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N Abstract
t)‘ On the basis of geological evidence, it is often stated thagarly martian climate was warm enough for liquid water dav
on the surface thanks to the greenhouseat of a thick atmosphere. We present 3D global climate sitraris of the early
martian climate performed assuming a faint young sun and agd®osphere with surface pressure between 0.1 and 7 bars. The
model includes a detailed representation of radiativestearusing revised Cggas collision induced absorption properties, and
a parameterisation of CO2 ice cloud microphysical and tagigroperties. A wide range of possible climates is exgdionsing
~—— Vvarious values of obliguities, orbital parameters, cloudrophysic parameters, atmospheric dust loading, andseifroperties.
(L. Unlike on present-day Mars, for pressures higher than didraof a bar surface temperatures vary with altitude beeais
||| |adiabatic cooling warming of the atmosphere. In most simulations,,G€ clouds cover a major part of the planet. Previous
studies suggested that they could have warmed the plandtgha their scattering greenhouseeet. However, even assuming
parameters that maximize thisect, it does not exceetll5 K. Combined with the revised GGpectroscopy and the impact of
g,l surface CQ ice on the planetary albedo, we nd that a €&tmosphere could not have raised the annual mean tempesdtove
O |0 C anywhere on the planet. The collapse of the atmospherpéntoanent Cice caps is predicted for pressures higher than 3 bar,
4= or conversely at pressure lower than one bar if the obligsitgw enough. Summertime diurnal mean surface tempersmabeve
0 C (a condition which could have allowed rivers and lakes tonfoare predicted for obliquity larger than 48t high latitudes
but not in locations where most valley networks or layeredireentary units are observed. In the absence of other wagrmin
mechanisms, our climate model results are thus consisiénawold early Mars scenario in which non climatic mechargsnust
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«— |occur to explain the evidence for liquid water. In a comparpaper by Wordsworth et al., we simulate the hydrologicalewpn
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such a planet and discuss how this could have happened indetai:
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8 1. Introduction 2010) and chloride (Osterloo et al., 2008).

A\l . All these observations have provided a wealth of infornmratio

Spacecraﬁ senF to Mars in regent years have.r.evealed N€%bout early Mars. In particular, they suggest that the condi
, .+ |8vidence suggesu_ng that the environmental cpnd!tlonsady € tions strongly varied throughout the Noachian and Hesperia
= |Mars were very dierent than those today, with liquid water

= . h ; t least episodicallv. G hol era. Nevertheless, we still do not know if the conditiong-sui
>< owing on the surlace at ieast episodically. 5eomorpholog-yp, e ¢4 liquid water were stable on long timescales, oréfyth
« |ical evidence of past water ow in ancient terrains includes

) . - were the consequence of episodic, possibly catastropaitgv
(G valley networl§s (rem_nant of widespread uwgl a.Ct'V'ty).fm’ What is clear is that the conditions which allowed such exten
%996)’ extensive se_dlmentary layered deposits ('”C'”"‘“_@' sive alteration by liquid water occurred early in the higtof
like landforms)(Malin and Edgett, 2000, 2003) and erosata r Mars and not later. In particular, the fact that some alignat
much higher than today @cting the most ancient landforms inerals can still be observed toéay although they fornesd s
(Craddock and Maxwell, 1993). Satellite remote sensing am‘inral billion years ago and are easily’transformed into othar

in-situ analysis of the surface mineralogy have also regkal terials by, e.g., diagenesis, suggests that water has tegn v

the local presence of minerals that require liquid watettier limited or; the r,nartian surfz;ce from soon after their formati

formation: clayphyllosilicates (Poulet et al. 2005, Bibring et until today (Tosca and Knoll, 2009)). Similarly the majgritf

al. 2006, Ehlmann et al. 2_011)_’ _sulfates (Gendrin et al. 200qhe valley networks are found almost exclusively in the high

Squyres et al. 2004), opaline silica (Squyres et al. 200_8), C cratered ancient southern highlands, which date back fham t

bonate (Ehlmann et al. 2008, Boynton et al. 2009, Morris.et alend of the heavy bombardment period some 3.5-3.8 Gyr ago
(Fasset and Head, 2008).

