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Abstract

On the basis of geological evidence, it is often stated thektrly martian climate was warm enough for liquid water davfl
on the surface thanks to the greenhouect of a thick atmosphere. We present 3D global climate sitrarls 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 C§gas 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, andseiroperties.
(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 greenhoudéeet. However, even assuming
parameters that maximize thifect, it does not exceedl5 K. Combined with the revised GGpectroscopy and the impact of
C,lsurface CQice on the planetary albedo, we find that a;Gmosphere could not have raised the annual mean tempeaditove
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 obligsityw enough. Summertime diurnal mean surface tempersaabeve
() '0°C (a condition which could have allowed rivers and lakes tonfoare predicted for obliquity larger than 48t high latitudes
IElbut not in locations where most valley networks or layerediraentary units are observed. In the absence of other warmin
mechanisms, our climate model results are thus consisténawold early Mars scenario in which non climatic mecharisnust
« ‘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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\C—Dl 1. Introduction 2010) and chloride (Osterloo et al., 2008).

A\l Spacecraft sent to Mars in recent years have revealed ne All these observations hz_ave provided a wealth ofinformatio_
) . X . dbout early Mars. In particular, they suggest that the condi

. - -evidence suggesting that the environmental cpnd!tlopsady € tions strongly varied throughout the Noachian and Hesperia

2 Mar§ were very dferent than thosg today, with liquid water era. Nevertheless, we still do not know if the conditiong-sui

>< flowmg_ on the surface at least eplsod|c_ally. Geqmo_rphologéble for liquid water were stable on long timescales, oréfyth

« ical evidence of past water flpw in anment_terral_n_s |nclude§Nere the consequence of episodic, possibly catastrophitev

(G .valley networl§s (rem_n ant of widespread fluv!al gctwﬂyh{ﬁ What is clear is that the conditions which allowed such exten
%996)’ extensive se_dlmentary layered deposits ('”C'“"G?@' 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 todayfiecting the most ancient landforms i

: . inerals can still be observed today, although they forneed s
.(Crf.iddOCk an_d Maxwell, 1993). _Satelhte remote sensing an(g;al billion years ago and are easily transformed into other
in-situ analysis of the surface mineralogy have also rexkal

. (9 ) terials by, e.g., diagenesis, suggests that water has legn v
the Iocgl presence of rm_nerals that require liquid Watgtﬁew limited on the martian surface from soon after their formati
formation: clayphyllosilicates (Poulet et al. 2005, Bibring et until today (Tosca and Knoll, 2009)). Similarly the majgritf
gl. 2006, ItEhIImggg4et al. 2|_Oll)_,|_su|fastes (Gendtrlnl e;gcli.ﬁZOOS[he valley networks are found almost exclusively in the high

quyres et al. ), opaline silica (Squyres et al. _ ) C cratered ancient southern highlands, which date back fham t
bonate (Ehlmann et al. 2008, Boynton et al. 2009, Morris.et aIend 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 certainffiedint  showed that the inclusion of the G@e cloud radiative @ect 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 greenhouffeet capable they can readily scatter infrared radiation and reflect oinigy
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 accounéffect more than compensates for the albedo increase due to
the diferences in size, it can be estimated that the initial inthe clouds. These calculations were later confirmed 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 g&ee 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 accountabie f cluded that “estimating the actuatect of CQ clouds on early
that according to stellar evolution models the Sun’s lureityo  martian climate will require three-dimensional models imieh
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-consistemNigy-
(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 dethile
in the atmosphere, and the four-dimensional aspects oeplanmicrophysical 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 critma
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 radiatiVeots 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 greenhoudéeet of CQ clouds would probably
Section 2 an13 we review previous work on modelling earlybe limited to 5-10 K surface warming.
Mars climate, and briefly discuss the possible early Mars at- All these studies took into account the radiatiieet of CQ
mosphere composition and thickness. Sedfion 4 descrilies oand water vapor. Postawko and Kuhn (1986) also explored the
Global Climate Model (GCM). The simulated climates for var- possible greenhouséfect of SQ. Yung et al. (1997) resumed
ious pressures, cloud microphysics parameters, obligaity  this investigation, and studied the radiativieet 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 Seéfiones, 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 SQwas 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. 2005sWall
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 SQ@ 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, aebd
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 challengbdmv the radiative &ects 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 samelmod@cluding the sulfur volatile influxes suggested that thgases
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 greenhouseffiect 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 aerosody. (Shey
the resulting CQ ice clouds would probably raise the plane- concluded that these aerosols would have raised the ptgineta
tary albedo and further cool the planet. However, still vimgk  albedo and that the resulting cooling would more than owgtvei
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2. Previous Modelling Studies



