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Dune formation on the present Mars
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We apply a model for sand dunes to calculate formation of dunes on Mars under the present Martian
atmospheric conditions. We find that different dune shapes as those imaged by Mars Global Surveyor could
have been formed by the action of sand-moving winds occuring on today’s Mars. Our calculations show,
however, that Martian dunes could be only formed due to the higher efficiency of Martian winds in carrying
grains into saltation. The model equations are solved to study saltation transport under different atmospheric
conditions valid for Mars. We obtain an estimate for the wind speed and migration velocity of barchan dunes
at different places on Mars. From comparison with the shape of bimodal sand dunes, we find an estimate for

the time scale of the changes in Martian wind regimes.
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I. INTRODUCTION

Sand dunes are ubiquitous on Mars and provide evidence
that sand-moving winds have once occured on the red planet.
However, Martian dunes do not appear to be moving these
days, and thus many authors suggested that dunes on Mars
have been formed in the past, when the climate of Mars was
much more Earthlike [1]. On a planet where the present at-
mospheric density is almost 100 times lower than the
Earth’s, only winds one order of magnitude stronger than on
Earth are able to transport sand and form dunes [2,3]. Such
strong winds occur in fact only occasionaly on Mars, during
the strongest dust storms [4,5]. Only once during the Viking
mission, which operated for about 6 terrestrial years, could
very little changes on Martian soils be detected after such a
storm [6]. Moreover, calculations showed that the sand-
moving winds that occurred at the Viking landing site lasted
for not more than a few tens of seconds [4,6]. Could Martian
dunes have been formed by the action of such rarely occur-
ing winds under the atmosphere of the present Mars? This is
the question that motivates the present work.

The sand that forms dunes is transported by the wind
through saltation, which consists of grains traveling in a se-
quence of ballistic trajectories and producing a splash of new
ejected grains when impacting onto the ground [7]. Martian
saltation has been studied in wind tunnel experiments and
also in numerical simulations [8,9]. Due to the thinner atmo-
sphere of Mars and owing to the lower gravity g
=3.71 m/s?, which is nearly 1/3 of the Earth’s gravity, sal-
tating grains on Mars travel longer and higher than their
terrestrial counterparts [9]. Moreover, Martian grains also
saltate with faster velocities than grains on our planet. As
consequence, the grain-bed collisions or splash events on
Mars are expected to be much larger than on Earth, due to
the larger momentum transferred by the impacting grains to
the sand bed [10].

What is not known is whether such highly energetic sal-
tation events have been responsible for the formation of the
enormous dunes observed in the images of Mars. In order to
understand this, it is necessary to investigate sand transport
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at length scales comparable to the scale of dunes. Once sal-
tation starts, the wind transfers momentum to accelerate the
grains. Thus the momentum of the air decreases as the flux of
saltating particles increases (“feedback effect” [11]). After a
distance which is called ‘“saturation length,” the wind
strength is just sufficient to sustain saltation, and the sand
flux achieves saturation. In this manner, dunes that have
length smaller than the saturation length will be continuously
eroded due to increase of the sand flux and will disappear. In
other words, the existence of a minimal dune size is related
to the phenomenon of flux saturation, which could not be
investigated from wind tunnel simulations of Martian salta-
tion [9,10]. While the first wind tunnel simulating Martian
conditions is a few meters long, the smallest dunes on Mars
have length of the order of 100 m (Fig. 1).

Recently, a successful modeling of the formation of sand
dunes, which encompasses the main processes of saltation
and accounts for flux saturation and the existence of a mini-
mal dune size, has been achieved [12,13]. This model con-
sists of a system of continuum equations in two space dimen-
sions which reproduce the shape of terrestrial dunes, the
wind profile and the sand flux, and provide excellent quanti-
tative agreement with measurements [14]. The dune model,
which has been applied to study the interaction of dunes in a
field [15] and the formation of parabolic dunes in the pres-
ence of vegetation [16], has become a powerful tool in the
investigation of the large time-scale processes involved in
the formation of desert and coastal landscapes.

In the present work, which is the extended version of a
recent paper [17], we apply the dune model to investigate
whether dunes could be formed on the present Mars. Our aim
is to reproduce the shape of Martian dunes using the present
Martian atmospheric conditions. The dune model has param-
eters of atmosphere, wind and sand, many of which are
known for Mars and can be therefore used to solve the model
equations. While most of the quantities controlling saltation
can be calculated from the atmospheric density pg,;q, gravity
g, air viscosity #, and from the grain diameter d, there is one
unknown quantity, which is related to the intensity of the
Martian splash and must be determined from simulations.
Moreover, the wind velocity that formed Martian dunes is
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FIG. 1. Mars Global Surveyor (MGS), Mars Orbiter Camera (MOC) images of sand dunes on Mars (courtesy of NASA/JPL/MSSS).
From the left to the right: (a) Barchan dunes at Arkhangelsky crater, near 41.0°S, 25.0°W; (b) north polar dunes near 77.6°N, 103.6°W;
bimodal sand dunes near (c) 48.6°S, 25.5°W; (d) 49.6°S, 352.9°W, and (e) 76.4°N, 272.9°W.

also a parameter: it must be estimated from comparison with
the shape of the dunes.

This paper is organized as follows. In the next section we
describe the dune model. In Sec. III we calculate the average
grain velocities, mean saltation height, and sand flux on Mars
from the known parameters, and the results are compared
with wind tunnel predictions and with calculation results for
saltation transport on Earth. In Sec. IV we present in detail
the calculations of Mars dunes that have been published in
the preceding paper [17]. We begin with the simplest dune
form, which is the barchan dune. First, we study the shape of
the barchan dunes in the Arkhangelsky crater. We find an
equation for the rate at which grains enter saltation, which
can be used in the calculations of dunes under different at-
mospheric conditions. We then estimate the wind velocity on
Mars and predict the migration velocity of Martian barchans.
Next, we study the shape of Martian bimodal sand dunes and
find an estimate for the time scale of changes in wind re-
gimes on Mars. Conclusions are presented in Sec. V.

II. DUNE MODEL

The dune model combines an analytical description of the
average turbulent wind velocity field above the dune with a
continuum saltation model which allows for saturation tran-
sients in the sand flux. Here we give a brief presentation of
the model and refer to Sauermann et al. [13], Schwidmmle
and Herrmann [18], and Durédn and Herrmann [19] for the
extensive derivation of the saltation transport equations.

A. Wind

In the turbulent boundary layer, where sand transport
takes place, the velocity of the wind u(z) increases logarith-
mically with height z above the flat ground:

u(z)=ﬁln£, (1)
K 20

where k=0.4 is the von Karman constant, u: is the wind

shear velocity, which is used to define the shear stress 7

=pﬂuidu§, and z; is the aerodynamic roughness. u- and z; can

be determined from measurements of the wind velocity at

different heights, as done for instance in the Mars Pathfinder
Lander Wind Sock Experiment [20]. The aerodynamic
roughness z; is larger than the surface roughness of the un-
disturbed sand bed, zga“d, which is of the order of a few tens
of microns and is due to the microscopic fluctuations of the
sand bed when the grains are at rest [7]. A value of z, close
to 1.0 mm has been often reported from measurements of
terrestrial saltation on a sand bed [21], while on Mars z; is
larger, around 1.0 cm [20].

In fact, many studies showed that the effective aerody-
namic roughness z, depends on the friction velocity u- (e.g.,
Refs. [7,11,22]). However, since the study of the present
work is limited to a narrow range of friction velocity (be-
tween us« and 2us), the aerodynamic roughness can be con-
sidered as constant. It is interesting [23] that using the for-
mula z,=0.04u2/2g proposed by Owen [11], with u.
=2.0 m/s and g=3.71 m/s2, we obtain 20=2.0 cm, which is
not far from the value obtained in Ref. [20].

A dune or a smooth hill introduces a perturbation in the
shear stress whose Fourier-transformed components are cal-
culated using the algorithm of Weng et al. [24]:

= 2h(kok)k; 21In(Llk,|) +4€e+ 1 +isign(k,)m
TR0 In(l/z,)
2)
and
I 2h(ky ko, ’ 3)
KT

where the coordinate axes x and y are parallel, respectively,
perpendicular to the wind direction, k, and k, are wave num-
bers, k|=\/k§+k§, and €=0.577 216 (Euler’s constant). £ is
the horizontal distance between the position of maximum
height, H,,,,, and the position of the windward side where
the height is H,,/2 [24]. U(l)=u(l)/u(h,,) is the undis-
turbed wind velocity at height /=2«*L/1n I/zy normalized by
the velocity at the reference height h,,=L/log L/z,, which
separates the middle and upper flow layers [24]. The shear

stress in the direction i (i=x,y) is then given by 7.=i[ (1
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+7,)], where 7, is the undisturbed shear stress over the flat
ground.

