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ABSTRACT: We use a simulation software based on a saltation model to simulate barchan dunes observed
in the Arkhangelsky Crater on the planet Mars. We find that the simulated dunes have a similar form to the
dunes observed in the image. We compare parameters used to simulate dunes on Mars and on Earth and discuss
the physical variables leading to the differences observed between dunes on both planets. Our preliminary
conclusions show that the main differences between sand transport on Mars and on Earth are the erosion rate
and the surface roughness.

1 INTRODUCTION

Sand dunes have been found on Mars for the first time
in Mariner 9 images of the Proctor Crater, within the
southern highlands of Mars (McCauley 1972; Sagan
1972). Since then, other missions sent to Mars have
provided us with thousands of images which reveal
a rich diversity of dune forms on the poles and on
many other craters, like the barchans found in the
Arkhangelsky Crater (41.2◦ S, 25.0◦ W) by the Mars
Global Surveyor (MGS) on 17.02.2004, which are
shown in fig. 1. Understanding sand transport on Mars
and quantifying trajectories of particles in saltation
based on simulations can give us information about
the atmosphere of that planet.

Many of the dunes observed on Mars are believed
to have been formed millions of years ago, like our
largest dunes found in deserts and on coasts, and
there is still no consensus whether dunes on Mars
are still active. The atmospheric conditions on Mars
have changed dramatically from that time: While in
the past martian air was probably as dense as the air
on Earth, its density is now ρair = 0.02kg/m3, about
1/60 of the air density on Earth. Observations from
the sites where missions landed successfully on Mars
show that it is unlikely that grains other than dust
are currently being transported (Greeley et. al. 2004).
One possibility to explain the lack of sand transport at
the landing sites is the presence of large rocks, which
decrease the shear stress of the wind in that places.
On the other hand, studies of martian atmosphere on
many areas where dunes are found have shown that
winds there may be, depending on the seasons, strong
enough to transport sand within the typical ranges of
grain diameter and density estimated with TES analy-
sis of the thermal inertia of the surface (Fenton 2003).
Therefore, it might be possible that the old dune forms

Figure 1. Barchan dunes in the Arkhangelsky Crater, Mars. Im-
age: MGS Mars Orbiter Camera (MOC), 2004.

have been changed over millions of years, and the
dune forms observed nowadays on Mars are the ones
stable under today’s conditions. In our simulations,
we use this assumption and use parameters known for
the atmospheric conditions on Mars at present.

The aim of our work is to reproduce the exact dune
shape observed in fig. 1 using a dune simulation soft-
ware based on a saltation model. For this, we need
to know the parameters for wind, sand and grain-air
interactions on Mars, which are required by the equa-
tions of the model (Kroy et al. 2002). These parame-
ters are very different from the ones used for terres-
trial dunes, and in most of the cases, little known. In
this work we will present an estimative for some of
these parameters and discuss the unknown values of



the variables which have been used to give the right
dune form. Finally, we compare images with simula-
tions of dunes on Mars and on Earth and discuss the
main differences between dunes on both planets.

2 MODEL PARAMETERS FOR MARS
The details of our model have been given in reference
(Kroy et al. 2002), and we only list here equations
where parameter values of wind and sand are needed.
Initial conditions consist on a gaussian sand hill of
heightH = 100m and σ = 100m (see fig. 2), and one-
directional wind blowing with velocity v(z) given by:

v(z) =
u∗
κ

ln
z

z0
, (1)

where z is the height, z0 is the surface roughness,
κ = 0.4 is the von Kármán constant, and the shear ve-
locity u∗ is related to the shear stress τ = ρairu

2
∗. We

calculate the shear stress numerically using the HLR
model (Hunt et. al. 1988), where we set the parame-
ter L of the logarithmic term of the shear stress (Hunt
et. al. 1988) as a constant depending on the size of
the dune. For the martian dune simulated here we use
L = σ = 100m.

Figure 2. Sketch of a gaussian hill showing H and σ.