Corresponding author. E-mail: forget@Imd.jussieu.fr Although the role of hydrothermalism (resulting from vol-
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canism or impacts) with respect to atmospheric induced prowith the same model, Forget and Pierrehumbert (1997) later
cesses is not clear, climate conditions were certainlyedint  showed that the inclusion of the G@e cloud radiative eect at
on early Mars. It is possible that the atmosphere could havboth solar and thermal infrared wavelengths led to a net warm
been thicker than today, providing an environment more suiting of the surface rather than a cooling. Indeed, assumiaig th
able for liquid water thanks to a surface pressure well atioee the CQ ice cloud particles are larger than a few micrometers,
triple point of water, and possibly a greenhousee capable they can readily scatter infrared radiation and re ect ourtg
of warming the surface closer to the melting points &.0n  thermal radiation back to the surface. The resulting wagmin
analogy with Earth and Venus, even after taking into accouné ect more than compensates for the albedo increase due to
the di erences in size, it can be estimated that the initial inthe clouds. These calculations were later con rmed by Mis-
ventory of volatiles on Mars included at least several bdrs ochna et al. (2000), who used a more sophisticated and aecurat
atmospheric gases, mostly gee Haberle et al. 1998). On 1-D radiative-convective transfer model based on coredl&t
this basis, since the 1980s many studies have been perféomeddistribution methods. They noted that €@e clouds could
characterize the possible climate on early Mars assumir@a C also cool the surface if they are low and optically thick, and-
atmosphere thicker than today, and taking into accountatie f cluded that “estimating the actual ect of CQ clouds on early
that according to stellar evolution models the Sun's lumeityo  martian climate will require three-dimensional models imieth
at 3.8 Ga was 75% of its present value (e.g., Gough, 1981). Akloud location, height, and optical depth, as well as serfam-
most all of these studies were performed using one-dimeakio perature and pressure, are determined self-consistemigy-
(1-D) radiative convective models (see Secfibn 2). Charact ertheless, the physics of carbon dioxide clouds in a dense CO
zation has been challenging however, because of the completmosphere was further explored by Colaprete and Toon {2003
CO;, gas spectroscopy, the likely formation of €@e clouds  still using a 1-D atmospheric model, but including a detiile
in the atmosphere, and the four-dimensional aspects obplanmicrophysical cloud model. They took into account labomato
tary climate. The primary goal of the present paper is to tgpda studies by Glandorf et al. (2002) showing that high criteal
these calculations using a full 3-D climate model includang persaturations are required for g@loud particle nucleation
parameterization of C&ice clouds and state of the art spectro- and that surface kinetic growth is not limited. Under such-co
scopic data. In a companion paper (Wordsworth et al., 2012jitions, Colaprete and Toon (2003) predicted large carlmad
we extend these calculations by including a model of the poside ice particles with radii greater than 50fh, and thus low
sible water cycle that takes into account the radiativeats of  cloud opacities. Because of this, and because of the warming
water vapor and clouds, and can predict precipitation aed thof the atmosphere associated with cloud formation, they est
formation of lakes and glaciers on early Mars. To start with, mated that the greenhouseset of CGQ clouds would probably
Section 2 an13 we review previous work on modelling earlybe limited to 5-10 K surface warming.
Mars climate, and brie y discuss the possible early Mars at- All these studies took into account the radiativeet of CQ
mosphere composition and thickness. Sedfion 4 descriltes oand water vapor. Postawko and Kuhn (1986) also explored the
Global Climate Model (GCM). The simulated climates for var- possible greenhouse ect of SQ. Yung et al. (1997) resumed
ious pressures, cloud microphysics parameters, obligaity  this investigation, and studied the radiativeset of a very small
ues, orbital parameters, and possible atmospheric dudinpa amount (0.1 ppmv) of S©in a 2 bar CQ atmosphere in a 1D
scenarios are analysed in Sectidn 5. Finally, in Se¢fiones, wmodel. They showed that it would raise the temperature of the
discuss and summarise our results. middle atmosphere by approximately 10 K, so that the upper at
mosphere would globally remain above the condensation tem-
perature of CQ. Exploration of the impact of SOwas further
motivated by the discovery of sulfate sediments in Mars' an-
The climate modelling studies of early Mars performed be-cient terrains (Gendrin et al. 2005, Squyres et al. 2005%sWall
fore 1998 are reviewed in detail in Haberle (1998). By the encet al. 2007). Johnson et al. (2008) investigated the impact
of the 1980s, the paradigm for early Martian climate was thaseof larger amount of sulfur volatiles ¢$ and S@ mixing ra-
on the results of Pollack et al. (1987). Using a 1-D radiativetios of 1 to 1000 ppmv) in a martian atmosphere of 50 and
convective model, they had shown that a 5-bar gaseoysa>O 500 mbar of CQ (with H,O). For this purpose they used the
mosphere would raise the global mean surface temperature 8 Mars Weather Research and Forecasting (MarsWRF) GCM
0 C, allowing “warm and wet” conditions (though large, 5 bars (Richardson et al., 2007). Their control simulations, aehd
of CO, was still consistent with contempory estimates of thewith a pure CQ atmosphere or with CO+ H,O (but neglecting
available inventory). This scenario was later challengbénv the radiative eects of CQ clouds or BO clouds) are of inter-
Kasting (1991) published his reanalysis of the Pollack et alestin the present paper for comparison. Calculations padd
(1987) greenhouse calculations. Kasting used the samelmodcluding the sulfur volatile in uxes suggested that thgsses
but took into account the fact that at higher pressures €@  could have been responsible for greenhouse warming up to 25 K
condense in the middle atmosphere. This seriously deceasabove that caused by GOHowever, Tian et al. (2010) showed
the greenhouse ect because of the latent heat warming ofthat such large amounts of $@ould inevitably lead to the for-
the middle atmosphere. Furthermore Kasting suggested thatation of sulfate and large reduced sulfur aerosods. (Shey
the resulting CQ ice clouds would probably raise the plane- concluded that these aerosols would have raised the ptgneta
tary albedo and further cool the planet. However, still vilmgk  albedo and that the resulting cooling would more than owgtvei
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2. Previous Modelling Studies