Sand transport occurs if u. exceeds a threshold velocity
for entrainment, u.g, which depends on d, g, pguqg, on the
grain density Py, and also on the internal friction of the
granular material [25]. Indeed, the wind velocity may even
decrease to values lower than u.g, and still saltation can be
sustained, once initiated. This is because the splash is the
most important mechanism of sand entrainment during salta-
tion [7]. The wind strength, however, cannot be lower than
the impact threshold velocity u,, which defines the threshold
shear stress 7= pﬂuiduft and is around 80% of u.g. Saltation
ceases if u- <u., and therefore the impact threshold velocity
is the essential threshold velocity for aeolian sand transport.

B. Continuum saltation model

The wind shear velocity computed above is used to cal-
culate the sand flux with the model derived in Sauermann et
al. [13]. The sand bed represents an open system which can
exchange grains with the moving saltation layer, for which
the erosion rate I'(x,y) at any position (x,y) represents a
source term. Mass conservation yields that the local change
in the flux balances the erosion rate:

V.- (p0) =T(x,y), (4)

where p(x,y), which has unit of mass per unit surface, is the
surface density of the saltation layer, i.e., the volume density
integrated over the saltation layer depth, and v(x,y) is the
average local velocity of the saltating grains [13].

The erosion rate is the difference between the vertical flux
of ejected grains and the vertical flux ¢ of grains impacting
onto the bed:

I'=¢n-1), (5)

where ¢=p|v|/€, € is the average saltation length (Appendix
A), and n is the average number of splashed grains. At satu-
ration, the air shear stress 7, decreases to the threshold 7,
and the following expression is obtained for n [13]:

n=1+«7<5—1>, (6)
Tt

where y=dn/d(1,/ 1), the entrainment rate of grains into
saltation, determines how fast the system reaches saturation
[13].

Thus inserting Eq. (6) into Eq. (5), and substituting this
into Eq. (4), we obtain a differential equation for the sand
flux. However, in the model, the average grain velocity is
calculated in the steady state, i.e., U=0,, using the value of
reduced wind velocity at a reference height z; between the
roughness height and the mean saltation height z,, [13]. The
equations used in the calculation of v, are displayed in Ap-
pendix B, and we refer to Sauermann et al. [13] for their
detailed derivation.

In this manner, the mass conservation equation can be
written in terms of the sand flux,

(';= pl;s’ (7)
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and the saturated sand flux,

2afv| 2alv|
qs= T(T_ T) =

ul [ (wedus)? = 1]. (8)

The resulting equation for the sand flux is a differential equa-
tion that contains the saturated flux g at the steady state,

S

where the saturation length, €, contains the information of
the saturation transient of the sand flux. €, is written as

1 ¢ 1| 2o/
eszz{—z ]z—{—wjg } (10)
YL (wsfus)” =1 v (uslus)” =1

where we defined

__ 1o [ dn ]

= AUhor d(Ta/Tt) ' (1 1)
in which r=|v,|/ Av,,,. The quantity y incorporates, thus, the
entrainment rate y=dn/d(7,/ 7)), which gives the amount n
of grains launched when the air shear stress 7, deviates from
the threshold by an amount 7,— 7. 7y contains therefore the
information of the intensity of the splash.

C. Surface evolution

The change in the surface is computed using the flux cal-
culated with Eq. (9). The time evolution of the topography
h(x,y,t) is given by the mass conservation equation:

oh 1 -
Tae Vg, (12)
at Psand

where pgpq=0.62p4, is the mean density of the immobile
sand which constitutes the sand bed [13].

The dune model can be sketched as follows.

(1) The shear stress over the surface is calculated with the
algorithm of Weng et al. [24], using Egs. (2) and (3).

(2) From the shear stress, the sand flux is calculated using
Eq. (9), where the saturation length €, and the saturated sand
flux g, are calculated from expressions (10) and (8), respec-
tively.

(3) The change in the surface height is computed from
mass conservation [Eq. (12)] using the calculated sand flux.

(4) Avalanches occur wherever the inclination exceeds the
angle of repose 6,=34°, then the slip face is formed. At the
dune brink, flow separation occurs. In the model, the dune is
divided into several two-dimensional (2D) slices parallel to
wind direction, and for each slice, one separation streamline
is introduced at the lee side as described in detail in Ref.
[12]. Each streamline is fitted by a third order polynomial
connecting the brink with the ground at the reattachment
point [12], and defining the “separation bubble,” in which the
wind and the flux are set to zero.

Calculations are performed using open boundaries with a
constant influx of sand, ¢;,, at the inlet. The influx is inter-
preted as the average flux between the dunes, which is typi-
cally between 10% and 40% of the maximum flux g [26],
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and is considered, for simplicity, homogeneous along the y
axis (perpendicular to sand transport). The model is evalu-
ated by performing steps (1)—(4) computationally in a cyclic
manner.

Model parameters. With the equations presented in Ap-
pendix C, the model parameters can be calculated from the
following quantities: pgyig, &> ds Perain» and from the viscosity
7. Thus these quantities are, together with y [Eq. (11)] and
with the shear velocity u-, the only parameters of the model.
The threshold velocity u-, is obtained with Eq. (C1), the drag
coefficient Cy is given by Eq. (C4), while Egs. (C8)—(C11)

are used to obtain z, z,, z™™, and a.

III. SALTATION TRANSPORT ON MARS

Since the quantities governing saltation are functions of
the atmospheric conditions, we expect saltation to be differ-
ent depending on the location on Mars. The reason is that the
average atmospheric pressure and temperature may vary
within an extremely wide range compared to the terrestrial
case. In this section, we estimate the average trajectories of
saltating grains and the sand flux under different atmospheric
conditions on Mars. The results presented in this section are
then used in the next sections to calculate formation of dunes
on Mars.

A. Martian atmosphere

The Mars Global Surveyor Radio Science (MGSRS)
Team has provided valuable atmospheric data of Mars [27].
In particular, the temperature 7 and the pressure P near the
surface have been systematically measured in many locations
of Mars. We use the ideal gas equation to calculate the local
atmospheric density, pgyiq. from the MGSRS pressure and
temperature data. An atmosphere of 100% CO, is consid-
ered. Furthermore, the dynamic viscosity z of the Martian
atmosphere is a function of the temperature 7, and is calcu-
lated using the Sutherland’s formula [28]:

To+C
=mo| ——— [(TITy)*>, 13
n ﬂo[T+C}( 0) (13)
where for CO, we have 7,=1.48X 107 kg/ms, C=240,
and 7,=293.15 K [28]. Finally, the kinematic viscosity v is
calculated with the equation v= 9/ pg;q-

B. Particle size of Martian dunes

Edgett and Christensen [29] have used thermal inertia
data to obtain the grain diameter of dunes in intracrater fields
of dark dunes on Mars. They found that the average grain
diameter of Martian dunes is d=500+100 um, which is
coarser than the mean diameter of terrestrial dune grains,
250 um [21]. The value of mean grain diameter d
=500 wm as measured by Edgett and Christensen [29] for
dunes on Mars is used in the calculations of the present
work, while d=250 um is considered for terrestrial dunes.
Furthermore, we take the density pg,;,=3200 and
2650 kg/m? for Martian [30] and terrestrial [7] grains, re-
spectively.
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FIG. 2. (Color online) Ratio between the relative grain velocity
v; and the threshold friction speed for saltation, u:g, calculated for
Mars and for Earth as a function of the grain diameter d. The
dashed line indicates the saltation-suspension transition at v; [ gy
=1.0, and intercepts the Martian (terrestrial) continuous line at d
=110 um (d=45 pm).

Why is the sand of Martian dunes coarser than the sand of
Earth’s dunes? There is a critical value of the diameter d,
below which the particle remains suspended in the atmo-
sphere. The critical diameter depends on the vertical fluctu-
ating component of the wind velocity u’ [31]. It has been
suggested that if the standard deviation of u’, which scales
with the wind friction speed, is larger than the settling veloc-
ity of the grain, v, then the particle will remain suspended
[29,31]. The falling velocity vy is obtained from the equilib-
rium between the gravitational force and the fluid drag [32].
Particles for which the ratio vg/u.g is smaller than 1.0 enter
suspension [31]. In this manner, a critical grain diameter of
210 um is obtained for Mars, while on Earth the critical
value is about 52 um [29].