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

In this paper, we do not include th&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 figcdit 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 first time. In comparison to the pregiou field, sputtering, and impact erosion (Chassefiere and hebla
studies mentioned above, we also benefit from an improved p&004). 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 alsfiidult
(2010) (see details in Section#.2). To calculate the ¢otlis  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 modification on a parameterizatiogieri 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
significant opacities between 526 and 295 &mesulting from  to the spectral signature of carbonates (Bibring et al.,5200
the pressure induced wings of the stronguth bands. Un- Recently, several observations from orbiters (Ehlmannl.et a
fortunately, this feature was kept in subsequent modesgitke  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 B0 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 af th
was probably larger than 10 bars. However, Tian et al. (2009nartian atmosphere, Zahnle et al. (2008) showed that irtk, thi
showed that the extreme ultraviolet flux from the young sus wacold 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 yearshut 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 thexpected 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 suggibsted
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 £€Qo refine 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&asol
tween 4.1 and 3.7 Ga. planets (e.g. Wordsworth et al. 2011b). In practice, theehod

3. Which atmospherefor 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 belal 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 profilesuTur
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 gdbgri
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 fluxes (direct solar atisoi,
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 finitéfdrence dy-  pulent fluxes) 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 flision equation using finite fiier-
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 250-34 m-2 K1 everywhere (a
tal resolutions: 3224 (corresponding to resolutions of 71&t-  value slightly higher than the mean value on present-daysMar
itude by 11.23 longitude) and 6448 (3.73 latitude by 5.625 g account for the higher gaseous pressure in the pore space,
longitude). In the vertical, the model uses hybrid coortiea  which increases the soil conductivity). For the ground athe
that is, a terrain-followingr 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 fields may have
pressure), and pressure levels in the upper atmosphereisin t peen quite dferent three billion years ago, but we assume that
work, with the exception of one sensitivity study descrilred  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 Secfion 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 GQtmosphere
scale-selective horizontal dissipation operator base@ron
time iterated Laplaciam\". This can be writterdg/ot = o )
([-1]"/74isd(6X)2"A"q wheresx is the smallest horizontal dis- _Our radiative _scheme is based on the correlat(_ad-k model,
tance represented in the modetss s the dissipation timescale v_wth the absorption data caICL_JIated d_|rectly from high heso
for a structure of scaléx, andq a variable like temperature, tion spectra computed by a line-by-line model from the HiI-
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 coeficients for use in the radiati
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, cordelate
ble). In particular, during this study we found that, wheedis Co€ficients in the GCM are interpolated from a matrix of co-
with large topography variations and with atmosphericgues ~ €fficients stored in a & 9 temperature and log-pressure grid:
larger than about one bar, our dissipation scheme tended to & = 100 150 200,250,300350 K, p = 101, 1¢, 10, ...,
tificially 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 greenhousfezt 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 sméiien by CO, molecules was included using the method described in
necessary. This meant that our initial results overeséthte ~ 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 conditiongund  As mentioned in Sectiohnl 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 £ebllision-induced
and demonstrate that this problem does réec 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 justified in
ing and convection are parameterized as in Forget et al9j199 Wordsworth et al. (2010). The sublorentzian profiles of ierr
In practice, the boundary layer dynamics are accounted foand Hartmann (1989) were used for the8&r line absorption.
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4.3. CQ ice condensation and clouds with 6m the mass mixing ratio of ice that has condensed or

. o sublimated £0 when condensingy;, the specific heat at con-
The model includes a parameterization to account for the ¢ o P

-1
possible condensation of G@vhen temperatures fall below the 2tfag:)z)r(zssu;el(¥%tl(()oli)735.9 Th&™) andL. the latent heat
condensation temperatufg. To computel, as a function of ) g-.

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

our GCM is a “Van-Leer I” finite 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 irhdazax,

T, = —31678/[In(0.01p) — 23.23] (1)

for p < 518000 Pa,

— 2
Te =6842-923In(p) + 4.32In(p) @ the cloud particle radiusis then given by:
for p > 518000 Pa (518000 Pa s the pressure of the triple point | _ ( 3m )u3 (4)
of COy). 47p [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 fit the seasonal pressur
variations induced by the condensation and sublimatiohén t

with p the CQ ice density, set to 1620 kg Thin 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, buig i
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 significant part of the ice that forms
within a cloud can sediment to the layers below, where it can
ondense at a fierent rate or even sublimate. For these rea-
sons, in the model, condensation and sedimentation schemes

polar caps_(FoIrg_et etal. 1998’ lHaZerIeI et ?l' 20'08)h are coupled together and integrated with a sub-timesteglequ
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. Pefyjiative afect. Refractive indices for COce are taken from
tengill and Ford, 2000, Tobie et al. 2003) and in the equatop,nsen (2005) and Mie theory is assumed to retrieve thessing|

