ mn d p N x dx


 




  
,                   (2) 

where 
m

  is the mass of each particle, 
n

 is the average numbers of reptating grains 

ejected by the impact of one saltating grain, and 
( )p 

 is the probability distribution of 

reptating grains. Because saltation flux is uniform and the fixed angle 


 at which the 

grains descend back to the ground is assumed to be constant, the number density of 

impacting grains changes only because of variations in bed slope. Based on geometrical 

considerations, we obtain, 

0

2

1 cot
( ) ,

1
x

im im

x

h
N x N

h




                                      (3)                     

where hx is the local slope and 
0
imN

 is the number density of impacting grains on a flat 

surface. We further modify Eq. (3?) to take into account the correction of the reptation 

flux on an inclined plane (Yizhaq et al, 2004). This correction leads to a reptation flux 



that is smaller on the windward slope and larger on the leeward slope of the bedform. 

The full model can be written as: 

      
0 (1 )t x rh Q Q     

,                             (4)                     

where the parameter    heuristically includes the correction to reptation flux discussed 

above, and   
0

0 cot / (1 )im b pQ mnN    
. The basic parameters  (

0

, , ( )
im

N n p 
)  used in the 

model are given by COMSALT, which simulates Martian and Earth conditions for

* 0.5u 
 m/s and for 100 μm (see Yizhaq et al, 2014). The computed probability 

distribution of reptation lengths is given by 

( ) (1 exp( / ))( / ) exp( / )p s x a b x x c    
,     (5)

where 
, , ,s a b c

 are numerical constants  (see Table 1) and 

0

( ) 1p d 



.

0
imN

 
n

 
( )p 

 

Earth 132125000 0.7288 57.81 10

0.17

0.0235

1.564

a

b

c

s

 




Mars 1750200 1.1748 0.00039

0.215

0.027

1.241

a

b

c

s






 

Table 1:  The parameters used in the ripple simulations, which were calculated by 

COMSALT model. 



The ripple model equation (Eq. 4) was solved numerically by using an explicit second-

order finite difference scheme with periodic boundary conditions starting from random 

initial conditions. The integral terms were computed 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 was comprised of 2048 points for a spatial 

dimension of 2 m (i.e., spatial resolution of approximately 1 mm) and a time step of 

0.005 s. The wind velocity and wind direction are assumed to be constant during the 

simulation and are expressed in the model by the calculated COMSALT parameters 

values. Although ripples on Earth can be formed within minutes (Anderson, 1990; 

Andreotti et al., 2006), the lower Martian air density results in a much lower saltator 

impact rate (~two order of magnitudes) on Mars (~106 m-2 s-1 for 
* 0.5u 

  m/s) than on 

Earth (~108 for 
* 0.5u 

m/s), making the Martian ripple formation much slower.   

2.2 CFD method 

In the numerical study of the shear stress over the ripples we used ANSYS Fluent (see 

ANSYS Manual). The details of the implementation of the numerical code are 

elaborated below.

2.2.1 Geometry and meshing

We considered a two-dimensional rectangular control volume with a height of 1 m and a

width (i.e. the length in the direction parallel to the shearing flow) of 12 m. The control

volume is divided into two sections in the flow direction: a section with ripples along 7

m and a smooth plate having a length of 5 m. The geometry was chosen such that the

control volume 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 in the

vicinity of the ripples do not change appreciably along the direction of the flow. The

upper boundary of the control volume is a non-moving smooth wall, while the bottom is

a non-moving wavy wall shaped by a periodic pattern of ripples. The basic form of

ripples is asymmetric and shown in Fig. 3. Their shapes were taken from the numerical

simulations of the ripple model described above. The inlet boundary condition is posed

at the left boundary of the control volume while the outlet boundary condition is posed

at  the right  boundary of  the  control  volume.  In constructing  the mesh,  we used an

adaptive mesh which is refined in the vicinity of the wavy wall in order to capture fine

features of the flow. The mesh consists of quadrilateral and triangular plane elements.

Figure 3. The two profiles used in the ANSYS Fluent simulation for Earth (a) and for
Mars (b). The profiles were produced by numerical simulations of the ripple model (Eq.
1).  Note  that  the  Martian  ripple  is  larger  (in  both  height  and wavelength)  than  the
terrestrial ripple.  



