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ABSTRACT
Planetary boundary layer phenomena, such as

slope winds and nocturnal low-level jets, are frequent
on Mars, e.g., whenever diurnal surface temperat-
ure variations are significant, and large-scale winds
are weak. In particular, thermally-driven winds are
very common over sloping regions; they can reach
significantly high speeds for steep slopes, and gov-
ern near-surface winds in many sites. Simulations
of this type of flows on Earth have usually been
conducted using commercial computational fluid dy-
namics software (CFD). In this work, a set-up is
described for numerically simulating slope flows
on Mars within the framework of the open-source
code OpenFOAM CFD. For this purpose, thermally-
driven winds are analysed in an idealised 2D Mar-
tian mountain-valley system with realistic values of
parameters such as the slope angle, temperature dif-
ference between the atmosphere and slope, etc. The
fluid domain dimensions, and the temperature and
pressure initial and boundary conditions used in this
work were tested and proven suitable in previous
similar investigations for Earth applications. Large-
eddy simulations (LES) turbulent model is used here.
The results obtained for velocity and temperature
profiles are shown both for anabatic (up-slope) and
katabatic (down-slope) winds. This study shows the
potential of the proposed methodology and the per-
formance of OpenFOAM. Future work aims at facil-
itating the screening of large numbers of candidate
landing sites for future Mars missions, and at estim-
ating the thermally-driven wind speeds for wind re-
source assessment.
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NOMENCLATURE
M [kg/mol] Molar mass of Martian air
Pr [−] Prandtl number

Prt [−] turbulent Prandtl number
R′ [J/(kg K)] specific gas ct.
T [K] temperature
TM [s] Martian sol period
cp [J/(kg K)] specific heat at ct. pressure
p [Pa] static pressure
t [s] time
z0 [m] roughness length scale
U [m/s] flow velocity
u [m/s] along-slope velocity
g [m/s2] gravity acceleration
α [deg] slope angle
β [K−1] volume expansion coef.
µ [kg/(m s)] dynamic viscosity
ν [m2/s] molecular kinematic viscosity

Subscripts and Superscripts
x, z along-slope, slope-normal coordinates
max maximum
t turbulent
X,Y,Z width, depth, and height coordinates

1. INTRODUCTION
Planetary boundary layer (PBL) phenomena

such as slope winds and nocturnal low-level jets
(LLJ) are frequent on Mars, e.g., whenever di-
urnal surface temperature variations are significant
and large-scale winds are weak [1]. Particularly,
thermally-driven winds are very common over slop-
ing regions, may reach high speeds for steep slopes,
and govern near-surface winds in many sites. Most
of the Earth’s PBL modeling approaches are being
applied as well to the Martian PBL, including very
high-resolution large-eddy simulations (LES) [2], the
same way LES have been used on Earth [3, 4]. In
particular, numerical simulations of this type of flows
on Earth, framed in the atmospheric boundary layer
(ABL), have usually been conducted using commer-
cial computational fluid dynamics (CFD) software.
Here, the potential of OpenFOAM for simulating



slope flows on Mars is explored, following previous
investigations on OpenFOAM turbulence models and
temperature and pressure boundary conditions (BC)
and initial conditions (IC) for simulating such flows
on Earth [5, 6].

This work aims to facilitate, in the future, the
screening of large numbers of candidate landing sites
for Mars missions [7], and to estimate the thermally-
driven wind speeds for wind resource assessment.
Previous investigations report predicted surface wind
speeds of 2–10 m/s in the Mars Pathfinder (MPF)
rover site [8], 16 m/s in the Mars 2020 Persever-
ance rover site [9], and 17 m/s in Arsia Mons [1].
Wind gusts of above 30 m/s may occur on Mars [10],
and peaks of 14–19 m/s were measured in the In-
sight and Viking Lander 2 (VL2) sites [11], while
slope flow peaks of 10–15 m/s were measured in
Aeolis Mons by the Rover Environmental Monitor-
ing Station/Mars Science Laboratory (REMS/MSL)
[12], where the Mars-WRF numerical model under-
predicted the strength of daytime wind speeds by 2–
4 m/s [13]. The wind power density for winds of
20–30 m/s would be 60–203 W/m2, with the density
from NASA’s Martian atmospheric model. Hence,
the same way that solar energy has potential to be-
come an excellent source to power extended (multi-
annual) Mars missions [13], wind energy, though be-
ing not optimum for first stages of human settlements
on Mars, can become another interesting renewable
energy source in the long term or as back-up for solar
energy [11].