I‘iéll.|"m.(.§SOSphere around 60-80 km (Montmgssin etal. 2007t%cattering properties. Scattering and absorption are aotedp
Maattanen et gl._ZO_l_O). These mesosph_erlg ‘E_QdOUdS MaY  at both solar and thermal infrared wavelengths using theToo
share some similarities with those predicted in our earlysMa (1989) scheme

simulations. However they form more rarely (propably beeau [CCN] is clearly a key parameter which directly controls the
the atmosphere is not often below the frost point (Gonzalez

. e properties and the impact of the modeled clouds. Explotieg t
Galindo 2010, Forget et al. 2009)) and gt significantly ,Iowersensitivity of the results to this poorly known parametémas
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 radil are large (typically arourtidhd oo ¢1oyds microphysics and particles size distributiomaiis
3ym,_respect|vely), suggestlng_ that the g_rowth oG par- the possible range of [CCN]? On the Earth, the number mix-
ticles in a CQ gas atmosphere is a verffieient 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@Wo 2009). It is significantly lower for icy cirrus clouds:L0* kg2
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@p chemical sources. a minimum number of nuclei would be
as the temperaturg” predicted from the dynamical and radia- ,4viged by meteoritic dust and smoke particles, which have
tive cooling rates dropped beloW. In sectior5.B, we also pean syggested to be possible condensation nuclei fosterre
present results from a test case in which a 30% supersatrati 5| polar Mesospheric Clouds (Gumbel and Megner, 2009).
is required k_)efore condensing. . ) Such particles must have been abundant four billion yeass ag

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

densed ice in a model box (or its evolutiom if ice is al- 518 kgL, with a baseline value of Bkg.
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
sm=(Tc-T7) (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 wéena
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 Whlet al. (2009) optical properties, with 230

a constant £ective radius of 1..xm. 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)

200
q= oexp{0.007[1 - (po/p) " ™=} p<py  (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 (KYuasction of

were performed witlzmax = 30 and 100 km (see Sectibnb.5). surface pressure in our baseline simulations (obliggif®, [CCN]=1CP kg2,
circular orbit) with and without radiatively active GQce clouds.

5. Resaults

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 fierent values of key
model parameters : 1) mean surface pressure, 2) cloud micro-
physics parameters (i.e. cloud condensation nuclei dgn83it
obliquity and eccentricity, 4) surface properties, 5) asptweric
dust loading. The impact of water vapor is also discusseldr So 80
luminosity is set to 75% of the present value (see Se€fioh 6.2 L
for a discussion of this assumption). The solar spectrum was
assumed to be the same as today. All results correspond tce
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 5 NS~ _--—o__ _

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

70— —

Inactive clouds

ux (W

Radia

5.1. Surface temperatures and €i@e 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 glohyahnual mean surface temperature Mean Surface Pressure (Bar)

(K) as a function of mean surface pressie Results ob-
tained without taking into account the radiativeets 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 aﬁgns 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 asEe
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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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 radiativéeet 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
effect (Forget and Pierrehumbert, 1997). In the GCM, this ef-
fect is significant, but not as much as it could have potdgtial
been according to the estimation by Forget and Pierrehumber
(1997). This is mostly because the cloud opacities reméin re
atively low compared to what was assumed in that study (see
below). Figurd R shows the radiative budget corresponding t
Figure[d simulations. One can see that the clouds stronigly ra
the planetary albedo and thus decrease the absorbed shiar 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 influence of the polar caps) and thalltapog-

zonal mean surface temperature and surface €6 for the  raphy in our baseline cases (obliqui25°, [CCN]=10° kg1, circular orbit).
different surface 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, aait th

effect on the incident thermal infrared flux 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 extenswe, covering high latitades

With 0.5 < 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 GGce cap form at either low or
the Mars northern hemisphere today. R® < 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 greenhousefect 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 realisticermng ~ 9reenhousefeect and CQ also condense easily. In addition,
solution. Many more years would be required to reach a steadyeat transport is then sdfieient 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 significant part 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 pressuresfters 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)ital- Ps >4 bar in Figurell. 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 reflect solar
atmospher@ermanent 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 flow and spread (Cfice is known to be much softer than flect the thermal infrared flux emitted by the atmosphere be-
H,O ice at the same temperature (Kreslavsky and Head, 201iow them. As a result, the radiatively active clouds simula-
Durham et al. 1999)), and probably to include tiEeet 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 to€al