The critical diameter obtained in this manner for Mars
appears inconsistent with the observation of Martian aeolian
ripples composed of grains of diameter around 100 wm
[5,33]. Here we calculate the transition suspension-saltation
using the relative velocity vf*zvf/ V2a [Eq. (B4)] obtained
from the equilibrium between the fluid drag and the bed
friction 7,. This velocity includes the information of the
shape of the average saltation trajectories in the equilibrium,
since the effective restitution coefficient of the splash, a
=0/ Avy,,, determines the vertical velocity of ejection, v°,
in response to the horizontal velocity gain of the saltating
grains, Avy,, [13]. Avy,, is proportional to the average grain
velocity vy, which enters the expression of the mean saltation
length € (Appendix A). Moreover, the value of the drag co-
efficient Cy considered for particles in the saltation cloud
differs from the drag coefficient for a vertically falling grain
since in Eq. (C4) the parameter « also appears. This is be-
cause in the equilibrium, the mean drag on the saltating
grains compensates the average loss of momentum due to the
grain-bed collisions, or bed friction, the expression for which
incorporates the quantity a [13,19].

Figure 2 shows the ratio v; /u- as a function of the grain
diameter d, calculated using parameters for Earth and for
Mars, where we used the nominal pressure P=6.0 mbar and
temperature 7=200 K for Mars. In this figure, the threshold
shear velocity for saltation, wus«y=1.25u-, is calculated using
Eq. (Cl1), while v: is calculated with Eq. (B4). The dashed
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TABLE I. Main quantities controlling saltation on Mars under several values of pressure P and temperature 7, and a constant us/us
=1.5. The threshold shear velocity u:, the mean saltation height z,,,, the drag coefficient Cy4, and the model variables z; and a depend on the
atmospheric conditions and have been calculated for a constant grain diameter d=500 um and density pg,in=3200 kg/ m?, and with a
dynamic viscosity obtained from the temperature (Eq. (13)). The grain velocity v, and the saturated flux g, have been calculated with Egs.
(B3) and (8), respectively. The corresponding values for terrestrial saltation are shown in the last line of the table for comparison. On Earth,

the value u«=1.5u+ means a shear velocity of 0.32 m/s.

P T Useq Zm 7] Ug qs
(mbar) (K) (m/s) (m) (m) o Cq4 (m/s) (kg/m s)
5.0 150 1.804 0.789 0.011 0.300 3.744 13.132 0.152
5.0 200 2.162 1.154 0.014 0.227 5.043 18.017 0.170
5.0 250 2.487 1.543 0.017 0.184 6.505 22.957 0.187
7.5 150 1.449 0.553 0.009 0.339 3.331 9.964 0.127
7.5 200 1.736 0.810 0.012 0.257 4.389 13.617 0.141
7.5 250 1.996 1.082 0.015 0.209 5.567 17.338 0.154
10.0 150 1.241 0.431 0.008 0.371 3.083 8.205 0.111
10.0 200 1.486 0.630 0.011 0.280 4.001 11.173 0.123
10.0 250 1.708 0.841 0.014 0.228 5.015 14.210 0.135
1000 300 0.218 0.016 0.004 0.431 2.747 1.419 0.009

line indicates the transition value v /uz=1.0.

As we can see from Fig. 2, particles with a diameter
smaller than 45 um enter suspension on Earth, while the
critical value of d on Mars is around 110 um. The value of
the critical diameter on Earth obtained in Fig. 2 is similar to
the one predicted from v¢/u-; because 2« on Earth is close
to unity (Table I). However, the Martian value of critical
grain diameter is much smaller than the one obtained in pre-
vious calculations [29]. As shown in Table I, values of a on
Mars are lower than on Earth, which means much flatter
saltation trajectories on Mars, as observed in wind tunnel
experiments [9], due to the smaller Martian average ejection
angles. In this manner, Fig. 2 suggests that the previously
reported inadequacy of vg/u« to characterize the transition
suspension-saltation on Mars [5] arises from the lower aspect
ratio (height/length) of the average grain trajectories on
Mars, which allows grains of size smaller than the one pre-
dicted with v¢/u«; to remain in saltation.

Furthermore, we see that the ratio between the measured
average grain size of dunes (500 and 250 wm on Mars and
on Earth, respectively) and the critical diameter obtained in
Fig. 2 is around 5.0 on both planets. In fact, pure saltation is
expected to occur only if the falling velocity is larger than
2.5 us, which explains why the sand of dunes is effectively
much larger than the critical diameter [29].

C. Saltation trajectories and sand flux

The model parameters that govern the grain trajectories
are the average saltation height, z,, [Eq. (C9)]; the reference
height z; [Eq. (C8)] at which the effective wind velocity ueg
is calculated; the drag coefficient, Cy [Eq. (C4)]; and the
effective restitution coefficient, a [Eq. (C11)]. From d
=500 wm, we obtain the surface roughness z{*™=25 um
[Eq. (C10)]. The saturated sand flux g [Eq. (8)] is a function
of the wind shear velocity u. and further depends on the
saturation velocity of the saltating grains, v =|v,|, which is

calculated in Eq. (B2). The quantities controlling saltation on
Mars are calculated in Table I.

In Table I, the model parameters have been calculated
using different values of pressure P and temperature 7 valid
for Mars. We see that the minimal friction speed for salta-
tion, u«, on Mars may vary by a factor of 2. We note that
ranges of P and T even wider than the ones studied here may
occur on Mars [27]. Moreover, we calculate vy and ¢ in
Table I using a constant value of u:/u«=1.5, since this is a
representative value for saltation on Earth [34]. The corre-
sponding values calculated for Earth are shown in the last
row of Table I, where we used d=250 um, density pgug
=1.225 kg/m?, and viscosity #7=1.8 kg/ms, while g
=9.81 m/s>.

We see in Table I that the values of sand flux on Mars are
typically ten times larger than on Earth. This is in agreement
with the findings from wind tunnel simulations of saltation in
a Martian environment by White [9]. We also see that Mar-
tian particles travel with higher average velocities, while the
mean saltation height z,, on Mars is larger than on Earth, and
may be over 1.0 m depending on the atmospheric conditions.

While the ratio us/u- in Table I is constant, in the upper
inset of Fig. 3 we calculate g for a constant wind velocity
u==3.0 m/s using values of P and 7 within the range studied
in Table I. We see that the same wind friction speed trans-
ports more sand where P is higher and T is lower, which
means lower pg,q and us.

In the main plot and the lower inset of Fig. 3 we show
how the flux and the particle velocity at a given location on
Mars depend on u/u. In the main plot we fix 7=200 K and
calculate the saturated flux ¢, for different values of atmo-
spheric pressure P as a function of u./u.—1. In the lower
inset, the same calculations are made for the grain velocity
v,. We see that the grain velocity in equilibrium is deter-
mined by the atmospheric conditions and has only a weak
dependence on the friction speed u-. The equilibrium veloc-
ity of the grains, vy, in fact scales with u... Because u.q [Eq.
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FIG. 3. Main plot: Saturated sand flux g, as a function of the
relative shear velocity us/u«—1 for different values of atmospheric
pressure—and therefore different values of u.—obtained with a
temperature 7=200 K. The lower inset on the right shows the cor-
responding values of the average grain velocity v,. In the upper
inset on the left, we show the saturated flux for u+=3.0 m/s calcu-
lated for different values of temperature valid on Mars.

(B1)] and v; [Eq. (B4)] both scale with u., v, also does.

In Fig. 3 we see that for a given value of u./u-, both the
flux and the grain velocity are larger for lower atmospheric
pressure P. This is because the shear velocity u, required for
sand transport is higher for lower P, while v scales with u
and ¢, scales with u?, [Eq. (8)].

Table II shows v, and g, calculated for different values of
u«/u+ on Mars and on Earth. Because the threshold wind
friction speed on Mars is ten times higher than on Earth, the
average velocity of saltating grains on Mars is one order of
magnitude higher than the velocity of Earth’s grains. Again,
v, may have different values depending on the location on
Mars, while g, depends further on .

