Intense fine-scale meteorology on Mars
described through simulations with a new mesoscale model
based on WRF dynamical core and LMD Martian physics.
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1 Introduction

Recent missions to Mars yielded unprecedented views of
the Red Planet. Since the 1990’s, high-resolution mea-
surements carried out by the instruments onboard Mars
Global Surveyor, Mars Express and Mars Reconnaisance
Orbiter revealed the diversity of the Martian meteoro-
logical phenomena at various horizontal scales below
100 kilometers: fronts, slope winds, gravity waves, dust
storms, dust devils... Combining modeling to data analy-
sis appears necessary to fully understand the atmospheric
physics and dynamics underlying the results of in-situ
or orbital Martian exploration. The need to complement
Martian global circulation models (GCM) with numeri-
cal tools able to resolve atmospheric dynamics from the
meso-scale (100-1 km) to the micro-scale (< 1 km, where
larger turbulent eddies are computed by the model) is thus
critical.

2 Model description

Three-dimensional Martian mesoscale models were built
by coupling state-of-the-art terrestrial regional climate
models with physical parameterizations of the Martian
environment initially developed for the Martian GCMs
[7, 15]. This report details results of a novel Martian
mesoscale model based on WRF and developed at the
Laboratoire de Météorologie Dynamique (LMD). This is
an independent effort compared to the PlanetWRF model
[8], more focused on large-scale applications.

The model combines the NCEP-NCAR fully com-
pressible nonhydrostatic ARW-WRF dynamical core [9],
adapted to Mars (planetary constants, calendar, no
ocean...), with the ”state-of-the-art” physical parame-
terizations developed since the early 90s in the LMD
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Figure 1: The ability of the model to transport tracers at regional
scales is exemplified by model’s prediction for the altitude of the Tharsis
topographical water ice clouds in the afternoon. Small plot Mars Orbiter
Camera image of Olympus Mons taken in 2002. Main plot Longitude-
altitude cross-section of water mass mixing ratio in a 20 km Martian
mesoscale simulation over the Olympus Mons volcano in summer; water

vapor is shaded, water ice is contoured, wind vectors are superimposed.

Martian GCM by [2]: radiative transfer with CO2 and
dust; turbulent diffusion; soil model; water and CO,
ice clouds model; dust sedimentation and lifting; mi-
crophysics and chemistry. Surface static data (topogra-
phy, thermal inertia, albedo) in the mesoscale domain
are extracted from maps derived from recent spacecraft
measurements (mostly Mars Global Surveyor datasets).
LMD-GCM results are used every Martian hour to con-
strain the mesoscale model at the domain boundaries, in
order to correctly account for strong impact of Martian
thermal tides on near-surface meteorology. The use of
the same Martian physical parameterizations both in the
mesoscale model, and in the GCM that is providing initial
and boundary conditions to the mesoscale model, ensures
a high level of downscaling consistency. Invoking physi-



cal packages often with respect to the dynamical compu-
tations was found to be necessary to accurately account
for near-surface friction effects where the wind acceler-
ation is particularly high, typically in regions of strong
Martian topographically-driven circulation. To define the
initial state and the atmosphere at the domain boundaries,
a specific “hybrid” vertical interpolation from the coarse-
resolution GCM fields to the high-resolution mesoscale
domain is used to ensure the stability and the physical rel-
evancy of the simulations. A crude extrapolation of the
near-surface GCM fields to the mesoscale levels, usually
acceptable for terrestrial applications, cannot be used on
Mars where, owing to the low density and heat capacity
of the Martian atmosphere, terrain-following behavior is
observed for near-surface temperature.

Characteristics and test simulations with the model
are described in [11]. Used in synoptic-scale mode
with cyclic domain wrapped around the planet, the LMD
Mesoscale Model correctly replicates the main large-scale
thermal structure and the zonally-propagating waves. The
model diagnostics of near-surface pressure, wind and tem-
perature daily cycles in Chryse Planitia are in accordance
with the Viking and Pathfinder measurements. The abil-
ity of the model to transport tracers at regional scales is
exemplified by model’s prediction for the altitude of the
Tharsis topographical water ice clouds in the afternoon
(Figure 1).

3 Regional variability in boundary
layer convection

Our mesoscale model can be used at high resolution (;
100m grid spacing) in Large-Eddy Simulations. In ideal-
ized conditions simulating an infinite flat plain, turbulent
motions responsible for boundary layer mixing in after-
noon convective conditions are resolved. Those simula-
tions are useful to describe the mixing layer growth dur-
ing the afternoon and the associated dynamics [14, 5] :
convective motions, overlying gravity waves and numer-
ous dust devil-like vortices (Figure 2). Recently, mix-
ing layer depths in various Martian regions were deter-
mined through Mars Express radio-occultations [3]. In
low latitudes, the Martian convective boundary layer ap-
peared to extend at higher altitudes over high plateaus
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Figure 2: Large-Eddy Simulations are useful to describe the mixing
layer growth during the afternoon and the associated dynamics: con-
vective motions, overlying gravity waves and numerous dust devil-like
vortices which appear at the intersection of simulated polygonal cells.
Top plots Vertical velocity horizontal section 1.2 km above the surface
at local time 15:00, showing the entire simulation domain (horizontal
resolution is 100 m) and enhanced view of a particular vortical structure
with superimposed horizontal wind vectors, as well as contours corre-
sponding to the surface pressure (negative) perturbation. Bottom plot
Mars Orbiter Camera image of a dust devil in the Mela Chasma region
taken in 1999.