the gaseous greenhousecet. In spite of these studies, if one assumes that more than one

In this paper, we do not include the ect of sulfur volatiles  bar of atmospheric COwas present during the Noachian era,
or aerosols. Our goal is to investigate the details of the cliwhere did it go? Estimating the amount of atmosphere that
mate induced by a Catmosphere as simulated by a 3D GCM could have escaped to space in the last 4 Gyr iscdit be-
in which CG, cloud location, height, and optical depth, as cause many dierent processes may have been involved, in-
well as surface temperature and pressure, are determitied secluding photochemical escape, ions dragged by the solat win
consistently for the rst time. In comparison to the prevdou eld, sputtering, and impact erosion (Chasse ere and Labla
studies mentioned above, we also bene t from an improved pa2004). Up to now, only the present-day Mars ion loss by solar
rameterization of the collision-induced absorption of Qfn-  wind interaction has been measured, and found to be very smal
portant for pressure larger than a fraction of a bar) thataweeh  (Barabash et al., 2007). The possible loss of volatilesltiagu
developed for this project, as described in Wordsworth et alfrom large impacts (Melosh and Vickery 1989) is also dult
(2010) (see details in Section#.2). To calculate the goflis  to model and constrain, but recent studies suggest thatst mu
induced opacity in a C@atmosphere, all the studies mentionedhave been small (Pham et al., 2011). Altogether, the most re-
above relied without modi cation on a parameterizatiorgéri  cent estimations of the amount of @@st to space in the past
nally derived for the Venus atmosphere by James Pollack (PoB.5 Gyr are below a few hundreds of millibars (Leblanc and
lack et al., 1980; see detailed descriptionin Kasting €1@84).  Johnson, 2002, Lammer et al. 2008, 2010).

It was based on the measurements of Ho et al. (1971) from Alternatively, one classical hypothesis is to assume tst,

7 to 250 cm?, and on a simple parameterization of collision on Earth, large amounts of GQ&ould be stored in form of
induced opacity in the other spectral domains describedhin acarbonates in the martian crust after chemical precipiati
unpublished PhD thesis by John F. Moore (Moore ,1971), stiiHowever, almost no carbonates were initially detected ley th
available as a NASA report). This parameterization inctude OMEGA imaging spectrometer in spite of its high sensitivity
signi cant opacities between 526 and 295 dmesulting from  to the spectral signature of carbonates (Bibring et al.,5200
the pressure induced wings of the strong B bands. Un- Recently, several observations from orbiters (Ehimannl.et a
fortunately, this feature was kept in subsequent modetpitke  2008) and landers (Boynton et al. 2009, Morris et al. 2010)
the fact that these opacities were probably overestimatdd a have revived the carbonate hypothesis and reasserted the im
in most cases, already accounted for in the codes choseh to caortance of carbon dioxide in martian climate history (Hstv
culate the radiative transfer in the 1B band. As a result, 2010).

most previous studies probably overestimated the greesghou In this paper, we have chosen to explore the possible climate
warming of CQ by several Kelvins. on early Mars for a wide range of surface pressures, up tos{ bar
as assumed in previous works on the same topic. However,
when interpreting our model results, it is important to kéep
mind that atmospheres thicker than one bar may be unlikely.