Sand transport initiates when the wind lifts grains
from the ground, i.e. when the shear velocity is larger
than its aerodynamic entrainment threshold value

u∗ta =

√
Θta

ρ′gd

ρair
, (2)

where g = 3.71m/s2 is the martian gravity, ρ′ =
ρgrain − ρair, d is the grain diameter and Θta is called
the Shields parameter, which depends on the shape
and sorting of the grains and on the angle of inter-
nal friction (Shields 1936), and which is thought to
be the same as for terrestrial dry sand, 0.015 in a
first approximation (Sauermann 2001). The martian
dunes in the Arkhangelsky Crater are dark because
they are constituted by grains of basalt, in contrast to
terrestrial dunes made of white quartz grains. Thus
we use for ρgrain the value of the density of basalt,
3200kg/m3. We set d = 600µm, since grains anal-
ysed from dune sand on Mars have been found to be
larger than on Earth, with diameters ranging typically
between 500 and 1000 µm (Fenton 2003; Edgett et.
al. 1994). Substituting the values for d, Θta, g, ρgrain
and ρair in Eq. (2), we find that the u∗ta ≈ 2.50 m/s,
which is very close to the threshold shear velocity on
the Proctor Crater, 2.65 m/s, reported in reference

(Fenton 2003). We therefore have two independent
determinations of u∗ta which support each other. We
choose the value 2.65 m/s for our calculations. The
value of Θta for the aerodynamic entrainment thresh-
old u∗ta has to be differentiated from Θt for the im-
pact threshold shear velocity u∗t which is approxi-
mately 0.75× u∗ta, and which actually determines the
threshold for saltation once this has initiated (Bag-
nold 1941). In our simulations, we set u∗ta = 2.65
m/s and u∗t = 2.00m/s. The values of u∗ and z0 in
Eq. (1) may be determined by measuring the loga-
rithmic profile of the wind in the field at different
heights, as done by the Pathfinder Mission on its land-
ing terrain on Mars (Sullivan 2002). The landing site
of Pathfinder however was no dune field, but a ter-
rain covered by rocks of a large size spectrum, hence
the large value registered for z0 = 0.01m, and where
the wind was very weak, with u∗ = 2.00m/s. The
shear velocity estimated for dune fields on Mars is
higher than this, but probably still close to the aero-
dynamic threshold (Fenton 2003). In our simulations,
we use u∗ = 3.0m/s and z0 = 0.001m, which is ap-
proximately 2× the grain diameter d.

The minimum velocity of the grains in the salta-
tion layer occuring at the threshold is given by (Sauer-
mann 2001):

us(u∗t) =
u∗t
κ

ln
z1

zsand
0

−
√

2gdρgrain

3αCdρair
, (3)

In Eq. (3), zsand
0 is a parameter describing the rough-

ness of the sand bed at rest, and is normally 1/10
the grain diameter (Sauermann 2001). Cd is the drag
coefficient of the saltating grains. We will consider
Cd = 3.0. α is a model parameter, and means an effec-
tive restitution coefficient for the grain-bed interac-
tion (Sauermann 2001). z1 is a reference height within
the saltation layer, with zsand

0 < z1 � zm, where zm is
the mean height of the saltating grains trajectories. We
set zm = 0.12m, about three times the mean saltation
height of terrestrial grains, since gravity on Mars is
1/3 of gravity on Earth. On the other hand, z1 has to
be determined from comparisons of simulations with
images. We have chosen z1 = 0.009m. Grains can
move only if the right-hand-side of Eq. (3) is greater
than zero, or equivalentely if:

√
αCdΘt ln

z1

zsand
0

> κ

√
2

3

ρgrain

ρ′
. (4)

Substituting the values of z1, zsand
0 , ρgrain, ρ′, Cd and Θt

into the equation above leads to α > 0.1 in order to
obtain physically meaningful grain velocities. Here,
we choose α = 0.35 like on Earth in a first approxi-
mation.