For Ps > 3 bar, permanent surface @@e glaciers are also pography, especially in the 2 bar simulations in which ttve-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 greenhouskeet is weaker at
stricted to a couple of locations on the Tharsis bulge ne&8-30 high pressure and negligible above 2 bars. The opposite is
100°W, and in the southern high latitudes aroundS300E  found in our maps.
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Figure 3: Zonal mean surface temperatures (contours, Ksarfdce CQ ice (kg nT2) 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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Figure 4: Maps of the permanent surface £€e deposits (kg ) for the Ps = 0.1 andPs = 0.3 bar simulations, also shown in Figiite 3. In practice, these
maps show the yearly minimum G@ce mass recorded during the 10th and 25th simulated yeeshptv where the ice never sublimates during the year. Contou
illustrate topography (contours below zero elevation arted))
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Figure 5: Same as Figufé 4, but for the =3 and 4 bar simulations (also shown in Figlite 3). These shewehrly minimum C@ ice mass (kg m?) recorded
during the 10th year of the simulation.
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Figure 6: Surface temperatures (K) in our baseline simanati(obliquity=25°, [CCN]=10° kg2, circular orhit) for mean surface pressure 0.5 bar and 2 bar.
Ground albedo is as on present day Mars. Thermal inertia & €50 J 51/2 m=2 K1 everywhere.
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In fact, Earthlings are familiar with this situation, whioe+  ond, surface ice could possibly have higher albedo and thlerm
sults from adiabatic cooling and warming of the atmospherénertia than bare ground. To assess the sensitivity of culte
when it moves vertically and the fact that the atmosphere cato surface properties and the presence of ice, we perforaied a
influence the surface temperature when it is dense enough. Qfitional simulations with a global albedo of 0.4 (insteadtod
present-day Mars, the atmosphere is too thinffeci the sur-  present day Mars ground albedo which is near 0.22 on average)
face temperature. The local topography has no significant eind a global thermal inertia of 1000 3*¢ m=2 K~ (instead
fect on surface temperature. At which atmospheric pressuref 250 J s/2 m2 K~ assumed for dry ground). As shown in
does the transition between a “present-day Mars regimeaand Figurel8, annual mean temperatures are lowered by about 8 and
“Earth-like regime” occur? To address this question, weehav 12 K at 0.5 and 2 bar respectively. This reflects theat of
computed the mean surface temperature lapse rate as afunctiowering the albedo, since thermal inertia has littlkeet on an-
of mean surface pressure (Figlire 7). The lapse rate is siesply nual mean temperatures. However, increasing the thermal in
timated by performing a linear regression between annuahme tia dampens the maximum temperatures, which are lowered by
surface temperatures and ground altitude at every grid pmin  about 30 K. This suggests that extensive ice deposits watld n
latitudes lower than 30Qto avoid the influence of seasonal €O reach OC, and that, as in Antarctica upper Dry Valleys today,
ice condensation. We can see that the surface tempergbgee la only ice lying on dark rocks may sometimes melt (Marchant
rate quickly decreases with increasing pressure. Heeteis and Head, 2007).
already significant (-1.5 km) for Ps= 0.5 bar, and reaches an
asymptotic_value (-2.5 km) at_)ove about 2 bars. This is half 5 5 Atmospheric temperatures and £iee clouds
the theoretical dry atmospheric lapse rate equal to -5,/85K
in our model. This can be compared to the Earth case, where Figure[9 presents cross-sections of zonal mean tempesature
surface temperature lapse rates ranging between aroumdi-3 aand zonal winds in northern summer and winter in the 2 bar
-6.5 K/km have been reported (See Minder et al., 2010, and refaseline simulation. At this pressure, the atmospheric- the
erences therein), while the reference dry atmospherielegies ~ mal structure is relatively homogeneous, with little ladinal
is -9.8 K’lkm. However, on the Earth water condensation careind seasonal variations compared to present-day Mars or eve
decrease the lapse rate by a factor of two. the Earth. Temperatures decrease monotonically withue#it