Slope winds in the area of Gusev Crater and
Valles Marineris were simulated in [7]. Haberle et
al. [14] developed a model for studying the winds
in the Viking Lander 1 (VL1) landing site. VL1
data include a single profile of wind and temperat-
ure from 1.5 to 4 km height, and their diurnal vari-
ations at 1.6 m above ground level (AGL). The pre-
dicted model winds were able to match the wind sur-
face data or wind vertical profiles, but not both sim-
ultaneously. The best agreement was obtained using
a slope magnitude and/or direction different from the
reported values. However, the model was able to re-
produce the shape, phase, and sense of rotation of the
surface wind hodograph at each site. These simula-
tions included nocturnal LLJ, which may be common
on Mars, and a negative feedback between the dust
and surface stress.

Martian PBL phenomena were also studied us-
ing Prandtl’s theory, a 2D mesoscale model, and VL1
data [1]. The model used turbulence and dynam-
ics schemes validated for Earth, while the radiation
and surface schemes were modified for Mars. Rel-
evant findings from this work regarding katabatic
winds are: 1) During moderate prevailing large-
scale wind: Nocturnal LLJ are similar to those on
Earth, but higher up (at 1 km), due to inertial os-
cillations after the rapid collapse of thermal turbu-
lence at sunset (and thus LLJ are expected to exist
over flat and over sloping regions), with some contri-

bution from slope winds over sloping regions (very
common on Mars): slope winds added 15–20% to
the LLJ super-geostrophy of 3 m/s in VL1. 2) Dur-
ing weak, large-scale wind: Strong, regular drainage
flows with strong vertical shear develop at nighttime
down Martian slopes, as slopes are colder than the
air, with peaks at ≈100 m height. For steep slopes,
these winds can reach high speed (e.g., 17 m/s in Ar-
sia Mons). For fixed slope angle and no geostrophic
wind, maximum drainage flow speeds are expected
at latitude 25–35◦. As regards to anabatic winds, the
typical afternoon up-slope winds are vertically ho-
mogeneous, well-mixed up to 2–3 km (during day-
time, the convective PBL grows up to 4–5 km in
the late afternoon) and weak (1–4 m/s in magnitude),
even over relatively steep, large-scale slopes [1].

The diurnal cycles of surface wind near the
MPF rover and the VL1 lander are complex, and
a good prediction requires sufficient model resolu-
tion to adequately simulate the contributing slope
flows in these regions, because, in many Martian
sites, near-surface winds are dominated by slope
flows of multiple scales. In turn, slope flows
dramatically influence the diurnal surface pressure
cycle: surface winds from the Fifth-Generation Penn
State University/National Center for Atmospheric
Research (NCAR) Mesoscale Model adapted to Mars
(MMM5) exhibit significant steering and channel-
ing, which are a result of topographical slopes and
thermally-induced flows [15].

Compared to investigations on Earth, one of the
main challenges of the proposed numerical analysis
is the widespread presence of suspended dust on
Mars. The dust modifies significantly the radiative
properties of the Martian atmosphere [8, 16, 17].
In daytime, the dust absorbs solar radiation, redu-
cing the ground insolation and thus cooling the sur-
face. At nighttime, dust infrared emission keeps the
surface warm. Hence, the dust decreases the amp-
litude of the diurnal temperature variations, without
strongly affecting the average surface temperatures.
Conversely, dust has a key effect on atmospheric tem-
perature. At sunlit latitudes, even for relatively clear
air, the atmosphere at 20 km is 30 K warmer than if it
was dust-free. The dust also enhances the horizontal
temperature gradients on Mars, and thus the Martian
atmospheric circulation [16]. OpenFOAM has been
successfully applied for making CFD analyses of tur-
bulent buoyant ABL flows [18, 19] and pollutant dis-
persion [20, 21, 22]. Therefore, it is expected that
OpenFOAM is capable of simulating how suspen-
ded dust in the Martian atmosphere affects thermally-
driven winds.

As a first step towards complex simulations of
thermally-driven winds on Mars, and in order to val-
idate the proposed methodology and the performance
of OpenFOAM CFD for these purposes, slope winds
are simulated in this work in an idealised 2D Mar-
tian mountain-valley system with realistic values of
all relevant parameters.



2. NUMERICAL SETUP
To study the generation of thermally-driven

winds during Martian diurnal cycles, OpenFOAM
free open-source CFD software is used. The de-
tails of the methodology used here (such as the gov-
erning equations, the solver used, the assumptions
made, etc.) is described in-depth in [5, 6], where
the same geometry of a 2D 20o slope with valley
was used. Among the OpenFOAM solvers for heat
transfer analysis applicable for our research, buoy-
antBoussinesqPimpleFoam was chosen, a transient
solver for buoyant, turbulent flow of incompress-
ible fluids, which uses Navier-Stokes equations with
Boussinesq approximation.