In summary, using the atmospheric data provided by the
MGS Radio Science Team, we can calculate the quantities
controlling saltation at a given location on Mars, for ex-
ample, at a given dune field. From the “weather” maps [27],
we obtain the value of P and T characteristic of the area at
which the dune field is located. Next, the density and viscos-
ity are calculated from P and 7, using the ideal gas law and
Eq. (13), while the model parameters are obtained, as exem-

TABLE II. Average velocity v of saltating grains on Earth and
on Mars as a function of the relative shear velocity u«/us. Tem-
perature 7=200 K and pressure P=6.0 mbar were used for Mars.

US US qS QS

(m/s) (m/s) (kg/m s) (kg/m s)
U] U [Earth] [Mars] [Earth] [Mars]
1.05 1.367 15.854 0.0007 0.0128
1.10 1.373 15.857 0.0015 0.0262
1.25 1.390 15.867 0.0040 0.0703
1.50 1.419 15.883 0.0090 0.1563
1.70 1.442 15.896 0.0139 0.2366
2.00 1.447 15916 0.0226 0.3760
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FIG. 4. (Color online) Sketch of a barchan dune showing the
windward side, horns, and slip face. In the inset we see the defini-
tions of dune width W and length L.

plified in Table I, using the grain diameter d=500 um of
Martian sand dunes.

The wind velocity u. in the dune fields on Mars is an
unknown quantity. It must be determined from the calcula-
tions of dunes, as we will see in the next section. Indeed,
there is still one missing quantity for Mars which we need in
order to solve the sand transport equations: vy, which appears
in Eq. (10). y is given by the product r%, where r
=|0|/Avy,, is related to the saltation trajectories, and ¥ [Eq.
(6)] gives the strength of the soil erosion. However, r and ¥
cannot be calculated separately [13]. It is the quantity y [Egs.
(10) and (11)] that can be determined from comparison with
measurements of the transient of flux saturation. The terres-
trial value y=0.2 has been obtained by Sauermann ez al. [13]
from comparison of the saturation transient of the flux with
experimental and numerical data [35,37,36], which are not
available for Mars. Therefore vy is the parameter of the sal-
tation model that remains to be determined for saltation
transport on Mars. It will be obtained in the next section,
from the calculations of Martian barchan dunes.

IV. DUNE FORMATION ON MARS

One very common type of dunes on Mars are barchans.
They have one slip face and two horns, and propagate on
bedrock under conditions of unidirectional wind (Fig. 4).
Barchans are the simplest and best known dunes [7,38]. They
are the subject of scientific and also environmental interest
because of their high migration speed: on Earth, barchans
1-5 m high may cover 30—100 m in a year.

On Mars, barchan dunes occur on the floor of craters and
on the north pole [38]. Similarly to Earth’s barchans, they
form corridors and large dune fields, as in the Arkhangelsky
crater [Fig. 1(a)]. It appears surprising that intracrater dunes
on Mars look in general similar: they have mostly an elon-
gated shape [38].

The barchan dunes in the Arkhangelsky crater (41.0°S,
25.0°W) are among the largest barchans on Mars. Further,
there are good reasons to begin our study of Martian barch-
ans with the Arkhangelsky dunes: they have a wide spectrum
of dune sizes; have not been significantly altered by second-
ary winds; and do not appear joined at their horns forming
chains of barchanoids. For example, such features are ob-
served in the dunes at Kaiser crater and Proctor crater [30].

Let us try to reproduce the shape of the Arkhangelsky
barchans with the dune model using parameters of the
present atmosphere of Mars. The atmospheric pressure P and
temperature 7 near the Arkhangelsky crater are, respectively,
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5.5 mbar and 210 K [27]. These values yield a local Martian
atmospheric density pp,q=0.014 kg/m?, and a fluid viscos-
ity 7=1.06 kg/ms. Using the mean grain diameter d
=500 um, grain density pgrin=3200 kg/ m?, and gravity
3.71 m/s?, it follows that the threshold wind friction speed
for saltation in the Arkhangelsky crater is u.=2.12 m/s. In
this manner, all parameters of the saltation model, but y [Eq.
(11)], are determined using the equations presented in the
previous section.

A. Shape of the Arkhangelsky barchans

In the calculations of barchans, a constant upwind shear
velocity us«>us+ and a small influx ¢;,/ g, (the interdune flux)
are imposed in x (downwind) direction at the inlet, starting
with a Gaussian hill having volume similar to the dune we
want to reproduce. The hill evolves in time until displaying
the barchan shape, i.e., linear relations between length L,
width W, and height H [12,39].

Measured values of shear velocity of Martian winds are
mostly between 0.4 and 0.6 m/s [40], which are much lower
values than the Martian threshold for saltation (=2.0 m/s).
Indeed, many authors estimated that the shear velocity u: of
Martian sand-moving winds, which occur within gusts of
extreme dust storms, may reach maximum values between
2.2 and 4.0 m/s [4,6]. Again, very unprobably u. must
achieve values of the order of 4.0 m/s on Mars [5].

On the other hand, we know from experience with terres-
trial dune fields that the flux in areas between dunes is nor-
mally small, between 10% and 40% of the maximum flux g,
[26]. Moreover, as shown from calculations in previous
work, the shape of a barchan dune of given size depends in
an important manner on the interdune flux only for values of
¢in! g5 above this range [39].

On the basis of the observations above, we try to repro-
duce, first, the shape of one Arkhangelsky barchan, which
has width W= 650 m, using ¢;,/q,=20%. Furthermore, we
take values of wind friction speed in the maximum range
between 2.0 and 4.0 m/s, which gives u./u+ approximately
between 1.0 and 2.0 in the Arkhangelsky crater. Now the
quantity y remains [Eq. (11)]. As a first guess, we take the
terrestrial value y=0.2 and investigate whether the Arkhan-
gelsky dune can be obtained with u. in the above-mentioned
range.

We obtained a surprising result: if we take the same y
=0.2 as on Earth, the Gaussian hill does not evolve into a
barchan: a dome is obtained, i.e., a dune that has no slip face.
In fact, domes appear when dunes are too small to develop
the slip face characteristic of barchans [12]. However, if we
take Yyrs On Mars of the order of ten times the terrestrial
value yg,;n=0.2, then barchan dunes with shape similar to
the Arkhangelsky barchan can be obtained, as we see in Fig.
5: the elongated shape characteristic of the Arkhangelsky
dunes is a result of low values of shear velocity, with u:/u:
smaller than 1.5. This means values of u: up to 3.0 m/s. For
a constant value of y=2.0, the dune shape deviates from the
Arkhangelsky barchans for increasing values of u.. Thus the
shear velocity in the Arkhangelsky crater must be close to
the threshold for saltation transport. This explains the elon-
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FIG. 5. Barchan dunes of width W=650 m calculated using pa-
rameters for Mars, with y=107yg,,, and different values of wind
shear velocity u:/ .

gated shape of intracrater barchan dunes on Mars.

B. Entrainment of saltating grains on Mars

The wind shear velocity u-=~3.0 m/s estimated for the
Arkhangelsky crater is well within predicted maximum val-
ues of u. on Mars; but why should the Martian y [Eq. (11)]
be ten times larger than on Earth?

The quantity r=/7y [Eq. (11)] on Mars should not differ
much from Earth’s value. This is because the ejection veloc-
ity of splashed grains is proportional to the velocity of the
average impacting grains [41], which in turn scales with the
average saltation velocity v,. In this manner, we must under-
stand why the Martian entrainment rate, 7y, differs from the
one on Earth. This quantity determines the intensity of the
grain-bed collisions, the modeling of which is beyond the
scope of this work [13].

However, Anderson and Haff [41] showed that the num-
ber of splashed grains is proportional to the velocity vjy, of
the impacting grains (and thus to v). In a previous work, we
have proposed a scaling relation for 7y based on the propor-
tionality between the number of splashed grains and the
grain velocity [39]. By rescaling v, with ve=Vgd, which is
the velocity necessary to escape from the sand bed [42], we
arrive at y<uv,/\gd. However, vy scales with u., and has
only a very weak dependence on ux, as we can see in Table
I In this manner, we obtain Y u«,/\gd [39]. From the val-
ues of the parameters on Earth, we obtain that the constant of
proportionality is approximately 0.045 [17]. Thus the follow-
ing equation for vy is obtained [17]:

y=0.045-2L | (14)
ved

Equation (14) gives y=~2.24 in the Arkhangelsky crater,
which is in fact one order of magnitude higher than the
Earth’s value, as obtained in a different way from the calcu-
lations in Fig. 5.