The sand flux is calculated taking into account the
saturation time ts associated with the saturation length
ls, which is the length scale of the saturation of the



sand flux (Kroy et al. 2002). On Earth, ts is typi-
cally 2 seconds, and ls increases as the shear veloc-
ity gets closer to the threshold (Sauermann 2001). In
our model, ls is determined by the parameter γ in the
equation:

ls =
2α

γ

u2
s

g

u2
∗t

u2
∗− u2

∗t
, (5)

where us(u∗) is the steady state velocity of the saltat-
ing grains, given by:

us =
2u∗
κ

√√√√ z1

zm
+
(

1− z1

zm

)
u2
∗t
u2
∗
− 2u∗t

κ
+ ust, (6)

and approaches ust ≡ us(u∗t) as u∗→ u∗t. The param-
eter γ may be determined for instance from compar-
ison with measurement data of the sand flux on the
windward side of the dune, and has been found to be
around 0.2 for terrestrial dunes (Sauermann 2001). On
the other hand, we use γ as a fit parameter to obtain
the martian dune form observed in fig. 1. Our best fit
was obtained with γ ≈ 15.

3 SIMULATION RESULTS
Figure 3 shows one simulation of barchan dune us-
ing the parameters for Mars mentioned above, to-
gether with the image of one dune observed in the
Arkhangelsky Crater. The dune in the image has
width W = 560m, and its windward side has length
Lws = 520m approximately. Furthermore, measuring
the length of the slip face from the image and assum-
ing that the angle of repose of the sand on Mars is the
same as on Earth, 34◦, we find that the dune height at
its brink is around 65m. As we can see in fig. 3, the
simulated dune has approximately the same values of
Lws and W as the martian dune in the image. How-
ever, it has a shorter slip face, and a height of 45 m
at its brink and 50m at the crest, thus it is smaller in
height than the dune in the image.

For comparison, we show in fig. 4 a barchan dune
in Jericoacoara, Ceará/Brazil (top, indicated by the
black arrow), together with one simulation (bottom)
obtained using parameters for Earth: g = 9.81m/s2,
ρair = 1.225 kg/m3, ρgrain = 2650 kg/m3 (density of
quartz), d = 250µm, u∗ = 0.40m/s, u∗t = 0.28m/s,
u∗ta = 0.35m/s, z0 = 6.0 × 10−2m, zsand

0 = 2.5 ×
10−5m, z1 = 0.005m, zm = 0.04m and γ = 0.2, while
α = 0.35 and Cd = 3.0, where we choose an initial
gaussian hill of height H = 13m and σ = 150m and
use L = 10m in the equation for the calculation of the
shear stress (Hunt et. al. 1988). It has been verified
that this value of L, which is significantly different
from σ, as opposed to the case of martian dunes, is
the one which gives the best fit for terrestrial dunes
(Schwämmle et. al. 2005). The simulated dune has
width of 600m, height of 33m, and the length of its
windward side is appoximately 200m. These are the
same measures of the dune in the image, as reported

Figure 3. Image of barchan dune on Mars (top) and simulation
of a barchan dune using parameters for Mars (bottom).

Figure 4. Aereal photo of barchan dune in Jericoacoara, north-
eastern Brazil (top) and simulation of barchan dune using pa-
rameters for Earth (bottom).

in (Sauermann 2001). As we can see from compar-
ison between figs. 3 and 4, the slip face of the ter-
restrial dune is much wider than in the case of the
martian dune. This observation appears independent
of the initial conditions of simulations.

The results of our simulations indicate that the fact



that the martian dune in fig. 3 looks more elongated
than the terrestrial one in fig. 4 is not associated with
a larger value of ls: Substituting the parameters for
Mars into Eq. (5) we find that ls(Mars) ≈ 1.12m,
while for Earth ls(Earth) ≈ 1.32m. Moreover, it can
be verified from Eqs. (3) and (6) that us/ust(Earth)−
1 for the terrestrial dune is 0.047, while for the sim-
ulated martian dune, us/ust(Mars) − 1 = 0.046. In
other words, this means that the velocity of saltat-
ing grains on Mars relative to the threshold velocity
is the same as on Earth, although its absolute veloc-
ity is larger: us(Mars) = 10.47m/s, while us(Earth) =
1.96m/s.