Figure 1 shows the mesh of the studied
mountain-valley configuration, with the dimensions
of the domain and the applied boundary conditions.
A mesh of 254 × 1 × 500 elements has been used,
with uniform horizontal size of around 7 m and ver-
tical size increasing from 0.11 m in the first layer on
the slope and flat part to 27.6 m near the top area.
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Figure 1. Mountain-valley geometry and mesh

To simulate the change of temperature due to the
Martian diurnal cycle, a transient temperature profile
was applied as boundary condition on the ground no-
slip walls. The whole study considers as time period
a sol (solar day on Mars, approximately 24.6 h), and
the corresponding hours within a sol (Martian hours,
hM) are represented in all figures. The temperature
profile was obtained by applying an analytical fitting
to temperatures measured at 2 m on Mars [23]:

T (t) = 220.85 + 24.43 sin (2πt/TM − π) [K] (1)

where TM = 88 775 s, giving an acceptable goodne ss
of the fitting (R2 = 0.9704). The temperature meas-

urements and corresponding fitting can be seen in
Figure 2. It is important to remark that the hours
used in this and the subsequent plots are not ter-
restrial hours but Martian hours hM , i.e., the result
of dividing a Martian sol in 24 identical time slots.
Finally, mean temperatures of the Martian surface air
are usually ≈220 K [1, 2, 8]. In his work, the mean
temperature obtained in the fitting (220.85 K) is set
as initial temperature in the computational field.
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Figure 2. Surface temperature vs time (in Mar-
tian hours) for a Martian sol: measurements at
2 m [23] and corresponding analytical fit (Eq. 1)

Apart from correctly adjusting the temperature
profile, the thermophysical and transport properties
need to be correctly defined in the OpenFOAM setup.
The most important simulation parameters are sum-
marised in Table 1.

Table 1. Simulation parameters

Parameter Value and units
µ 1.422×10−5 kg m−1 s−1

ν 1.0868 × 10−3 m2 s−1

Pr 1
Prt 3
β 4.762 × 10−3 K−1

R′ 192 J kg−1 K−1

M 0.0433 kg mol−1

cp 860 J kg−1 K−1

g 3.71 m s−2

p 800 Pa
z0 0.01 m

LES studies have mostly focused on idealised
numerical experiments on Mars PBL, and have pro-
duced plausible results with respect to the limited ob-
servations available [2]. LES distinguishes between
the large eddies in the flow, which are mainly determ-
ined by the geometry of the problem under study, and
the smaller eddies that tend to be more universal. A
filter is applied so that scales smaller than the filter
size are removed from the variables, and their effect
on the resolved scales is modelled by means of a tur-
bulence model. This is the turbulence model chosen
here, with a Smagorinsky closure [3, 24]. Open-



FOAM default model coefficients are used.
The simulation was run for 2 sols on 16 cores

(of 8 GB of DDR4-2666 ECC RAM each) of a Dual
AMD EPYCTM 7001 Series Processors. The compu-
tational time needed to run a Martian sol of simula-
tion time (887 750 time steps) is of around 5.4 days.

3. RESULTS
Figure 3 shows the along-slope flow maximum

velocity umax vs time, at different along-slope posi-
tions: 25% (SP1), 50% (SP2), and 75% (SP3) from
the mountain base. As observed in similar studies on
Earth [25], the katabatic flow (positive umax) reaches
lower along-slope velocities in absolute terms than
the anabatic flow (≈3 vs ≈6 m/s, respectively). The
order of magnitude of these values is in line with
earlier works in Martian environments [1]. In the
katabatic phase, umax is rather constant in the lower
part of the slope (SP1 and SP2), but it is ≈34% lower
in the upper slope part (SP3), as in [26]. In the ana-
batic phase, there is a clear increase in flow velo-
city when going up the slope, with umax at SP3 being
twice the one at SP1. During this phase, velocity os-
cillations with time are also present, while the kata-
batic phase results are much more regular. Finally,
note that the umax value appears to be delayed in time
from SP1 to SP3 in the katabatic phase: it occurs be-
fore the minimum temperature imposed as BC in the
bottom of the slope, and increasingly later as we go
up the slope. As for the anabatic case, the maximum
value of umax (in absolute value) is harder to identify
due to the mentioned oscillations but seems more in-
dependent (in time) of the location on the slope.

Figure 3. Maximum along-slope velocity umax

vs time (in Martian hours) at different positions
along the slope

Figures 4 and 5 respectively show the flow ve-
locity magnitude U at 3 hM (katabatic phase) and
at 18 hM (anabatic phase) of the second sol. In
the katabatic phase, a main descending flow is ob-
served on the slope, while the rest of the domain re-
mains rather still, being the obtained flow velocities
in general much lower than in the anabatic phase. In
Fig. 5, there is a main recirculation vortex confined

in the top part of the fluid domain, which should not
affect significantly the development of the anabatic
flow, as also commented in [27] and studied for sim-
ilar simulations on Earth in [5, 6]. Future simula-
tions will consider additional computational domain
heights HD to confirm this. Several minor vortexes
are also observed, explaining the velocity oscillations
observed in Fig. 3.