Summarizing, we found that the entrainment rate of
grains into saltation on Mars is ten times higher than on
Earth. This is explained by the Martian larger splash events,
which are a consequence of the higher average velocity of
saltating grains on Mars.

What is the consequence of a ten times higher entrain-
ment rate on Mars? Because the saturation length of the sand
flux depends on the rate at which grains enter saltation, the
larger splash events on Mars have a crucial implication for
the formation of sand dunes on the red planet.

While on one hand the lower Martian atmospheric density
Pruia and gravity g result in longer grain trajectories than on
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FIG. 6. (Color online) Main plot: characteristic length of flux
saturation, €, calculated with Eq. (10), as a function of u:/us. The
inset shows the characteristic time #,=¢ /v as a function of u:/u:,
where v, is the average grain velocity [Eq. (B3)].

Earth [9], the saturation transient of the flux on Mars is
shortened by the faster increase in the population of saltating
grains. This is because the wind strength is reduced more
rapidly the faster the grains are launched into saltation after
splash (“feedback effect” [11]). In fact, the characteristic
length of flux saturation, €, [Eq. (10)], scales with the aver-
age saltation length, €. However, €, is, furthermore, propor-
tional to 1/7%.

The characteristic length of flux saturation, ¢, is calcu-
lated in the main plot of Fig. 6 using parameters for Earth
and for the Arkhangelsky crater on Mars, with u./us in the
range between 1.0 and 2.0. In this figure, the Martian €, has
been calculated using Eq. (10) with y given by Eq. (14). In
the inset of Fig. 6, we have calculated the characteristic time
of flux saturation, z,=¢/v,, for different values of u:/ux,.

It is remarkable that although the Martian and terrestrial
values of €, differ by a factor of 10, #, on Mars is nearly the
same as the terrestrial one for a given u./us. This is because
the average velocity of saltating grains, v, is one order of
magnitude higher on Mars, as shown in Sec. III.

As an example, we calculate the sand flux ¢ [Eq. (9)],
over a flat sand bed submitted to a unidirectional wind of
constant strength, using parameters for Earth and for the
Arkhangelsky crater on Mars. A constant influx g;,/ g, is set
at the inlet. The evolution of the normalized sand flux ¢/q¢,
with the downwind distance x/ € calculated using parameters
for Earth (line) and for the Arkhangelsky crater (symbols) is
shown in the inset of Fig. 7 with ¢;,/g,=0.2. In the main plot
of Fig. 7, we see that it takes a distance A, of about six times
€, from the edge of the sand bed, for the sand flux to achieve
99% of its saturated value g, using realistic values of g;,/ ¢,
between 0.1 and 0.4.

If we take, for instance, u-/u-=1.50, then we obtain, with
Eq. (10), €£,=0.71 and 13.62 m on Earth, respectively, in the
Arkhangelsky crater. On the basis of Fig. 7, this leads to A
~4.3 m on Earth, while the Martian A is approximately
81 m. Furthermore, flux saturation is reached within approxi-
mately 6z, i.e., within 3.0 s on Earth and 4.6 s on Mars.
However, if we had taken the terrestrial y=0.2 for Mars, then
the values of Martian flux transient length and time obtained
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FIG. 7. (Color online) Sand flux calculated over a flat sand bed
on Mars and on Earth. Main plot: distance of flux saturation, A,
normalized by the characteristic length €, as a function of the in-
flux g;,/q, at the inlet. Inset: evolution of the normalized flux ¢/g
with downwind distance x/ €, for g;,/q,=0.20.

would be of the order of 100, respectively, 10 times larger
than the terrestrial ones.

The larger value of y on Mars shortens the characteristic
distance of flux saturation [Eq. (10)] by one order of magni-
tude. However, since dunes cannot be smaller than the satu-
ration length, this means that the scale of dunes that is pre-
dicted from the scaling of the flux saturation distance with
the average saltation length, € [43], is reduced by a factor of
10. In conclusion, the Martian larger splash is the missing
link to understand the size of Martian dunes formed by the
thin atmosphere of the red planet.

C. Friction speed of Martian sand-moving winds

In the calculations of Fig. 5, we could estimate the shear
velocity u./u« from comparison with the shape of one se-
lected barchan in the field, taking Yyars=10¥Eaq and assum-
ing a given value of the interdune flux ¢;,/g, in the Arkhan-
gelsky crater. However, since y can be now calculated for
different atmospheric conditions, we can solve the model
equations to find the values of u:/u- and ¢g;,/q, at a given
dune field on Mars. Indeed, both field variables can be ob-
tained from comparison with the minimal dune, as explained
in Ref. [39].

In order to develop the slip face characteristic of barch-
ans, sand hills must reach a minimum size, below which they
are called domes. We have found that the minimal dune
width W, is around 13€,, and is approximately independent
of the interdune flux, g;,/ g, [39]. In this manner, W,y;, yields,
through Eq. (10), the value of u«/us at a given dune field.
Moreover, once us/us is determined, the value of ¢;,/¢, can
be obtained from the shape of the minimal dune: the eccen-
tricity Lo/ Wi decreases approximately linearly with
q in/ qs [39]

In the preceding paper [17], we have applied the method
of the minimal dune size to obtain the wind velocity and
interdune flux in different Mars dune fields. In the present
work, our aim is to present in detail the calculations of that
paper and to discuss the implications of the outcomes for the
formation and evolution of dunes on the present Mars.

In the Arkhangelsky crater on Mars [Fig. 1(a)], the mini-
mal dune is indicated by two domes which have width
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FIG. 8. Calculations of Martian north polar barchans near
77.6°N, 103.6°W [Fig. 1(b)]. We see MOC images of dunes of
different sizes on the left, and on the right we see dunes calculated
using P=8.0 mbar, 7=190 K, ©+x=2.92 m/s, and ¢;,/q,=0.29. Im-
ages courtesy of NASA/JPL/MSSS.

Whin=200 m and length L_;,~400 m. From W, =200 m,
we obtain €,~15.5 m, which gives wu:/us=145 or u-
~3.07 m/s in the Arkhangelsky crater. This is essentially the
same result obtained previously from comparison with the
elongated shape (Fig. 5). Next, using this shear velocity, we
calculate the eccentricity L,,;,/ W, of the minimal “Arkhan-
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gelsky” dune as a function of ¢;,/q,, as described in Ref.
[39]. We find that the ratio L,/ Wi, = 2.0 is obtained with
an average interdune flux g;,~25% of the saturated flux ¢.
Again, this value is nearly the same interdune flux assumed
in the calculations of Fig. 5. In Ref. [17] we have compared
calculated dunes with Arkhangelsky barchans of different
sizes observed in the MOC images.

Let us study a second Martian barchan field which is near
the north pole [Fig. 1(b)]. At the location of the field, in
which W;,=80 m and L ;,~130 m, P=8.0 mbar and T
=190 K [27], and thus u«~1.62 m/s. From the minimal
dune width W_;;=80 m, we obtain wu«/u-=~1.8 or us
=2.92 m/s using Eq. (10). Further, from the eccentricity of
the minimal dune, L,/ W;,=~ 1.6, we obtain g;,/g,=0.30.
In Fig. 8 we see images of north polar dunes of different
sizes together with the dunes calculated using parameters for
the field studied.

It is interesting that the shear velocity u- obtained for the
north polar field is nearly the same as the one in the Arkhan-
gelsky crater, i.e., u==3.0 m/s, although u. is lower in the
north polar field. The values of u./u. and g;,/q, obtained for
the Arkhangelsky barchans and for the north polar dunes are
within the range of the ones measured in terrestrial barchan
fields [14,34,44], and reproduce not only the minimal dune
but also describe well the dependence of the shape on the
dune size in both Martian fields studied [Fig. 9(a)].