By scaling the Earth or Venus volatile inventory, one can es- Another issue for an early Mars G@tmosphere is its pho-
timate that the amount of Grought to Mars during accretion tochemical stability. Using a 1-D photochemical model & th
was probably larger than 10 bars. However, Tian et al. (2009nartian atmosphere, Zahnle et al. (2008) showed that irck, thi
showed that the extreme ultraviolet ux from the young surswa cold and dry CQ atmosphere in which a surface sink is as-
so high that it would have strongly warmed the thermosphergumed for reactive oxidized gases (like® and Q), CO;,
and induced thermal escape of a primordial @0@minated would tend to be reduced into CO. They noted that the pro-
martian atmosphere. In their calculation, a C@mosphere cess is very slow, and that “GGitmospheres can be unstable
could not have been maintained until about 4.1 billion yearsut persistent simply because there isn't time enough toaes
ago. Under such conditions, how much atmosphere could hawaem”.
been degassed late enough after 4.1 Ga during the mid to lateFinally, in this work we did not take into account the pres-
Noachian? Phillips et al. (2001) estimated that the total reence of other possible greenhouse gases. Such gases are not
lease of gases from the magmas that formed Tharsis during thgxpected to be photochemically stable since they should hav
Noachian era could have produced the integrated equivalent been photodissociated or oxydized, but they may be prekent i
a 1.5-bar CQatmosphere. However, they assumed a magmatigeochemical sources were active enough. This is further dis
CO;, content of 0.65 weight percent, consistent with Hawaiiancussed in sectidn 8.3.
basaltic lavas. Since then, several authors have suggibsied
this was probably overestimated. In particular, Hirschmamd ] o
Withers (2008) calculated that post-4.5 Ga magmatism could- Global Climate Model description
have provided only 0.1 to at most 1 bar of £Q0 re ne these
conclusions, Grott et al. (2011) combined the Hirschmarth an
Withers (2008) model for the solubility of GQwith a thermo- We have used a new “generic” version of the LMD Global
chemical evolution model to self consistently calculatedis-  Climate Model recently developed to simulate any kind of at-
solved amount of C@in martian magmas. They estimated that mosphere with the goal of studying early climates in thersola
during Noachian, about 250 mbar of g@ere outgassed be- system (this paper) as well as possible climates on exa&rasol
tween 4.1 and 3.7 Ga. planets (e.g. Wordsworth et al. 2011b). In practice, theehod

3. Which atmosphere for early Mars?

4.1. Generalities



is derived from the LMD present-day Mars GCM (Forget etby Mellor and Yamada's (1982) unstationary 2.5-level ctesu
al. 1999), with several new parameterizations (see belalv anscheme plus a “convective adjustment” which rapidly mikes t
Wordsworth et al. (2012)). This Mars GCM has been useditmosphere in the case of unstable temperature pro ledufur
successfully to simulate Mars meteorology (e.g. Forgel.et alence and convection mixes energy (potential temperagtone)
1998, Montmessin et al. 2004, Madeleine et al. 2011) and phanentum (wind), and tracers (gases and aerosols). The gsdbgri
tochemistry (Lefevre et al. 2004, 2008) from the surfacéne t scale orography and gravity wave drag schemes of the present
thermosphere, and to simulate recent climate changesedducday Mars GCM (Forget et al. 1999) were not applied.

by the oscillations of Mars' rotational and orbital paraerst Surface temperature evolution is governed by the balance be
(Levrard et al. 2004, Forget et al. 2006, Montmessin et altween radiative and sensible heat uxes (direct solar o,
2007a, Madeleine et al. 2009). The LMD GCM solves thethermal radiation from the atmosphere and the surface,uand t
primitive equations of meteorology using a nite dirence dy-  pulent uxes) and thermal conduction in the soil. The param-
namical core on an Arakawa C grid. This dynamical core hagterization of this last process was based on an 18-laykr soi
been used and tested successfully in many kind of atmosphergodel solving the heat dision equation using nite dier-
thicker than present-day Mars such as the Earth (e.g. Hourdiences. The depth of the layers were chosen to capture diurnal
etal. 2004), Venus (Lebonnois et al. 2010), and Titan (Hiourd thermal waves as well as the deeper annual thermal wave. Ver-
etal. 1995, Lebonnois et al. 2012). tically homogeneous soil was assumed. For most simulations
In this paper, simulations were performed with two horizon-the thermal inertia was set to 250 38 m 2K ! everywhere (a
tal resolutions: 3224 (corresponding to resolutions of 71&t-  yalue slightly higher than the mean value on present-daysMar
itude by 11.25longitude) and 6448 (3.75 latitude by 5.625 o account for the higher gaseous pressure in the pore space,
longitude). In the vertical, the model uses hybrid coortisa  which increases the soil conductivity). For the ground dthe
that is, a terrain-following coordinate system near the sur- as well as for the topography, we chose to keep the same dis-
face and lower atmosphere (s pressure divided by surface tributions as observed on Mars today. Both elds may have
pressure), and pressure levels in the upper atmosphereisin t peen quite dierent three billion years ago, but we assume that
work, with the exception of one sensitivity study descrilied the present-day values can be representative of the ramge an
sectior[ 5.2, we used 15 layers with the lowest mid-layerl$eve variability of the Noachian-Hesperian eras. In Seclion thé

atabout 18 m, 60 m, 150 m, 330 m, 640 m etc., and the top levelensitivity of our results to surface thermal inertia arizbdb is
at 0.3% of the surface pressure, that is about 5.3 scaletseighdiscussed.

