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Introduction:  The  exploration  of  Mars  has  re-
vealed  a  planet  with  a  complex  geological  history,
which  underwent  diverse  climatic  conditions.  Varia-
tions of orbital parameters, in particular obliquity, are
known to drive the planet climate. Compared to Earth,
Mars shows large changes of obliquity [1], between 0°
and 60°, which suggest deep impact on its climate. Un-
derstanding the evolution of Mars climate is crucial to
determine its past habitability and to explain the mech-
anisms behind the geomorphological  features  we ob-
serve today. In particular,  we focus on reservoirs re-
lated to Mars climate change between humid/hot and
arid/cold periods such as the polar deposits. 

To address  this issue, we aim to simulate with a
time marching  model  the  climates  that  characterized
Mars throughout its history. Up to now, Mars climate
simulations  in  3D based  on  Global  Climate  Models
(GCM) are able to simulate many processes convinc-
ingly but are so time-consuming that it is impossible to
consider  simulating  thousands  of  years.  Moreover,
they rely on prescribed reservoirs (glaciers, sub-surface
ice)  whose initialization  may lead to  unrealistic  out-
comes. GCM are also often unable to follow a change
of obliquity smoothly. We propose a novel numerical
climate evolution model,  called the Planetary Evolu-
tion Model (PEM). Its core idea is to extrapolate cli-
mate tendencies over extended periods.

Our particular interest is focused on the polar lay-
ered deposits which archive Mars climate changes for
the last millions years [2]. The layers differ in compo-
sition which can give clues about the climatic condi-
tions of their formation [3,4]. The PEM aims to pro-
vide a comprehensive model able to reproduce the lay-
ering processes and to simulate the deposits observed
on Mars.

The  Planetary  Evolution  Model  (PEM): The
GCM we use  is  the  Mars  Planetary  Climate  Model
(PCM) [5].  Long-term simulations  of  Mars  past  cli-
mates with the PCM are difficult  and costly since it
models  precisely  various  processes  from  short
timescale, like cloud microphysics, to long timescale,
like evolution of glaciers.  The PEM focuses on long
variations  of  Mars  reservoirs  while  bypassing  their
sub-year  variability.  This  is  an  asynchronous  model
based on two principles. First, the algorithm makes the
reservoirs  evolve  according  to  tendencies  computed
from two years simulated by a Global Climate Model

(GCM). It also makes subsequent adaptations for some
climatic  variables.  Second,  the  evolution  algorithm
ends when one of the stopping criteria is met. Then,
based on the state  provided by the PEM, two GCM
years are computed to update the tendencies on which
the PEM can get going again.

The PEM algorithm can be used in two ways. First,
it can provide a steady state for given conditions such
as specific orbital configuration or reservoir initializa-
tion.  Second,  it  can  perform  transient  Mars  climate
simulations following an external  forcing like orbital
configurations.

The PEM takes into account several kind of surface
and sub-surface reservoirs and  makes them evolve ac-
cording to physical processes.

Condensation/sublimation  of  CO2/H2O  glaciers.
The tendency for evolution of surface ice is computed
locally from the difference between the minima of two
successive PCM years which accounts only for inter-
annual perennial ice. Moreover, it is assumed that wa-
ter  coming from sublimating reservoirs  goes directly
into condensing reservoirs. At the PEM timescale, the
atmosphere is not considered as a water reservoir and
thus humidity is assumed to be constant.

Flow of CO2 and H2O glaciers.  A statistical sub-
grid slope parametrization [6] allows to represent the
physical difference induced by the North-South orien-
tation of the different possible slopes. It also enables
the accumulating ice to flow between sub-slopes if a
critical thickness is exceeded.

Evolution  of  subsurface  H2O  ice.  The  ice  table
depth  is  set  according  to  a  criterion  computed  from
yearly-averaged  PCM results.  Its  position is  updated
each year to reach its equilibrium depth.

Evolution of soil properties. The PEM bare subsur-
face is divided into three soils: a 10 m-thick regolith, a
1 km-thick breccia and then rock. The thermal proper-
ties of the two first soils are adapted according to pres-
sure changes and the presence of pore-filling ice. Only
the yearly-averaged part of the subsurface temperature
profile is updated by the PEM.

Adsorption/desorption of CO2/H2O. The amount of
adsorbed CO2/H2O [7] is  in equilibrium with the at-
mosphere.
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In addition, the PEM performs several subsequent
adaptations based on the above models and assump-
tions. Notably, as the Mars atmosphere is mainly com-
posed of CO2, the evolution of the different CO2 reser-
voirs is modifying the surface pressure by mass con-
servation. The volume mixing ratio of tracers is scaled
accordingly.  Thus, the CO2 tendencies obtained from
the PCM are corrected. Moreover, surface temperature
has to be adapted according to appearance/disappear-
ance of ice on the surface.

The PEM algorithm holds several stopping criteria
which account the magnitude of climate change with
factors  like  surface  ice  sublimation,  global  average
pressure  and  orbital  variations.  They ensure  that  the
extrapolation remains within reasonable bounds. When
it stops, the PEM new climate state is used to compute
two new PCM years to calculate the new tendencies
for the next PEM call. This cycle between PEM and
PCM calls goes on until the targeted duration is met.

Layered deposits: The deposits are composed of
layers formed at different climatic conditions spanning
over extended periods of time. Ice can condensate and
may include dust.  Observations show that  in the icy
layers there is a dust fraction of up to 10%. When ice
sublimates,  it  leaves  behind  the  dust  to  create  a  lag
layer. In addition, the interplay between CO2  and H2O
points of condensation/sublimation produce a various
range of situations. For example, H2O can act as a lag
layer at the surface of CO2 glaciers as seen in observa-
tions in the South polar layered deposits and modeled
by Bhuler et al. [8].

The PEM tracks and stores the layers. This allows
to manage easily and dynamically the formation/disap-
pearance of a layer anywhere in the deposit. Changes
of a layer composition are done easily by working with
properties expressed in volume content. The structure
is updated in the PEM according to the same input ten-
dencies used for CO2/H2O glaciers.

Perspectives:  By bridging the gap between short-
term GCM simulations and long-term climate dynam-
ics, the PEM represents a new tool to investigate Mars
past climates and to understand the formation of today
landforms  like  the  polar  layered  deposits.  Ongoing
works aim at developing more realistic models for the
PEM such as dynamic subsurface ice and simulation of
climate  evolution  due  to  orbital  parameters  change
such as a descent of obliquity. If the PEM is used for
Amazonian studies, simulation of early Mars with fo-
cus on the hydrology (lakes, river systems) is also un-
derway.
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