D. Dune height and migration velocity of barchans

So far we have used the model to obtain information
about wind and flux conditions in the field based on the dune
shape observed in the images. From the MOC images, we
could only measure the length and the width of the dunes. In
fact, measuring the height of Martian dunes is still one of the
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FIG. 9. (Color online) (a) Main plot: length L vs width W of the Arkhangelsky barchans (circles) together with calculation results
(straight line) obtained with parameters for that field. The dashed line shows L vs W for terrestrial dunes obtained with us/u«=1.45 and
¢in! 4s=0.25. In the inset we see L vs W of the north polar dunes (stars) together with calculations (straight line), while the dashed line
corresponds to terrestrial dunes obtained with u:/u.=1.80 and g;,/¢,=0.30. (b) Main plot: aspect ratio H/W vs dune height H of barchan
dunes on Mars and on Earth. For each curve, the minimal dune is indicated by the filled symbol. All curves displayed in the main plot are
shown again in the inset but in terms of the normalized height h=H/H;, and width w=W/W .
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TABLE III. The table shows the height H,,;,, width W, length
Lnin, Volume V., and migration velocity v, of the minimal dune
on the Martian fields of Figs. 1(a) and 1(b). The corresponding
values for the minimal dune on Earth obtained with the Martian
us/u+ and g;,/ g, are also shown in the table.

u*/u*t=l.45 u*/u*t=l.80
qin/ 4,=0.25 Gin! g,=0.30
Mars Mars

Minimal dune [Fig. 1(a)] Earth [Fig. 1(b)] Earth
Hin (m) 16.5 0.69 5.8 0.39
Winin (M) 204 12.2 80 6.9
Lyin (M) 400 19.2 127 9.2
Viin (m3) 400 000 50 19 500 7.5
v, (m/year) 400 560 1750 2160

most challenging problems, and has been the subject of in-
tense research in the last few years [45].

The ratio H/W of the dunes at the Arkhangelsky crater
and in the north polar field as predicted from the model is
shown in the main plot of Fig. 9(b). In the same figure, we
also show the behavior of H/W for terrestrial dunes calcu-
lated with the same u«/u«, and g;,/q, obtained for the Mar-
tian dunes. The filled symbols identify the corresponding
minimal dune in each field. We see that the smallest barchans
on Mars have height H,;, of the order of 10 m (Table III)
and are, thus, almost 20 times larger than the smallest barch-
ans on Earth [46]. The inset of Fig. 9(b) shows the same
curves of the main plot in terms of the normalized height,
h=H/H ., and width, w=W/W_;,. We see that h/w vs h of
all curves behave in a similar manner, independently of wind
speed, sand influx, and atmospheric conditions.

Using the dune model, it is also possible to predict the
migration velocity of barchans in a given dune field on Mars.
The calculation of the velocity of the barchans studied in this
work is shown in Fig. 10. In the main plot of this figure we
show the dune velocity v as a function of the dune length L
on Mars and on Earth. We see that Mars dunes move typi-
cally ten times faster than Earth dunes of the same L, ob-
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FIG. 10. (Color online) Dune velocity v as a function of the
length L of the dunes calculated in Fig. 9(b). In the inset, the dune
velocity normalized with the velocity of the minimal dune, vy, is
shown as a function of the normalized dune volume, V/V ;. where
Vinin 18 the volume of the minimal dune. The straight line in the

inset corresponds to the equation v/vy=(V/ V).
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FIG. 11. Calculation of the dunes at Wirtz crater [Fig. 1(c)]. In
(a) we see one calculated dune, while in (b) we see an image of one
dune at the Wirtz crater (image courtesy of NASA/JPL/MSSS).
Arrows indicate the wind directions, with 6,=100° and T,
=2.9 days. Simulation snapshot in (a) corresponds to t=15 years
after having started a calculation with a Gaussian hill with nearly
the same volume of the bimodal dune shown in the figure. The
Dune shape does not appear to change in time.

tained with similar values of u./u:, as on Mars.

The migration velocity of barchan dunes scales with
Q/ V'3, where Q= g,/ pnq and V is the dune volume. In this
manner, Martian dunes migrate faster than Earth dunes be-
cause of the higher values of g, on Mars (Table II). Let us
normalize the dune velocity v with the migration velocity of
the minimal dune, v,. In the inset of Fig. 10, we show the
behavior of v/v, as a function of V/V;,, where V , is the
volume of the minimal dune. We see that the equation
v/vy=(V/ Vi)™, which corresponds to the straight line in
the plot, captures well the behavior of all Martian and terres-
trial curves.

The calculations show that for a given u./u+, the smallest
Martian barchans would move nearly as fast as the smallest
dunes on Earth (Table III). However, winds on Mars are only
seldom above the threshold for saltation [4,6,40]. As reported
from observations of Mars missions, saltation transport on
Mars occurs during a few seconds in time intervals of several
years. If, for example, winds on Mars achieve u-=~3.0 m/s
during 40 s every 5 years [6], then, from Fig. 10, we see that
a Martian barchan of length 200 m would need 5 years
X 1073/(3600 X 24 X 365)/40~ 4000 years to move 1.0 m.

FIG. 12. Dunes at 49.6°S, 352.9° W on Mars [Fig. 1(d)]. On the
left we see snapshots of the calculation at 1=2.7 (a), 6.6 (b), 14.5
(c), 24 (d), and 39 months (e) after starting with a sand hill at 7
=0. 6,=140° and T,,=5.8 days. Wind directions are indicated by
the arrows. An image of the dunes is shown on the right (f). Image
courtesy of NASA/JPL/MSSS.
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TABLE IV. Main quantities controlling saltation on Mars. For each dune field in Fig. 1, the fluid density py,;q and the threshold u., are
calculated from the local pressure P and temperature T which are taken from Ref. [27]. Next, v is calculated with Eq. (14). While the shear
velocity us« at the fields in Figs. 1(a) and 1(b) is calculated from the dune shape, the value u«=3.0 m/s has been used to obtain the dunes in
Figs. 1(c)-1(e). For each dune field, the grain velocity v, and the saturated flux g, are obtained with Eq. (B3), respectively, with Eq. (8) using
the corresponding value of u: displayed in the table.

P T Pfluid Uy U U qs
Field Location (mbar) (K) (kg/m?) (m/s) y (m/s) (m/s) (kg/m s)
Fig. 1(a) 41.0°S, 25.0° W 5.5 210 0.014 2.12 2.24 3.07 17.8 0.147
Fig. 1(b) 77.6°N, 103.6° W 8.0 190 0.022 1.62 1.71 2.92 12.3 0.240
Fig. 1(c) 48.6°S, 25.5° W 5.5 175 0.017 1.89 1.99 3.00 14.6 0.189
Fig. 1(d) 49.6°S, 352.9° W 5.0 185 0.014 2.06 2.17 3.00 16.5 0.148
Fig. 1(e) 76.4°N, 272.9° W 8.5 150 0.030 1.35 1.43 3.00 9.2 0.376

This result explains why spacecrafts orbiting Mars never re-
vealed any movement of Martian barchan dunes.

E. Martian bimodal sand dunes

Because linear and star dunes like the ones found on Earth
were almost not observed in the first images of Mars taken
by Mariner 9 and Viking orbiters, it has been suggested that
nonunimodal wind regimes should be very rare on Mars
[47]. However, the Mars Global Surveyor MOC camera has,
more recently, imaged a high diversity of dune shapes that
had been never observed in images of previous missions.

On bedrock and in areas of low sand availability, there
appear many exotic and up to now unexplained dune forms
where barchans should occur if the wind regime were unidi-
rectional. Dunes as those in Figs. 1(c)—1(e) cannot appear in
areas of unidirectional winds, for in this case barchans
should be formed. Indeed, it is possible to recognize in the
images of Figs. 1(c)-1(e) that the dominant winds define a
resultant direction.

As reported in the preceding paper [17], we found that the
dune shapes in Figs. 1(c)-1(e) can be obtained with a bimo-
dal wind regime. Here our aim is to extend the presentation
of the calculations of bimodal dunes published in that paper,
and to discuss the implications of our findings for the under-
standing of the Martian wind regimes.

In our calculations, the wind alternates its direction peri-
odically forming an angle 6,, as sketched in Fig. 11(a). The
wind lasts a time T, at both directions. In both directions the
wind strength is the same, namely u.=3.0 m/s, as found
from the calculations of barchan dunes. The change of wind
direction is simulated through rotation of the field by an
angle 6, keeping the wind direction constant. The separa-
tion bubble adapts to the wind direction after rotation of the
field. As in the calculations of barchan dunes, we use open
boundaries with a constant influx between 20% and 40% of
q, at the inlet, and the initial condition is a Gaussian hill
whose volume is taken according to the volume of the dune.
The quantities controlling saltation in each field are shown in
Table IV.

The study of the morphology of bimodal dunes is not in
the scope of the present work. In a future publication, we
will show that the Martian dune shapes in Figs. 1(c)-1(e)
appear within a wide spectrum of dune morphologies defined

by the angle 6,, and the characteristic time T, [48].

We obtain the dune shapes in Figs. 1(c)-1(e) using values
of 6, larger than 100° [17]. If §,,~ 100°, then the dune shape
in Fig. 11 is achieved; and for 6, of the order of 120° or
larger, dune forms as those in Fig. 12 are obtained, which
elongate in time. As 6, — 180°, a dune form of alternating
slip face position appears.