In our simulations, annual mean surface temperatures-are &@ven near the surface, as discussed above. The smallilagitud
ways significantly below TC. In theory, this means that po- gradients nevertheless induce a meridional circulatidottiRg
tential oceans and near-surface groundwater should beaperrthe mass streamfunction (not shown) reveals that it is chera
nently frozen in ice sheets and permafrost. Could surfdasla ized by Earth-like overturning Hadley cells betweeriS@nd
and rivers form? To investigate this possibility, a bettétee ~ 30°N, and which extend up to about 15 km. In a given sea-
rion is the average temperature in summer. On the Earth, faggon, the cross-equatorial cell with rising motion in theirsgr
instance, intense fluvial activity takes place in NorthebeBa ~ summer hemisphere and descending motion in the fall-winter
in the summertime, despite annual mean surface tempesatureemisphere dominates. The corresponding zonal wind struc-
below -15C (258 K). Maps of peak summertime daily mean ture is characterized by an Earth-like subtropical progjatiin
temperatures are shown in Figufés 6¢ Bhd 6d. It appears thalie winter hemisphere. The summer hemisphere retrograde je
unlike those in Siberia, these temperatures never reachegtte  is much more Mars-like. In the northern hemisphere, theelarg
ing point of pure water in our baseline simulations. In fact,longitudinal variations in topography induce a strongistatry
the climate predicted by our model should be, at best, analo~yave which modulates the zonal wind.
gous to Antarctica’s upper Dry Valleys (Marchant and Head, In this 2-bar simulation, temperatures below the,Qn-
2007). Water may melt, but only for a few hours during adensation point are predicted above about 11 km, angiG©
few afternoons in summer (as on Mars today). The locationslouds form at all seasons and latitudes (Figure 10). Howeve
where above-freezing temperatures are predicted are simown at any given time, C@ice clouds typically cover about half of
Figured e anfl]6f, which presents the maximum surface tenihe planet (when counting visible opacity above 0.2), asill
peratures in thé®s =0.5 and 2 bar cases. Melting would be trated in Figurd_Tl1. The locations of the clouds evolve con-
possible in many areas belowtitude. Although the mean stantly, with a combination of transient cloud condensed an
temperatures are lower in the 0.5 bar than in the 2 bar simuldransported by travelling waves, and stationary cloudsiiog
tion, the diurnal amplitude is larger and the maximum teraper above topography features (such as Tharsis, the edge afsHell
tures are not very dependent on pressure. The amount of water Arabia Terra). This most likely results from resolvedvitya
which can melt during such short episodes should be limiteavaves. Is topography a key driver of clouds and climate? To
(see Wordsworth et al., 2012). One can speculate that the mehddress this question, we performed a similar simulation, b
water could create supraglacial channels below the gkcierwith topography removed. We found that the cloud coverage is
maintain perennially ice-covered lakes (notably by bmggen-  relatively similar, with a global mean visible opacity of 6ro-
ergy in the form of the latent heat of fusion; McKay et al. 1985 pared to 4.5 with topography. The mean surface temperaure i
or that brines may play a major role. However, one must keep ialmost identical (231.5 K compared to 231.0 K).
mind that in our baseline simulations we modeled a dry, dieser  Figure§_IDa and ¢ show the annual mean section of the cloud
planet Mars. First, we do not take into account the latent headensity and cloud particles radii in our 2-bar baseline smu
losses which tend to cool the surface if ice were present: Setion with topography. The average particle radius is wethah
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Figure 8: Same as Figufé 6, but for an “ice-covered” Mars, liictvthe ground albedo and thermal inertia are set to 0.4 866 1 s%/2 m~2 K1 everywhere.
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Northern Summer (L, = 90° — 120°)

a) Zonal mean temperatures (K)

Northern Winter (L, = 270° — 300°)

b) Zonal mean temperatupes (K
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Figure 9: Time-mean section of zonal-mean temperature i xanal wind (m 3') for two opposite seasons in our baseline simulation witamsurface pressure
2 bar (obliquity=25°, [CCN]=10° kg™1, circular orbit). The white areas represent grid point®Wweahe surface.

10 um, the minimum size to readily scatter thermal infrared ra-Ps=2 bar; 7=9 andz =5 km for Ps=3 bar; andr=16 and
diation and induce the scattering greenhoukeceé (Forgetand z ~0 km for Ps=4 bar. As mentioned above, the scattering
Pierrehumbert, 1997). However, with a mean optical depdin ne greenhousefiect for low lying clouds is reduced. Above 4
4.5 and fractional cloud cover most of the time, the cloudg on bars, the clouds cool the planet rather than warming it.
induce a 10 K greenhouse warming, as discussed above.