(>50 km) above the zero datum.

Nonlinear interactions between explicitly resolved ssale
and subgrid_—scale processes are _parameterized by ap@lying o Radiative transfer in a thick GQatmosphere
scale-selective horizontal dissipation operator base@ron
time iterated Laplacian ". This can be written@=@ = o )
([ 1]"= gisd( X2 "gwhere x is the smallest horizontal dis- _Our radiative _scheme is based on the correlatgd-k model,
tance represented in the modetss is the dissipation timescale With the absorption data calculated directly from high reso
for a structure of scalex, andq a variable like temperature, 0N Spectra computed by a line-by-line model from the HI-
meridional wind, or zonal wind. As in most GCMs, this dissi- | RAN 2008 database (Rothman et al., 2009). These were then
pation operator is necessary to ensure the numericalisgafil converted to co.rrelated—k coe cients for use in the rad@ti
the dynamical core. However, it must be used with moderatiof@nsfer calculations.
(i.e. the dissipation timescales must be kept as high as-poss In practice, at a given pressure and temperature, corcelate
ble). In particular, during this study we found that, wheedis coe cients in the GCM are interpolated from a matrix of co-
with large topography variations and with atmosphericguess € cients stored in a 6 9 temperature and log-pressure grid:
larger than about one bar, our dissipation scheme tended to & = 100,150,200,250,300,350 K, p = 10 %, 1¢, 10, ...,
ti cially produce some heat in the lower atmosphere. This-pr 10’ Pa. We used 32 spectral bands in the thermal infrared and
duction is usually completely negligible, but with high psere 36 at solar wavelengths. Sixteen points were used for the g-
and a strong greenhouseet like in some of our simulations space integration, where g is the cumulated distributiorcfu
we found that the impact on surface temperatures could be notion of the absorption data for each band. Rayleigh scageri
negligible if the dissipation timescale were chosen sméien by CO, molecules was included using the method described in
necessary. This meant that our initial results overeséthdte ~ Hansen and Travis (1974), and using the Toon et al. (1989)
warming possible due to G@louds in the early martian atmo- Scheme to compute the radiative transfer.
sphere, and hence the likelihood of warm, wet conditioneund  As mentioned in Sectionl 2, a key improvement of our ra-
a pure CQ atmosphere (Wordsworth et al. 2011a). Fortunatelydiative transfer model compared to previous models is tiee us
we have been able to identify this issue, reduce the dissipat of an improved parameterization for the €€bllision-induced
and demonstrate that this problem does naéa the energy absorption (CIA). It was specially developed for the présen
balance of the results presented in this paper. study using the results of Baranov et al. (2004) and Gruszka

Subgrid-scale dynamical processes including turbulert mi and Borysow (1998). The method is described and justi ed in
ing and convection are parameterized as in Forget et al9{199 Wordsworth et al. (2010). The sublorentzian pro les of Rerr
In practice, the boundary layer dynamics are accounted foand Hartmann (1989) were used for the 8&r line absorption.
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4.3. CQ ice condensation and clouds with  mthe mass mixing ratio of ice that has condensed or

. o sublimated $0 when condensingy;, the speci ¢ heat at con-
The model includes a parameterization to account for the t a¥ P

1
possible condensation of G@vhen temperatures fall below the 2tfag:)z)r(z§5urel(¥%tl(()ol§)735.9 k& ) andL. the latent heat
condensation temperatufg. To computeTl, as a function of ) 97

: i CO; ice is transported by the large-scale circulation and by
glre(slssjéez;:;.(Pa), we used the expression provided by Fanale ethrbulent and convective mixing. The transport scheme irsed

our GCM is a “Van-Leer I” nite volume scheme (Hourdin and
Armengaud, 1999).