All dune shapes in Figs. 11-13 have been achieved with a
time T, in the range of 0.7-5.8 days. If the period is too
large, of the order of a few months, then the dunes evolve
into barchanoidal forms.

The dune shape in Fig. 11 has been obtained with 6,
=100° and with 7,=250000 s=2.9 days, while 6,=140°
and T,,=500 000 s=5.8 days has been used to calculate the
dune in Fig. 12. Moreover, we found that the structure ob-
served in the dune field of Fig. 1(e) can be obtained by a
change in the local wind regime. The dune shape in Fig. 13
has been obtained in the following manner: (i) first, an elon-
gated dune form as the one in Fig. 12 is formed with an
angle 6,,=120° and with T,,=60 000 s=0.7 day; and (ii)
next, the angle 6,, has been reduced to 80°. Thereafter, the
linear dune becomes unstable and decays into a string of
rounded barchans as seen in Figs. 13(a)-13(d).

It is interesting to notice that our calculations provide a
different explanation for the formation of the Martian dune
field in Fig. 1(e) than that proposed by Bourke [49]. We
found that the field in Fig. 1(e) consists of linear dunes
which are decaying into barchans, while Bourke [49] sug-

L s

FIG. 13. Calculation of Martian north polar dunes at 76.4°N,
272.9° W [Fig. 1(e)]. First, an elongated dune is formed from a
Gaussian hill after 2.5 months with 6,=120° and 7,,=0.7 day.
Next, 6, is shifted to 80° (r=0) giving rise to the dunes shown on
the left, which correspond to snapshots at r=5 (a), 14 (b), 27 (c) and
45 days (d). Arrows indicate the wind directions. Dunes are about
8 m high. On the right (e) we see an image of the north polar dunes
(image courtesy of NASA/JPL/MSSS).
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gested an alternative view: the small barchans would merge
to form the linear dunes.

The results of Figs. 11-13 provide evidence for bimodal
wind regimes on Mars. We find that a variety Martian dune
forms which appear in craters and which develop on bedrock
have been formed by a wind whose direction alternates be-
tween two main orientations. We conclude that if more sand
were available in those places, longitudinal dunes would in
fact appear as observed in terrestrial sand seas. The study of
the shape of linear dunes is the subject of a future publication
[48].

Again, the wind strength u-=3.0 m/s used in the calcula-
tions must be interpreted as the representative value of shear
velocity that is above the threshold for saltation and is re-
sponsible for the major changes of the surface [5]. Because
Martian winds are most of the time below the threshold for
saltation, we expect the time scale T,., of the changes in
wind directions to be in reality much larger than the values
of Ty, (a few days) found in the calculations.

We define as f,, the fraction of time the wind strength is
above the threshold for saltation. From the results of the
calculations of barchans, this means that the Martian u. is
around 3.0 m/s a fraction f,, of time. We interpret this value
of shear velocity as the representative wind friction speed
associated with the gusts of aeolian activity that occur during
the strongest dust storms on Mars [4]. Further, the real time
scale T, of the changes in wind direction is defined through
the relation f,, =T/ Tyeq-

Let us assume that winds above the threshold on Mars
occur generally during Afgjaion=40s at intervals of AT
=5 years (2000 days or 1.728X10%s) [4,6], ie. f,
=Atgimion/ AT=2.31X1077. A characteristic time T,
~1-5 days means T,,=86400-432 000 s. Dividing T,, by
At iaion=40 s, this characteristic time corresponds to 2160—
10 800 gusts of saltation transport. The Martian real time
Treal is

T,
——— X 5.0 years = 10 800 — 54 000 years.

At
(15)

Therefore the real time of oscillation of the direction of sand-
moving winds on Mars found from our calculations is of the
order of 10* years, where it has been assumed that Martian
saltation occurs as frequently as observed from the Mars
Missions [4-6].

Tieal =
saltation

V. DISCUSSION AND CONCLUSIONS

In the present work, we have applied a well-established
dune model, which successfully reproduces the shape of ter-
restrial dunes measured in the field, to study dune formation
on Mars. We presented in detail the calculations of Mars
dunes published in a recent paper (Ref. [17]) showing also
how the quantities controlling saltation on Mars are obtained
from the model equations. We also discussed the implica-
tions of the calculation results for the Martian wind regimes
and migration velocity of Mars dunes. In summary, we found
that dunes observed in the images of Mars could have been
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formed by the action of sand-moving winds that occur occa-
sionally under the present atmospheric conditions of the red
planet. Below we give a list of the main conclusions.

(1) The quantities controlling Martian saltation, such as
the average grain velocity, mean saltation height, and satu-
rated flux, may vary in a significant manner depending on the
location on Mars. This is because local average values of
Martian surface pressure and temperature may be very dif-
ferent depending on the geographical location.

(2) From the shape of barchan dunes on Mars, we found
that the rate at which Martian grains enter saltation is ten
times higher than on Earth. The Martian higher entrainment
rate, which is a result of the larger splash events on Mars,
shortens the length of flux saturation and reduces the scale of
dunes that is obtained if only the Martian larger saltation
length is considered [43,46].

(3) All dune shapes studied in this work could be repro-
duced with values of shear velocity that do not exceed u«
=3.0+£0.1 m/s, independently of the location on Mars. We
interpret this value as the representative friction speed of
sand-moving winds that occur during the strongest dust
storms on Mars.

(4) For the same value of relative wind velocity us/us,
barchans would move ten times faster on Mars than on Earth.
However, the migration velocity of Martian barchans is neg-
ligible because saltation transport in fact occurs only seldom
on the present Mars.

(5) We found Martian dune shapes that have been formed
by bimodal wind regimes. The time scale of changes in wind
direction obtained in calculations is of the order of a few
days. Taking into account that winds transport sand on Mars
during some tens of seconds in intervals of a few years [6],
this time scale is in reality of the order of 10 000-50 000
terrestrial years.

It is interesting to notice that a significant change in wind
direction (by 90° or more) is expected to occur after each
extreme of the orbital cycle of Mars, which is determined by
the combined effect of the precession of its axis and the
arrival at perihelion [47,50-54]. Because of precession of the
Martian axis, each pole of Mars appears tilted to the sun in a
cycle of 51000 years. Now the latitude which “looks” to-
ward the sun at perihelion is 15°S, but this “subsolar latitude
at perihelion” (SLP) migrates £25° about the Equator over a
51 kYr time span [50]. This orbital cycle is the most impor-
tant one for the climate of Mars, the hemisphere of the SLP
having short, hot summers, and being the one of major dust
storms activity. In 25 500 years, it is the northern hemisphere
that will be tilted to the sun. “The large amounts of fine dust
currently deposited in the northern hemisphere in regions
such as Tharsis, Arabia, and Elysium will be redistributed to
the southern hemisphere” [55]. This half cycle of
25 500 years is in fact well within the range of characteristic
time 10 800 <7, <54 000 years of bimodal winds found
from our calculations of sand dunes on Mars.

In comparison, the time scale T}, of changes in directions
of bimodal winds in terrestrial dune fields is of the order of a
few weeks or months. On Earth, linear dunes appear due to
wind changes that occur seasonally [56,57], since the frac-
tion of time f,, the wind friction speed u- is above the thresh-
old u- is much larger than on Mars [34,58]. In this manner,
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we do not expect the wind changes due to precession of the
Earth’s axis to play a major role for the shape of terrestrial
bimodal sand dunes. On the other hand, Martian winds that
are not associated with the intense dust storms mentioned in
the last paragraph are too weak to move sand. Indeed, such
weak winds are responsible for the appearance of dust devils
that leave ephemeral marks on the surface of Martian dunes
[30], which appear unmobile. The presence of bimodal dunes
on Mars can, thus, only give information on the oscillation of
winds stronger than the threshold, and not on the common
wind regime (under the threshold).

In conclusion, using the characteristics of sand dunes, the
model can be applied in order to determine some properties
of the Martian atmosphere or sediments, when they cannot
be determined by other ways, or to confirm indirect measure-
ments. One example of such application has been given in
Ref. [59], in which the relevance of sand induration for the
dune morphology at Chasma Boreale, in the Martian north
polar region, was investigated with the help of simulations
using the dune model. The model equations allow calculation
of the migration velocity of active barchans or, for instance,
the time required for a barchan to change its shape into a
bimodal dune. Thus the model can be used in the future to
estimate the age of dune fields on Mars, to predict their evo-
lution, and to test hypotheses about their formation through
comparison with simulations of entire dune fields such as
those in Refs. [60,61].