Because modeled clouds properties can be expected to §e3. Sensitivity to C@ice cloud microphysics
sensitive to model resolution, we performed an additional 25 3 1 Number of particles and particle sizes.
bar simulation with doubled resolution in latitude and lang
tude. Results are compared in Figures[10, 11,[and 12e and
In the high-resolution simulation, the impact of topognaghd
gravity waves seems to be stronger. The cloud distribug (
ure[12f) exhibits more structure in relation to local topeygny.

f As explained in Sectidn 4.3, we consider that many of the un-
cértainties related to the G@e clouds microphysics and parti-
cle sizes can be accounted for by varying the prescribed aumb
mixing ratio of cloud condensation nuclei [CCN]. We expldre
the sensitivity of the model to this parameter in Be=0.5 and

Nevertheless, the mean cloud cover, optical deth_, and:kmrf[ 2 bar cases by performing 7 simulations with [CCN] set t&, 10
sizes are about the same on average (average visible op&cnylog 10, 10° kg~* (see Sectioidl3). The primaryfect of
4.6 vs 4.5 in the baseline simulation). The mean surface tem;_ """ "' g ! P

) L o S decreasing [CCN] is to increase the size of the cloud paticl
perature is only 1 K warmer, which is not significant. Siritar : .
e . : when they form. On the one hand, this enhances the sedimen-
we explored the sensitivity to the model vertical resolutiy

) ; ion r nd th r he m f the cl nd th
doubling the number of layers and thus the resolution abdove t tation rate and thus decreases the mass of the cloud (and thus

boundary layer (reaching a vertical resolution of aboutk?rb its opacity). On the other hand, for a given cloud mass, this a

- fects the cloud opacity by changing the number of partictes a
between 5 and 25 km), and found very similar results. their single scattering properties. We found that the fiffgtat

Figure[12 presents the annual mean coverage in optical deptiominates: almost no clouds are present with [CENF kg2.
at other pressures in the baseline cases. The average éosud WVith higher [CCN], the average cloud mass increased by a fac-
ible optical depthr growths with mean pressuies, but at the  tor of about 3 for each order of magnitude increase in [CCN].
same time the altitude of the bottom of the cloud lagete-  Meanwhile, the mean cloud particle sizes (computed by tak-
creases. For instance=0.7 andz ~14 km for Ps=0.5 bar; ing into account sedimentation and sublimation below the co
7=1.8 andz ~11 km for Ps=1 bar; r=4.5 andz ~8 km for = densation level) remains near 10 to 2®. As a result, with
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Low resolution 32 x 24 High resolution 64 x 48

a) Zonal mean CQice density (10°kg m—3) b) Zonal mean CQice density (10°%kg m—2)
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Figure 10: Annual-mean section of zonal-mean,@¢€ cloud density and particle radius, for two simulatiorithwdifferent horizontal resolution (mean surface
pressure 2 bar, obliquia?5°, [CCN]=10° kg1, circular orbit). Particle radii are averaged with a refativeight proportional to the GQce mixing ratio.
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Figure 11: An example of the instantaneous ;d€e clouds coverage for two simulations withffdrent horizontal resolution (mean surface pressure 2 bar,
obliquity=25°, [CCN]=10° kg™, circular orbit)
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Obliquity = 25° value it = 1.35, i.e. if the temperature in the cell is below

the nucleation temperatuteyud(p) = Tc(P/ Sgrit), WhereT¢(p)

T T ‘
I e—e 2, bar, No supersaturation h

235~ 0--0 2 bar, Supersaturation 35% _ is the equilibrium condensation temperature for a,@@rtial
< +—e 0.5 bar, No supersaturation ) pressurep.
gzso— | The average temperatures reached in these simulations are
g8 | | also shown in Figuré~13 as a function of [CCN]. As can be
éi o5l | seen, the need for supersaturation decreases the warfféoy e
@ i | of CO, clouds by a few degrees. However, this variation is
§ ao0l | weaker than the one obtained by varying the density of CCN.
§ i T 5.4. Impact of obliquity and orbital parameters
g 215 7] The obliquity and the eccentricity of Mars have strongly-var
g I i ied throughout its existence. As the evolution of thesepara
= 2101~ . eters is strongly chaotic, it is not possible to know theiuea
- ] before a few million years ago (Laskar et al. 2004). Neverthe
205 . less, Laskar et al. (2004) showed that the obliquity coulceha
- 1 varied between less thari &and up to more than 60r even
200 ‘2 ‘3 ‘4 &‘3 6‘3 ‘7 E‘i 70°. In fact, the average value of the obliquity over 5 Gyr was
Log ([CCN]) (kg-1) estimated to be 37.62%with a standard deviation of 13.82