than in lower plains despite similar surface temperatures.
Through Large-Eddy Simulations (Figure 3), it is possible
to relate such behaviour with the dominant radiative forc-
ings of the Martian boundary layer [12]. Mars appears
in striking contrast with terrestrial arid conditions where
sensible heat flux dominates [10]. New scaling laws must
be built for the Martian example to account for the turbu-
lent heat flux not being maxi-mum near the surface but a



few hundreds meters above it.
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Figure 3: Recently, mixing layer depths in various Martian regions
were determined through Mars Express radio-occultations. In low lat-
itudes, the Martian convective boundary layer appeared to extend at
higher altitudes over high plateaus than in lower plains despite similar
surface temperatures, a behaviour which is reproduced by Large-Eddy
Simulations including radiative transfer. Top plots Topographical map of
the Amazonis/Tharsis region and vertical profiles of potential tempera-
ture obtained through radio-occultations on board Mars Express orbiter.
Bottom plots Horizontal/vertical section of vertical velocity (arbitrary
units) showing 50 m LES predictions of mixing layer heights.

4 Powerful slope winds and thermal
impact

Our mesoscale model is a suitable tool to describe cir-
culations in the vicinity of Martian topographical obsta-
cles. Novel diagnostics can be derived, such that the fact
that nighttime surface temperature over slopes is strongly
influenced by mesoscale atmospheric dynamics. An al-

ternate explanation can thus be proposed to account for
the 15-20 K surface warmings over the slopes of Olym-
pus Mons observed by Thermal Emission Spectrometer
(hitherto believed to be mostly caused by contrasts of
surface thermophysical properties, i.e. thermal inertia).
Observed nighttime warmings around Olympus Mons are
qualitatively and quantitatively reproduced in dedicated
mesoscale simulations with uniform surface thermophys-
ical properties (Figure 4). Strong katabatic winds blowing
over Olympus slopes warm the atmosphere through com-
pressional heating and enhance sensible heat flux (usu-
ally low on Mars) which in turn warms the surface [13].
This phenomenon have strong implications for meteorol-
ogy and geology: 1. surface temperature measurements
might be used to validate predicted slope winds; 2. re-
trievals of thermal inertia from orbit are impacted over
Martian slopes (and not only over Olympus Mons, but
also e.g. over low-inertia cratered terrains like Meridiani
Terra); 3. slope winds on Mars have a thermal influence
on the surface in addition to aeolian erosional effects.

5 The need to explore gravity wave
activity

Our mesoscale model is useful to assess Martian dynam-
ical effects unresolved by global circulation models, de-
spite being crucial in controlling large-scale circulations.
This is the case for gravity waves. Seldom observations
are available, but observational clues are building up as
new missions operate on Mars. For instance, new obser-
vations of fluctuations in the 1.27 microns Oy dayglow
emission obtained through Mars Express/OMEGA imag-
ing spectrometry are reminiscent of gravity wave activ-
ity [1]. This provides important information to constrain
gravity wave activity predicted through mesoscale mod-
elling, which appears in reasonable agreement with those
observations. Investigating gravity waves through fine-
scale modelling is an important task to determine forc-
ings caused in the higher atmosphere by their propaga-
tion and breaking (and to improve their parameterization
in coarser-resolution models). In a different topic, grav-
ity wave might be key to trigger the formation of high-
altitude CO; clouds, some of which having a possible
convective origin that remains to be found [4].
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Figure 4:

face warmings over the slopes of Olympus Mons observed by thermal

Mesoscale modeling show that 15-20 K nighttime sur-

infrared spectrometry, hitherto believed to be related to thermal iner-
tia contrasts, are caused by powerful katabatic circulations. Top plot
Mesoscale model predictions of horizontal wind and surface tempera-
ture over the Olympus Mons volcano in northern fall nighttime condi-
tions (predictions for surface temperature are in close agreement with
observations of thermal infrared spectrometry despite an assumed uni-
form thermal inertia in the simulations). Bottom plot Apparent thermal
inertia retrievals based on surface temperature measurements obtained
through infrared spectrometry (dataset described in [6]).

6 Perspectives

Not only the Martian experience would be helpful to pre-
pare future robotic and human exploration of this environ-
ment, to yield further comparative planetology elements
with the Earth, but it will path the way for studies of small
scales processes on other planetary environments such as
Titan, Venus, giant planets, ...
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