Moreover, one important question is what is the typical
size of the sediments that constitute Mars dunes. The dune
shape and minimal size change with the grain diameter d. In
fact, images sent from the rovers at the Meridiani Planum
landing site revealed ripples composed by grains of diameter
d around 100 um [5,33,62], which is a much lower value
than the one of the larger, dark intracrater dunes [29]. Thus
while the calculations of the present work have been success-
fully performed using the value of grain diameter revealed
for dark dunes [29], the model can be naturally adapted to
investigate dunes in other locations where grain size and/or
constitution are not known and can be determined through
comparison of the dunes with simulation outcomes.

The shape of Martian dunes could be only achieved with
real wind and atmospheric conditions of the present Mars
because the entrainment rate of grains into saltation, which
we found to be ten times higher on Mars than on Earth, was
incorporated in the model equations. In fact, it is well-known
from experiments that the splash events on Mars are much
larger than on Earth due to the higher velocity of Martian
grains [10]. What we have found in the calculations is the
implication of the larger amount of splashed grains on Mars
for the flux saturation and formation of dunes. It would be
interesting to make a full microscopic simulation for the sal-
tation mechanism of Mars similar to the one that was re-
cently performed by Almeida et al. [63] to confirm our find-
ings microscopically.
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APPENDIX A: MEAN SALTATION TRAJECTORIES

The mean saltation length € is defined in terms of the
grain velocity [v] and of the initial vertical velocity, v¥° [13]:
€ =v3(2[0)/g), (A1)

where v?e:aAvhor, « is an effective restitution coefficient
for the grain-bed interaction, and Avy,,=vioF —vph. gives the
difference between the horizontal velocities (in the direction
of the flow) of the grains at the moment of impact, v;.F, and

. hor »
at the moment of ejection, vp.

APPENDIX B: AVERAGE VELOCITY OF THE SALTATING
GRAINS

The velocity of the saltating grains, v, is determined from
the balance between three forces: (i) the drag force acting on
the grains; (ii) the bed friction which yields the loss of mo-
mentum when the grains impact onto the ground, and (iii) the
downhill force, which acts on the saltation layer in the pres-
ence of bed slopes. To calculate the grain velocity, we need
to take into account the modification of the air flow due to
the presence of the saltating grains. However, the model
equations do not account for the complex velocity distribu-
tion within the saltation layer. Instead, a reference height z;
is taken between the ground at the roughness height z5*™* and
the mean saltation height z,,, at which the “effective” wind
velocity, iy, is calculated [13].

Finally, a useful approximation is employed which sim-
plifies the equations in a significant manner and leads to only
a negligible error [13]. In the model, the velocity i is cal-
culated in the steady state, i.e., it is the reduced wind veloc-
ity within the saltation layer at saturation. In geomorphologi-
cal applications, the sand flux over a dune is nearly
everywhere saturated, with exception of those places where
external variables change discontinuously, as, for instance, at
a flow-separation, which occurs at the dune brink, or at a
phase boundary bedrock-sand which occurs at the windward
foot of a barchan dune. Therefore we can replace the density
p which appears in the expression for the grain born shear
stress 7, with the saturated density py=(7—7)€/|0]Avy,, [13].
The following expression is obtained, in this manner, for i

2 -
N U 21 21| Usx U
=1 In +2{ 1+ = -1)-1 .
sand 2 -

K 20 Tm \ Usg |Lt>r|

(B1)

The grain velocity, v, is, next, calculated numerically from
the equation [13]:
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3pmiaCa - -yy- - &
___(Meff—v)|“eff—v|— 2

- _gVh=0, (B2)
4 pgrain d a|v

where C, is the drag coefficient, and i is calculated with
Eq. (B1). In this manner, the grain velocity obtained from
Eq. (B2) is in fact the average grain velocity at the steady
state, Uy, since iy is the reduced wind velocity after flux
saturation has been achieved [13]. Moreover, the mean sal-
tation length is also computed using |v|=|v| in the stationary
condition where the sand flux is in equilibrium. In this man-
ner, the mass conservation equation is written in terms of the
sand flux [Eq. (7)].

Equation (B2) can be analytically solved in the simple
case of the two-dimensional flow over a sand bed, where the
gravitational term can be disregarded, which gives [19]

U5=ueff—l):. (B3)

In Eq. (B3), the relative velocity in the equilibrium, vy, is
given by

® 2 rain — i d
U%:L_\/ \‘(pga pﬂud)g J’ (B4)

= =
V2a 3aCy Pfluid

where vy is the falling velocity of the grains that is obtained
from the balance between the gravitational and drag forces in
the case of vertically falling particles [32].

APPENDIX C: MODEL PARAMETERS

The following quantities are needed in order to solve the
model equations: the atmospheric density pgg, gravity g,
grain diameter d, and density pg,i,, Whose values are found
in the literature and are discussed in the next section; the
impact threshold velocity for saltation, u,, and the drag co-
efficient Cy; the effective restitution coefficient « and the
heights z,,, z;, and z?fmd; v [Eq. (11)]; and the wind shear
velocity u.

The impact threshold velocity u« is about 80% of the
threshold for aeolian entrainment, u«g [7], which in turn is
calculated as in Iversen and White [3]. This leads to the
following equation for us:

rain — i d
e = 0.84 | (p a Ptiu d)g i (Cl)
Pfluid

where A is called the Shields parameter, which depends on
the shape and sorting of the grains and on the angle of inter-
nal friction [25]. The Shields parameter is calculated as in
Iversen and White [3]:

146.0 X 107/ pyrgingd>>)">
( Poraingd ") ©2)

A=0.129
[ (1.928 Re?? — 1)%3
for 0.03<Re:; =10 and

A=0.129(1 + 6.0 X 107/pypi,gd>)"?
X {1 —0.0858 exp[— 0.0617(Re.;— 10)]}  (C3)
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for Re«;= 10, where Re.y is the friction Reynolds number
Re«q=us«xd/v, and the constant 6.0X 1077 has units of
kg m%3 s72, while all other numbers are dimensionless. The
kinematic viscosity v is defined as #/pg,q, Where 7 is the
dynamic viscosity. We notice that in contrast to v, 77 depends
only on the atmospheric temperature and composition.

The drag coefficient Cy is calculated using the relative
velocity of the grains obtained from the momentum balance
[Eq. (B4)]. In this manner, we obtain the following expres-
sion for the drag coefficient C4 [19]:

4 de)z
Ci=—|Ag+\2a— | , C4
d 3( QTN €4
where
S = i \/\‘ (pgrain — pfluid)ng (CS)
4v Priuid

is called the fluid-sediment parameter and Ay and By are
constants that contain information about the sediment shape
factor and roundness. Equation (C4) is valid for Reynolds
numbers Re in the range 0.2 <<Re <127, while A;=0.95 and
B4=5.12 for typical applications when particle’s shape and
roundness are not known [32].

It appears surprising that the effective restitution coeffi-
cient «, which contains the information about the bed-
friction and the trajectories of the grains, appears in the ex-
pression for the drag coefficient Cy. In fact, at saturation, the
momentum loss of the grains due to the collisions with the
sand-bed is compensated by the grain-born shear stress, i.e.,
the aeolian drag force on the particles. It is this information
that is contained in « and which enters the drag coefficient
Cd.

The parameters «, z,, and z; are computed using the
equations obtained by Durdn and Herrmann [19], which in-
corporate the time scale

t,= (vigH'" (C6)

and the length scale

Vzpﬂuid ] 1/3. (C7)

N
Azg(pgrain - pﬂuid)

and allow one to calculate the model parameters for saltation
in different physical environments:

= 35€w (CS)
Zm = 14ust,, (C9)
2 = d/20. (C10)

The last equation gives intermediate values between d/30 [7]
and d/8 [42]. Finally, the effective restitution coefficient «
=0/ Avy,, is simply calculated with the formula [19]

a=0.17d/¢,. (C11)
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It must be emphasized that « is not directly related to the
bouncing behavior of the impacting grains. « relates the ini-
tial vertical velocity of the splashed grains with the horizon-
tal velocity gain of the impacting grains. Further research is
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required in order to shed light on the dependence of the
effective restitution coefficient of the splash with the fluid
viscosity v through the length scale ¢, [19,42].
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