The average eccentricity was 0.0690, with standard dewviati
Figure 13: Global annual averaged surface temperaturegi)fanction of  0.0299. More recently, Brasser and Walsh (2011) reanalysed
;:Ioud condensation nucg?i nymzbsgr mixinlg ratig_t(knin éhe 2 bar meat?] sur-  the stability of the martian obliquity for the Noachian etak-
aceresure cass obl25 citlr ) 40 s 81 1 1 i account the fact that before the fate heavy bombarc:
ment the giant planets may have been on drasticaltgmint
orbits than today, according to Gomes et al. (2005). For such
conditions, they found that the martian obliquity would éav
Ps =2 bar, the mean cloud optical depth reaches 16, 67 angemained chaotic for its most probable mean values, between
156 for [CCNE10P, 10" and 1@ kg™*, respectively. In the last  about 30 and 60, but more stable for the less probable mean
two cases, the cloud optical depth is too thick to allow tresc  obliquities below 30 (with oscillation amplitude still as high as
tering greenhousefiect to take place (Forget and Pierrehum-2¢r) and above 60(with amplitude of 9)
bert, 1997). The clouds are so thick in the visible that atbed Varying the obliquity or the season of perihelion in models
increases outweigh the scattering of upwelling IR. The dfou of the present-day Mars climate system has a profound impact
reflect most of the incoming solar radiation, and their kg  on the surface temperatures and the water cycle (e.g. Haberl
is to cool the surface as seen in Figré 13. WAth=0.5 bar, et al. 2003, Forget et al. 2006, Montmessin et al. 2007a). The
the mass of C@ice clouds is lower and the cloud warming is impact is especially strong at high latitudes, with the ager

maximized with more nuclei, up to 1&g (Figure[I3) insolation at the pole proportional to the sine of the okitigu
The permanent polar caps predicted to formRPar= 0.1 and
5.3.2. Supersaturation. Ps= 0.3 bar in the baseline case (2&bliquity) and discussed

As mentioned in Sectiohl 2, based on the measured conn Section[5.1l do not form at 3%obliquity. Conversely, we
straints on the critical saturation level and the micropdsls found that a southern permanent polar cap forms when running
properties of the formation of carbon dioxide cloud paeticl with Ps =0.5 bar and 10obliquity (whereas there is no such
(Glandorf et al., 2002), Colaprete and Toon (2003) pointgd 0 cap in the baseline case with“28bliquity shown in Figurgl3c).
that, since nucleationfiéciency decreases when the size of theWith Ps = 2 bar, the thick atmosphere prevents the formation
nucleating particles decreases, only the biggest pastisieef-  of permanent polar caps even in the bbliquity case. In fact,
ficiently nucleated and are able to condensate.Cihey con- in that simulation C@ does not condense on the surface at all!
cluded that, as a result, G@louds on early Mars should con- Figure[14 summarizes the range of mean surface pressures and
tain few, large particles with average radii greater thad/s@.  obliquities for which permanent CQce caps are predicted to
In addition, they showed that a supersaturation of neardp 35 form, possibly leadingto atmospheric collapse.
is needed to allow for such affieient nucleation. In general, a higher obliquity corresponds to a stronger sea

While the first éfect could be well mimicked by reducing sonal cycle, with a warmer summer and a colder winter at mid
[CCN] as done above, we have run another set of simulationand high latitudes. Could this significantly increase maxim
to quantify the impact of the critical supersaturation rexetb ~ temperatures and allow seasonal melting? Figuke 15 shaws th
form clouds in a cloud free medium. In these simulations, theglobal mean, maximum daily mean and planetary maximum
number density of CCN is prescribed as above. However, itemperatures in thBs = 0.5 and 2 bar cases for various oblig-

a grid cell where no significant amount of carbon dioxide iceuities between 10and 60. In both cases, the global mean
is present at the beginning of a timestep, 06 allowed to  temperature slightly decreases with obliquity. This is due
condensate only if the saturatien= p/psatreaches a critical the raising of the albedo resulting from the seasonal palpsc
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Figure 14: Schematic drawing illustrating the range of maaiface pressures
and obliquities for which permanent G@&e caps are predicted to form after 10
years of simulations. It is based on model runs performedbauing pressure
values of 0.1, 0.3, 0.5, 1, 2, 3, 4 bars and obliquities ¢f, X5, 35 and
45° to explore the parameters space. The sensitivity to othelehparameters
is not shown. In particular, as in all simulations in this eaphe CQ ice
albedo and emissivity were set to 0.5 and 0.85 respectibalypne can expect
that the figure would be fierent assuming other GGce radiative properties.
The arrows illustrate the fact that when permanent @@ forms, part of the
atmosphere may collapse and cause the pressure to decetawette initial
value.
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Figure 17: Global mean surface temperature (K) as a funciaust opacity
in the 0.5 and in the 2 bar mean surface pressure cases &ciorbit).

which are more and more extensive when obliquity increases.
As expected, the maximum daily mean temperature strongly in
creases with obliquity, especially in thes = 0.5 bar case for
which temperature aboveé O are predicted at very high oblig-
uity. Looking at temperature maps (not shown), we can see tha
such high temperatures are reached in both hemisphere (more
in the north), above about 7@atitude.