2.2.2 Setup and solution

In the numerical solution we used a steady-state density-based two-dimensional solver.

The parameters for Earth and Mars atmospheres are presented in Table 2 (see Kok et al.,

2012). At the upper and bottom boundaries of the computational domain we posed no-

slip solid wall boundary conditions for velocity, and constant temperature pertinent for

Earth and Mars atmospheres on the walls. At the inlet we defined a uniform normal-to-

plane flow with turbulent intensity of 5% and turbulent viscosity ratio of 10. In the

simulations we employed the SST (shear stress transport) k-omega turbulence model

(see e.g. Menter (1994)) since the main goal of this study is to determine the shear stress

distribution at the wall. As in all turbulence models, the SST model has a number of

parameters which must be specified. In the calculations we used the default values of

these parameters in ANSYS Fluent. In order to ensure full convergence for the density-

based solver, we used the solution steering option that is a solver convergence tool in

ANSYS Fluent for density-based steady-state solutions. The blending parameter in the

steering option determines the ratio of the second-order blending accuracy to the first-

order accuracy of the discretization schemes. In the simulations we used a blending

parameter of 75%. The rest of the parameters used with the steering option were the

default values. In the calculations we used the equation of ideal gas as equation of state

for  atmospheres  of  Earth  and  Mars.  The  density-based  solver  solves  the  energy

conservation equation together  with momentum and mass  conservation equations.  It

should be emphasized that we considered a single phase flow over a rough surface with

no regard to the influence of the saltating sand grains on the flow.

 T [ k ] g[ m

s2 ] P [ Pa ] ρ[ kg

m3 ] Cp [ J
Kg∙ K ]k [ W

m∙ K ]ν [ m2

s ] μ[ kg
m∙ s ] mw [ kg

Kmol ]



Eart h 293 9.81 101325 1.205 1005 0.0257 15.11 ∙10−61.8208∙ 10−528.966

Mars 213 3.711 600 0.014684743.246 0.0257 6 ∙10−4 1.2∙ 10−5 43.34

Table 2. The parameters for Earth and Mars atmospheres used in the ANSYS Fluent
simulations.

2.2.3 Code validation

Numerical results were compared with the known analytical solutions for the laminar

and turbulent flow over a flat plate under Earth ambient pressure?. Mesh verification

was made in order to ensure high mesh quality.  We verified that the mesh is dense

enough to resolve the fine structure of the flow in the vicinity of the ripples in the region

with the wall coordinate 
* / 10y yu   

 (for details see Landau and Lifshitz, p. 175,

Fig. 31) where 


 is the fluid’s kinematic viscosity for air (see Table 2)). 

3. Results 

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 Figs. 4 and 5, respectively.



Figure 4. Shear velocity over the ripples (in blue) for two wind velocities 10 m/s (red) 

and 15 m/s (green) for Earth (a) and Mars (b). The dashed line shows the calculated 

fluid shear velocity threshold velocity based on Shao and Lu, 2000 for 100 μm particles.

For Earth conditions the shear velocity is above the   fluid threshold velocity at the crest

and at part of the windward slope, whereas under Mars conditions 
* *tu u

 for the entire 

ripple profile. 



Figure 5. Shear stress over the ripples (in blue) for two wind velocities 10 m/s (red) and

15 m/s (green) for Earth (a) and Mars (b). The dashed line shows the calculated shear 

stress threshold based on Shao and Lu, 2000 for 100 μm particles. For Earth conditions 

the shear stress is above the   fluid threshold velocity at the crest and at part of the stoss 

slope, whereas for under Mars conditions the shear stress is below the threshold.  

The interesting fine features of the flow are the vortices between the neighboring ripples

(Figs. 6 and 7). Clearly, the emergence of the vortices depends on the geometry of the 

ripples and the incoming flow velocity and fluid parameters. The flows with the vortices

are similar to those observed in flows over a cavity or like the separation bubble over 



barchans dune (Herrmann et al., 2005). Evidences for the existence of such vortices 

above ripples were found in wind tunnel experiments by Tong and Huang (2012).