On the other hand, it has to be emphasized that the
saturation length ls depends on model parameters α
and γ, as well as on the values of u∗t and u∗. As men-
tioned before, the parameter values were chosen here
to give the best fit to the martian dune observed in
the image in fig. 3. The value of u∗ = 3.0m/s chosen
for Mars is close to the threshold. We have observed
that the simulated martian dune in fig. 3 decreases in
length and increases in height as u∗ increases. Thus,
the fact that u∗ is close to threshold on Mars could
explain the elongated dune form observed. A detailed
study of the aspect ratio of barchan dunes as a func-
tion of the wind shear velocity will be presented in
a further publication. Furthermore, comparison of the
values of γ for both planets suggests that a larger ero-
sion rate is observed on Mars, since the erosion rate
is proportional to γ (Sauermann 2001). As the num-
ber of grains in the saltating sheet on Mars is larger
than on Earth due to the larger erosion, saturation oc-
curs earlier than if γ would be equal for both planets.
Finally, we remark that the simulations presented in
this work were performed with the assumption of a
constant L in the calculation of the shear stress using
the model by Hunt et. al. (Hunt et. al. 1988). Further
work is required to see if the dune forms found here
change if the parameter L is recalculated in each iter-
ation, thus dynamically adapting to the dune size.

4 CONCLUSIONS
We have shown that simulations of barchan dunes us-
ing a simulation software based on a saltation model
reproduced well the shape of the dunes observed in
the Arkhangelsky Crater on Mars, if the parameters
of wind, grain and sand-fluid interactions for Mars are
used. Moreover, we performed simulations using pa-
rameters relative to Earth and showed that the dune
form obtained is quite different. We have dicussed the
influences and parameters which make the shape of
dunes on Mars different from those on Earth.

ACKNOWLEDGMENTS
We acknowledge H. Tsoar and K. Edgett for discus-
sions. This work was supported in part by the Max-
Planck Price awarded to H. J. Herrmann (2002). E. J.
R. Parteli acknowledges a fellowship from CAPES -

Brası́lia, Brazil.

REFERENCES
Bagnold, R. A. (1941). The physics of sand dunes. Methuen,

London.

Greeley, R. et. al. (2004). Wind-Related Processes Detected by
the Spirit Rover at Gusev Crater, Mars. Science 305, 810.

Edgett, K. S. and P. R. Christensen (1994). Mars aeolian sand:
Regional variations among dark-hued crater floor features.
J. Geophys. Res. 99, 1997–2018.

Fenton, L. K. (2002). Aeolian Processes on Mars: Atmospheric
modeling and GIS Analysis. Ph.D. Thesis, California Insti-
tute of Technology, USA.

Hunt, J. C. R., S. Leibovich, and K. J. Richards (1988). Turbulent
shear flow over hills. Quart. J. R. Met. Soc. 114, 1435–1470.

Kroy, K., G. Sauermann, and H. J. Herrmann (2002). Minimal
model for aeolian sand dunes. Phys. Rev. E 66, 031302.

Marshall, J. and D. Stratton (YEAR). Computer modeling of
sand transport on Mars using a compartmentalized fluids al-
gorithm (CFA). Lunar and Planetary Science XXX, 1229–
1230.

McCauley, J. F., M. H. Carr, J. A. Cutts, W. K. Hartmann, H.
Masursky, D. J. Milton, R. P. Sharp, and D. E. Wilhelms
(1972). Preliminary Mariner 9 report on the geology of
Mars. Icarus 17, 289–327.

Sagan, C., J. Ververka, P. Fox, L. Quam, R. Tucker, J. B. Pollak,
and B. A. Smith (1972). Variable features on Mars: Prelim-
inary Mariner 9 television results Icarus 17, 346–372.

Sauermann, G. (2001). Modeling of Wind Blown Sand and
Desert Dunes. Ph.D. Thesis, University of Stuttgart, Ger-
many.
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