To estimate the size of the cloud particles, we assumed that
the number mixing ratio of cloud condensation nuclei [CCN]
(kg ) is constant throughout the atmosphere. Assuming that
the cloud particle size distribution is monodisperse irhdaux,

Te= 316789In(0:01p) 23:23] (1)

for p < 518000 Pa,

— . . . 2
Tc=6842 923In(p) + 4:32In(p) @ the cloud particle radiusis then given by:
for p> 518000 Pa (518000 Pa is the pressure of the triple point . _ ( 3m )i (4)
of COy). 4 [CCN]

As on Mars today, C@can directly form on the ground.
When the surface temperature falls below the condensation
temperature, C®condenses, releasing the latent heat requireg\/
to keep the solid-gas interface at the condensation terysera
Conversely, when Cgice is heated, it partially sublimates to
keep its temperature at the frost point. When,@e is present,
the surface albedo and emissivity are set to 0.5 and 0.8Bcesp Wi
tively. On present-day Mars, this albedo varies a lot in spac
and time. 0.5 is consistent with the various estimationgef t
average CQ@ice cap albedo used to t the seasonal pressur
variations induced by the condensation and sublimatiohén t

with the CQ ice density, set to 1620 kg rin our model.
Oncer is known, the cloud particle sedimentation velocity
is calculated using Stokes law (Rossow, 1978). Sedimenta-
tion is then computed separately from the transport, buigsi
similar Van-Leer | transport scheme in the vertical.
Sedimentation and condensation are strongly coupled.
ithin one physical timestep {48 of a sol, or 1850 s in our
model), we found that a signi cant part of the ice that forms
within a cloud can sediment to the layers below, where it can
%ondense at a derent rate or even sublimate. For these rea-
sons, in the model, condensation and sedimentation schemes

polar caps_(FoIrg_et etal. 1998’ :—|a2erle| et ?l' 20'08)h are coupled together and integrated with a sub-timesteplequ
In our simulations, C@ice clouds also form in the atmo- to 1=20 of the physical timestep.

sphere. Such clouds have been observed on present-day Marsrhe cloud particle sizes are also used to calculate the cloud

during the polar night in the lower atmosphere (see e.9. Pel,giative e ect. Refractive indices for CCce are taken from
tengill and Ford, 2000, Tobie et al. 2003) and in the equatopnsen (2005) and Mie theory is assumed to retrieve thessing|

ri6.1.|"m.(.ESOSphere around 60-80 km (Montmgssin et al. 2007t§cattering properties. Scattering and absorption are atedp
Maattanen et "_’II' _20_1_0)' These mesosph_erlg @_@CbUdS MaY  at both solar and thermal infrared wavelengths using thexToo
share some similarities with those predicted in our earlysMa . (1989) scheme

simulations. However they form more rarely (probably besgau

the atmosphere is not often below the frost point (Gonzalezbroperties and the impact of the modeled clouds. Explotieg t

Galindo 2010, Forget et al. 2009_)) and "?‘t signi cantly I,Owersensitivity of the results to this poorly known parametémnas
pressures (0.1 to 0.01 Pa). In spite of this, the observed OPYs to account for most of the uncertainties related to the CO

cal depths a”?‘ particle radii are large (typically arourgtiahd ice clouds microphysics and particles size distributiornaiis
?_’ m,_respecnvely), suggestlng_ that the g_rowth 0f 3¢ par- the possible range of [CCN]? On the Earth, the humber mix-
ticles in a CQ gas atmosphere is a very eient process. ing ratio of cloud condensation nuclei in the troposphenges

In theory, to properly model the formation of such clouds,parveen 16 kg * (for low saturation in clean polar air) and
one must take into account various microphysical processegyio kg ! (polluted air mass)(Hudson and Yun, 2002,Andreae
such as supersaturation, nucleation and crystal growtto@\o 2009). It is signi cantly lower for icy cirrus clouds{L0* kg 1)
1999, Colaprete and Toon 2003). In most of our simulations e.g. Demott et al. 2003) . Even in the absence of surface
however, we assumed that condensation would occur as so@R chemical sources. a minimum number of nuclei would be
as the temperature predicted from the dynamical and radia- ,q\ided by meteoritic dust and smoke particles, which have
tive cooling rates dropped beloW. In sectior[5.B, we also  poan syggested to be possible condensation nuclei fosterre
present results from a test case in which a 30% supersarati yja) pojar Mesospheric Clouds (Gumbel and Megner, 2009).
is required k_)efore condensing. . i Such particles must have been abundant four billion years ag

At each timestep, the mass mixing ratio(kg/kg) of con- |, this paper, we explore [CCN] values ranging fron? kg *

