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Introduction:  On the basis of geological evi-

dence, it is often stated that the early Martian climate 
was warm enough for liquid water to flow on the sur-
face thanks to the greenhouse effect of a thick atmos-
phere.  

The simplest hypothesis is to assume a CO2 atmos-
phere thicker than today. How thick such an atmos-
phere could have been is not clear. The primordial CO2 
atmosphere is though to have escaped very early [1], 
and  the amount of CO2 which could have been de-
gassed later may have not exceed several hundreds of 
millibars [2]. One must also explained what happened 
to this atmosphere (the most recent estimations of the 
amount of CO2 lost to space in the past 3.5 Gyr are 
below a few hundreds of millibars [3]). 

Nevertheless, since the 1980s, many studies have 
been performed to characterize the possible climate on 
early Mars assuming a CO2 atmosphere up to several 
bars, and taking into account the fact that the Sun's 
luminosity at 3.8 Ga was most likely 75% of its 
present value [e.g. 4-8]. Such a characterization has 
been challenging however, because of the complex 
CO2 gas spectroscopy, the formation of CO2 and H2O 
clouds in the atmosphere, and the four-dimensional 
aspects of a planetary climate (most of these studies 
were performed using one-dimensional radiative con-
vective models). As a result, previous work had found 
contradictory answers to the apparently simple ques-
tion ``what is the climate on a Mars-like planet with a 
thick CO2 atmosphere and a faint young sun?''  [Pol-
lack et al. 1987, Kasting et al. 1991, Forget and Pierre-
humbert, 1997, Mischna et al. 2000, Colaprete and 
Toon, 2003].  

By using a complete 3D GCM, revised spectrocop-
ic properties for CO2 , and by systematically exploring 
the model sensitivity to the possible surface pressures, 
cloud microphysic properties, obliquity and orbital 
properties, atmospheric dust loading and model resolu-
tion, we have tried to provide an improved answer to 
the question. We have then included a complete water 
cycle with clouds and precipitations, and modeled the 
evolution of water and ice on the surface.  

 
Temperatures and CO2 ice clouds and caps un-

der a dense CO2 atmosphere. 
We performed “early Martian climate” simulations 

assuming a faint young sun and a CO2 atmosphere 
with surface pressure between 0.1 and 7 bars. The 
model includes a detailed radiative transfer model us-

ing revised CO2 gas collision induced absorption prop-
erties [9], and a parameterisation of the CO2 ice cloud 
microphysics and radiative properties. A wide range of 
possible climates is explored by using various various 
values of obliquities, orbital parameters, cloud micro-
physic parameters, atmospheric dust loading, and sur-
face properties.  

Many dynamical, meteorological and climatic phe-
nomenons are observed in the simulations. Unlike on 
present day Mars, and more like on the Earth, for pres-
sure higher that a fraction of bar, surface temperatures 
varies with altitude because of the adiabatic cooling 
and warming of the atmosphere when it moves verti-
cally. In most simulations, CO2 ice clouds cover a ma-
jor part of the planet but not all. Their behaviour is 
controlled by a combination of global circulation as-
cent and descent of air, stationary and travelling 
waves, and resolved gravity waves related to the topo-
graphy.  

The formation of CO2 ice seasonal or perrenial de-
posits is also a key process in the climates that we have 
explored. In particular, atmospheric collapse in perma-
nent CO2 ice caps could have buffered the thickness of 
the early Mars atmosphere to pressure lower than 
about 3 bar (in the unlikely case that enough CO2 was 
availabe). Conversely at pressure lower than a one bar, 
we find that if the obliquity is lower than a threshold 
value between about  10° and 30° (depending of the 
initial pressure), a part of the atmosphere may be 
trapped in the high latitudes, as on Mars today. How-
ever, to properly simulate an equilibrated atmosphere 
with permanent CO2 ice cap system, it would also be 
necessary to take into account the ability of CO2 ice 
glaciers to flow and spread, and probably include the 
effect of slopes and roughness.  

Our most striking results is that no combination of 
parameters can yield surface temperatures consistent 
with the melting and flow of liquid water as suggested 
by the available geological evidences on early Mars. 
Previous studies had suggested that CO2 ice clouds 
could have strongly warmed the planet thanks to their 
scattering grenhouse effect. However, even assuming 
optimal pressure and microphysic parameter, the mean 
cloud warming remains lower than 15 K because of 
the partial cloud coverage and the limited cloud optical 
depth. We conclude that a CO2 atmosphere could not 
have raised the annual mean temperatures above 0°C 
anywhere on the planet. Summertime diurnal mean 
surface temperatures above 0°C (a conditions which 
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could have allowed rivers and lakes to form) are pre-
dicted for obliquity larger than 40° at high latitudes but 
not in locations where most valley networks or layered 
sedimentary units are observed.  

 
Early Mars Water cycle under a dense CO2 at-

mosphere and ice evolution. 
We include a self-consistent representation of the 

water cycle, with atmosphere-surface interactions, at-
mospheric transport, and the radiative effects of CO2 
and H2O gas and clouds taken into account. Water 
vapor enhance the atmospheric greenhouse effect, but 
only by a few kelvins.  As mentioned above, for at-
mospheric pressures greater than a fraction of a bar, 
the adiabatic cooling effect causes temperatures in the 
southern highland valley network regions to fall signif-
icantly below the global average. Long-term climate 
evolution simulations indicate that in these circums-
tances, water ice is transported to the highlands from 
low-lying regions for a wide range of orbital obliqui-
ties, regardless of the extent of the Tharsis bulge. In 
addition, an extended water ice cap forms on the 
southern pole, approximately corresponding to the 
location of the Noachian / Hesperian era Dorsa Argen-
tea Formation (DAF).  

Even for a multiple-bar CO2 atmosphere, condi-
tions in these regions are too cold to allow long-term 
surface liquid water. Limited melting occurs on warm 
summer days in some locations, but only for optimal 
surface albedo and thermal inertia conditions which 
may not be realistic for water ice. 

 
Solving the early Mars enigma. 
Other greenhouse gases ? 
Could supplemental trace greenhouse gases boost 

the greenhouse power of a pure CO2 (and H2O) atmos-
phere ? Past studies have notably explored the effects 
of sulfur dioxide (SO2), hydrogen sulfide (H2S), me-
thane (CH4), and ammonia (NH3) [10-14]. It is usually 
found that special circumstances are required  for them 
to play a significant role in warming the surface of 
Mars to the melting point of liquid water. No model 
has been published that convincingly demonstrates a 
gaseous greenhouse can solve the faint young sun 
problem for early Mars. However, further work is re-
quired, and we plan to explore the radiative effect and 
the chemical cycle of these gases in our GCM, starting 
with the sulfur cycle.  

 
A cold early Mars warmed episodically and local-

ly ? 
If Mars was as icy as suggested by our climate 

model, meteorite impacts and, potentially, volcanism 
and geothermal heating, could potentially cause peri-

odic melting and runoff, especially with a thicker at-
mosphere to allow water to flow for long distances 
across the surface. Furthermore, the ice migration to 
higher altitudes predicted by our model could provide 
a robust mechanism for recharging highland water 
sources after such events. In the absence of other 
warming mechanisms, our climate model results are 
thus consistent with a globally sub-zero, `icy high-
lands' scenario for the Noachian climate in which 
many of the fluvial geology could be ewplained with-
out the need to invoke additional long-term warming 
mechanisms or an early warm, wet Mars. 

Two articles detailing this work are in preparation 
for Icarus [15, 16] 
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