Figure 6. Close up of the vortices that formed between successive ripples for Earth (a) 

and mars (b) for 15 m/s wind speed.  



Figure 7. Streamlines of the flow inside the trough between two successive ripples for 

Earth (a) and mars (b) for 15 m/s wind speed from left to right.  

4. Discussion 

In the current study we show by ANSYS Fluent CFD simulations over sand ripples that

the shear stress above the ripple crest on Mars is below the shear stress needed to drive

the grains from the crest into saltation. Contrary to Mars, the CFD simulations over

smaller terrestrial ripples show that the shear velocity at the crest is above the fluid

threshold. It is important to note that our analysis does not account for the effect of the

saltation cloud, which will decrease the shear stress at the surface (REFS). Thus, our

results  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 (Chojnacki et al., 2016). In addition, the saltation flux on Mars will

further reduce the simulated shear velocity over the ripples, thus our results suggest that,

for  the  simulated  wind speed,  no  direct  entertainment  would  occur  from the  ripple

crests.  

The simulated shear stress distribution over the terrestrial simulated sand ripples is more

important  at  the  initial  phase  of  saltation,  before  the  development  of  steady  state

saltation,  when  the  effect  of  the  saltation  layer  on  surface  stress  is  small.  At  this

transient stage, sand grains from the crests will be dislodged as the shear stress at the

surface is larger than the fluid thresholds, thus decreasing ripple height.  

Future works should include the effect of the saltation layer on the flow and 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, e.g. 200 and 300 

µm.     

5. Conclusions

The existence of large impact ripples on Mars lacking appropriate terrestrial analogues 

is not fully understood and it is still in debate (Vaz et al., 2017; Lapotre et al., 2018; 

Sullivan et al., 2018). 

ANSYS Fluent CFD simulations over simulated sand ripples show that the shear 

velocity above ripple crest on Mars is below the shear stress needed to drive the grains 

from the crest into saltation for inlet velocities of 10 and 15 m/s.  Our results are very 

important for understanding aeolian processes involved in ripples 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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Figures captions

Figure 1. Figure 1. Ripples on Earth and Mars. (a) Normal ripples at Nizzana sand 

dunes at the western Negev near the border between Israel and Egypt. (b) A sharp 

transition between almost straight normal ripples (right) and wavy megaripples (left) 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 Dec. 13, 2015, view of a top of a Martian sand 

dune, from NASA's Curiosity Mars rover. (d) Large straight normal ripples at Eldorado 

crater, Mars.  

Figure 2. Fluid threshold velocity as a function of grain size for Earth (red) and Mars 

(blue) conditions. Both curves show a minimum around 100 µm. The calculations based

on Shao and Lu, 2000. Note that the Martian fluid threshold velocity is much higher 

than that on Earth. 

Figure 3. The two profiles used in the ANSYS Fluent simulation for Earth (a) and for

Mars (b). The profiles produced by numerical simulations of the ripple model (Eq. 1).

Note the Martian ripple is larger (both height and wavelength) than the terrestrial ripple.

Figure 4. Shear velocity over the ripples (in blue) for two wind velocities 10 m/s (red) 

and 15 m/s (green) for Earth (a) and Mars (b). The dashed line shows the calculated 

fluid shear velocity threshold velocity based on Shao and Lu, 2000 for 100 μm particles.

For Earth conditions the shear velocity is above the   fluid threshold velocity at the crest

and at part of the windward slope, whereas under Mars conditions 
* *tu u

 for the entire 

ripple profile. 



Figure 5. Shear stress over the ripples (in blue) for two wind velocities 10 m/s (red) and 

15 m/s (green) for Earth (a) and Mars (b). The dashed line shows the calculated shear 

stress threshold based on Shao and Lu, 2000 for 100 μm particles. For Earth conditions 

the shear stress is above the   fluid threshold velocity at the crest and at part of the stoss 

slope, whereas for under Mars conditions the shear stress is below the threshold. 

Figure 6. Close up of the vortices that formed between successive ripples for Earth (a) 

and mars (b) for 15 m/s wind speed.  

Figure 7. Streamlines of the flow inside the trough between two successive ripples for 

Earth (a) and mars (b) for 15 m/s wind speed from left to right.
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