[CCN] is clearly a key parameter which directly controls the

densed ice in a model box (or its evolutiom if ice is al- 518 kg 1, with a baseline value of kg .
ready present) is simply deduced from the amount of lateait he
needed to keep = T¢: 4.4. Atmospheric dust
Cp Early Mars winds were probably able to lift and transport
m=-(c T) (3)  mineral dust from the surface. If the planet was dry enough,



and in the absence of oceanic sinks as on the Earth, we must
take into account the possibility that the atmosphere wésna
with mineral aerosols, as on Mars today. To explore the impac

of atmospheric dust on the early Mars climate, we added a sec- 240 ‘ \ \
ond type of aerosol in addition to the G@e clouds patrticles. i —_ Active clouds i
We assume that the dust is similar to that observed on present --- Inactive clouds

day Mars and use Wolet al. (2009) optical properties, with 230

a constant eective radius of 1.5m. Instead of simulating the
lifting and transport of dust by the winds, we prescribe thstd
mixing ratio in the atmosphere and assume that it does ngt var
with time. The column averaged dust optical depth at the mean
pressure level is horizontally uniform. In the verticale thiust
mixing ratioq is taken to be constant in the lower atmosphere
up to a level above which it rapidly declines, as in Forget et a
(1999):

220

210

Global mean surface temperature (K)

n h io 200
= qgoexp 0:007 1 (po=p)70Kmma p po (5

dq=do pP>po (6)

190 | | | | \ !
whereqp is a constant determined by the prescribed optical 0 1 2 3 4 5 6 7

Mean Surface Pressure (Bar)
depth at the global average surface presggrandzmax the al-
titude (km) of the top of the dust layer. In this paper simiola  Figyre 1:  Global mean annual mean surface temperature (K)asction of

were performed witlzmax = 30 and 100 km (see Sectibnb.5). surface pressure in our baseline simulations (oblicwi®p , [CCN]=1CP kg 1,
circular orbit) with and without radiatively active GQce clouds.

5. Results

To explore the range of climates that may have occurred on a
planet like early Mars with a thick COatmosphere, we have
performed multiple simulations with derent values of key
model parameters : 1) mean surface pressure, 2) cloud micro-
physics parameters (i.e. cloud condensation nuclei dgn8it
obliquity and eccentricity, 4) surface properties, 5) asptweric
dust loading. The impact of water vapor is also discusseldrSo 80~
luminosity is set to 75% of the present value (see Segfigh 6.2 L
for a discussion of this assumption). The solar spectrum was
assumed to be the same as today. All results correspond tcg
the last year of a 10-year simulation. In all cases, the mod- £
elled planet has reached equilibrium by this time (resulés a
repeatable from year to year), except in the case of permanen=
CO, condensation, which induces a slow decrease of the atmo-= [
spheric mass and pressure (atmospheric collapse; see)below © 5 NS~ _--—o__ _

—— Absorbed solar radiation (global mean) (W/m?)
— — Outgoing longwave radiation (global mean) (W/m?)

70— —

Inactive clouds

ux (W

Radiat

5.1. Surface temperatures and €i0e caps.

In this section, we describe simulations performed assum- 40
ing a circular orbit, 25 obliquity as on present-day Mars, no
dust, and a constant cloud condensation nuclei numbertgensi

Figure[d presents globahnual mean surface temperature Mean Surface Pressure (Bar)

(K) as a function of mean surface pressie Results ob-
tained without taking into account the radiativeeets of CQ Figure 2: Global mean annual mean radiative budget for theesamulations

; “ ” in Figur¢ll with or without radiatively active clouds. &ftL0 years, simula-
ice clouds (the clouds are assumed to be transparent” at Eﬂgns with surface pressure higher than 3 bars are out ofilequim because of

wavelengths) are in agreement with previous 1D model calCUatmospheric collapse and the constant release of latenahtie surface.
lations performed with the same radiative transfer pararizet

zation (Wordsworth et al. 2010). Surface temperature as®Ee
up toPs = 2 bar. Above 2-3 bar Rayleigh scattering by £0
gas more than compensates for the increased thermal idfrare
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o
T

opacity of the atmosphere. Increasing the atmospherig&-thic
ness does not result in an increase of the mean surface tem
perature. Taking into account the radiativeeet of CQ ice
clouds results in a global warming of the surface by more than
10 K resulting from the C@ice cloud scattering greenhouse
e ect (Forget and Pierrehumbert, 1997). In the GCM, this ef-
fect is signi cant, but not as much as it could have potehtial
been according to the estimation by Forget and Pierrehumber
(1997). This is mostly because the cloud opacities remain re
atively low compared to what was assumed in that study (see
below). Figurd R shows the radiative budget corresponding t
Figurel simulations. One can see that the clouds stroniglg ra
the planetary albedo and thus decrease the absorbed sbiar ra .
tion. On this plot, one can verify that the absorbed solarggne 35 o‘.s ‘1 1‘_5 ‘2 2‘_5 3
is equal to the emitted infrared energy (i.e. the simulatadgt Mean surface pressure (bar)

is in radiative equilibrium as expected), except at higtspuee

when the atmosphere collapses on the surface and releasesfigure 7:  Mean surface temperature variation with topogyafiK/km) as a
tent heat. as detailed below. function of mean surface pressure (bar). This lapse ratet@red by perform-