Figure 4. Katabatic: velocity U at 3 hM for sol2

Figure 6 shows the along-slope flow velocity u
vs time, at different slope-normal distances z, at mid-
slope. In the katabatic phase, where u is lower, it is
also remarkable that u decreases faster with z. This
is likely because the temperature difference between
the atmosphere and slope ∆T is larger in absolute
terms for the anabatic case, as it is shown in Figure 8.
Fig. 6 also shows that, for the katabatic case, umax
(≈3 m/s) is obtained right above z = 1 m, at z = 5 m,
u is only ≈1 m/s, and for z > 5 m, u is close to zero.
In the anabatic phase, again, u shows more oscilla-
tions, but it is clear that the decrease of u with z is
slower than in the katabatic phase, being u virtually
identical at z = 2.5 and 5 m, for example. This hap-
pens though the flow temperature is noticeably dif-
ferent at those z values, as seen in Figure 7, which
shows the temperature T vs time, at different slope-
normal distances at mid-slope. This figure shows that
the time evolution of T is quite similar for all values
of z, except, to some extent, for z = 2.5 m. Apart



Figure 5. Anabatic: velocity U at 18 hM for sol2

from the steep decrease of T for z from 0 to 2.5 m,
it can also be seen how the original sinusoidal tem-
perature profile (with time), imposed as BC, is lost
almost immediately. This behaviour is quite different
from the velocity profiles, which do retain a sinus-
oidal profile.

Figure 6. Along-slope velocity u vs time (in Mar-
tian hours) at different z-distances at mid-slope

Figures 8 and 9 show the along-slope velocity
u and temperature difference ∆T as functions of the
slope-normal distance z, at three positions along the
slope (SP1, SP2, and SP3), for the katabatic (at 3 hM)

Figure 7. Temperature T vs time (in Martian
hours) at different z-distances at mid-slope

and anabatic (at 18 hM) cases for sol2. For the kata-
batic case, though all ∆T profiles are quite similar up
to z = 5 m (showing the already observed steep de-
crease of T ), the steepest ∆T profile at SP3 leads to a
quite lower u profile. As also seen in Fig. 3, velocity
profiles at SP1 and SP2 are very similar, especially
at low values of z. For z > 5 m, the profiles of u and
∆T at SP2 and SP3 become very similar, while the
profiles at SP1 show significant discrepancies, par-
ticularly in ∆T , which might be due to the effect of
the flat valley at the bottom of the slope. To be able to
ascertain this, future work will study the influence of
different valley widths on the results. However, this
does not mean that the results presented here-in are
not valid, given that the studied geometry may per-
fectly correspond to real geometries, as valleys with
many different widths can be found on Mars. For the
anabatic flow, it can be seen that, on the one hand,
the temperature decreases more slowly at SP3 than at
SP1 and SP2, leading to higher values of u for z > 2
m, and the peak position (i.e., the position of umax)
rising to higher slope-normal distances. On the other
hand, the slope-normal profiles of u and ∆T are very
similar at SP1 and SP2.
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Figure 8. Katabatic: along-slope velocity u and
∆T profiles vs z-distance at 3 hM for sol2
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Figure 9. Anabatic: along-slope velocity u and ∆T
profiles vs z-distance at 18 hM for sol2

4. CONCLUSIONS
This work presents a preliminary study of nu-

merical simulations performed with OpenFOAM,
which proves its validity for generating slope winds
in a Martian environment. The obtained velocity val-
ues are in line with previous investigations, showing
higher magnitudes of the along-slope velocity in the
anabatic case than in the katabatic one. The temper-
ature gradient decreases rapidly from the ground, and
thus the most significant along-slope flow velocities
are basically observed just below slope-normal dis-
tances of 5 and 10 m for the katabatic and anabatic
phases, respectively. The position along the slope
also shows distinct effects on the flow velocity in the
katabatic and anabatic phases.

Future work will compare LES with RANS tur-
bulence models (such as k–ε, very common for sim-
ulating ABL flows on Earth [28]), and validate the
choice of domain height and mesh size (depending
on the chosen turbulence models). In a further step,
interaction between geostrophic wind and slope wind
may be simulated to study the influence of the geo-
strophic wind on the total generated wind. Finally,
the effect of the Martian dust may be included into
the simulations. This, considering realistic Martian
geometries, could help assessing the possibility of
using wind energy as an additional source to solar
energy during long-term Martian missions.
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