. . . - ing a linear regression between the annual mean surfacestatape obtained
Figure[3 presents the seasonal and latitudinal variation Ofgjow 30 latitude (to avoid the in uence of the polar caps) and thaldopog-

zonal mean surface temperature and surface €6 for the  raphy in our baseline cases (obliquity25 , [CCN]=10° kg 1, circular orbit).
di erentsurface pressure experiments. The maximum accumu-

lation of CQ, ice is not found exactly at the poles because CO

ice clouds are predicted to be especially thick there, aat th

e ect on the incident thermal infrared ux tend to limit the sur (Figure[da). ForPs = 4 bar and more, the permanent £0
face cooling and thus the surface condensation. ice sheets are mu_ch more e>§ten5|ve, covering high latitanies

With 05 Ps 2 bar, seasonal GQce caps are predicted Most of the Tharsis bulge (Figure 5b).
to form at high latitudes during fall, winter and spring as in  The fact that permanent GQce cap form at either low or
the Mars northern hemisphere today. Rs  0:3 bar, how-  high pressure can be interpreted as follows : At low pressure
ever, permanent surface G@e glaciers are predicted to form the greenhouse @&ct and heat transport are weak and thus tem-
at high latitudes in both the radiatively active and inaztiloud ~ Peratures easily reach the frost point. At high pressures th
cases. In these simulations, the atmosphere is collapsitig aincrease in the frost point temperature overcomes theasec
the results after 10 years may not represent a realisticieng ~ 9reenhouse eect and CQ also condense easily. In addition,
solution. Many more years would be required to reach a steadjeat transport is then so eient that horizontal temperature
state in which the permanent G@e caps would be in solid- gradients are small. Consequently, £iGe can form in non-
gas equilibrium with the atmosphere, with a signi cant pafrt ~ Polar regions.
the atmosphere trapped on the surface. The formation of extensive permanent and seasonal polar

Figure[4 show maps of the extension of the permanent COcaps at high pressures kers the surface temperature and ex-
caps after 10 and 25 years. Between 1 and 25 years, the atm@ains the increase of global mean surface temperature for
spheric mass collapses by 1% per year in the (initially)fai- Ps 4 bar in Figure ll. In these simulations, thick £@e
simulations, whereas the pressure drops by only 0.032% p&touds form just above the surface. Such clouds tend to cool
year in the 0.3-bar case. To properly simulate an equildarat the surface (Mischna et al., 2000) because they re ect satar
atmospherpermanent CQice cap system, it would also be diation throughout their entire depth (the planetary atbexd
necessary to take into account the ability of O@e glaciers increased) whereas only the upper layers can contribute-to r
to ow and spread (C@ice is known to be much softer than ect the thermal infrared ux emitted by the atmosphere be-
H,O ice at the same temperature (Kreslavsky and Head, 201low them. As a result, the radiatively active clouds simula-
Durham et al. 1999)), and probably to include theset of  tions show mean surface temperatures even lower than when
slopes and roughness (Kreslavsky and Head, 2005). the clouds are assumed to be transparent.

The formation of permanent polar caps at low pressure is also Figured 6a andl6b present annual mean surface temperature
very dependent on obliquity. This is discussed in detaikicrs maps in the more realisties=0.5 and 2 bar cases. One can no-
tion[5.4. tice that surface temperatures strongly depend on the toeal

ForPs 3 bar, permanent surface G@e glaciers are also pography, especially in the 2 bar simulations in which thve-lo
predicted to form on the surface in both the radiativelyvacti est plains are the warmest places on Mars. This is not due to a
and inactive cloud cases. G@re tends to condense perma- stronger greenhouse warming where the atmosphere is thicke
nently in the colder areas at high altitudes and latitude. ImAs illustrated on FigurEl1, the increase of surface tempegat
the Ps = 3 bar case, the permanent £€@e glaciers are re- with CO, pressure due to the greenhouseet is weaker at
stricted to a couple of locations on the Tharsis bulge neg830 high pressure and negligible above 2 bars. The opposite is
100 W, and in the southern high latitudes aroundS'B00E  found in our maps.
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Figure 3: Zonal mean surface temperatures (contours, K)sarfdce CQ ice (kg m 2) as a function of solar longitudes (degree) for various mean surface
pressure$s(obliquity=25 , [CCN]=10° kg 1, circular orbit).
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