Insolation can be further increased near perihelion in ésec
of an eccentric orbit. To explore thigfect, and in order to
create a realistic “optimum case” we performed two addélon
simulations withPs = 0.5 and 2 bar, assuming an eccentric-
ity of 0.1, a perihelion during northern summer solsticed an
an obliquity set to 418(the most likely obliquity for Mars
according to Laskar et al. (2004)). The corresponding maxi-
mum daily mean temperatures are shown in Figufe 16. In the
0.5 bar case, seasonal temperatures abt@eafe predicted ev-
erywhere above 7Olatitude. If valley networks and layered
deposits were mostly observed at such high latitudes, itdvou
be interesting to relate their formation to this type of tabi
configurations. Of course, this is not the case.

5.5. Impact of atmospheric dust

To explore the radiativefiects of airborne mineral aerosols,
we have used the dust parameterization described in SEcflon
and performed a series of simulations with various amount of
dust in thePs= 0.5 and 2 bar cases. The impact of dust opac-
ity on the global averaged surface temperature is showrgin Fi
ure17. Two vertical distributions are employed. When thstd
top” is set to 100 km, the dust mixing ratio decreases slowly
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Figure 16: Maximum daily mean surface temperatures (K)inbthwith simulations with a 41°8obliquity, eccentricity of 0.1, and Mars closest to the Sun
in Northern summerl(s = 90° at perihelion). This illustrates the warmest daily mearfesie temperatures that can be obtained in our simulatiotis surface
pressure of 0.5 and 2 bars.
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in the lower 50 km (80% of the surface value at 50 km) and
more steadily above, up to 100 km. Similarly, with a dust tbp a
30 km, most of the dust is confined below 20 km.

In most cases, it is found that dust can slightly warm the sur-
face. With a dust visible opacityset tor =5, surface temper-
atures are increased by a couple of Kelvins inFtse= 0.5 bar
case, and by more than 10 K wits = 2 bar. With dust opac-
ity T =10, the impact is reduced. To interpret these results, we
can note that airborne dust modifies the energy balance m fou
ways: 1) Dust absorbs solar radiation and thus warms the at-
mosphere, 2) as a result, it decreases the i€®clouds opac-
ity 3) Dust decreases the planetary albedo, 4) Dust incsease
the atmospheric infrared opacity. The first twibeets tend to
reduce the atmospheric greenhouse surface warming and thus
the mean surface temperatures. However, the other fi@ote
work in the opposite direction and actually dominate. F&{l8
illustrates the impact of dust on the temperature profiletén
Ps = 2 bar case. Temperatures above 10 km are warmed by
15 K with an opacityr =5 and by more than 20 K with =10.

This should decrease the greenhouSect by increasing the
outgoing infrared radiation, but this is more than comptata

by the fact that the dust infrared opacity allows the mean in-
frared emission to take place at higher and colder altittthe.
dominant efect is thus an increase in surface temperature to
keep the energy budget in balance. This is less truemthO,

and one can see that the surface temperature is then lower tha
with 7 =5. In ther =5 case, the C@ice cloud mean opacity is
reduced from about 5 with no dust down to about 1.5 and 0.17
with the dust top at 30 and 100 km, respectively. The colder
upper atmosphere temperatures and the thicker cloudsiexpla
why surface temperatures are a few kelvins warmer when the
dust is confined in the lower atmosphere.

5.6. Role of water

In this paper we have assumed that Mars was mostly dry,
and neglected the additional greenhoueat of water vapor.
However, even in the case of a water-covered Mars, tiiece
is limited because our predicted atmospheric temperatres



in most cases so low that even at saturation the concemticitio = Our most striking result is that no combination of parame-
water vapor remains small. ters can yield surface temperatures consistent with théngel

In the companion paper, Wordsworth et al. (2012) presenand flow of liquid water as suggested by the available geelogi
simulations similar to our baseline cases with varioug 8@@-  cal evidence on early Mars. Previous studies had suggésied t
face pressure, but in which the greenhousect of water vapor  CO; ice clouds could have strongly warmed the planet thanks to
is maximized by assuming 100% relative humidity everywheretheir scattering greenhousfiect. Looking at Figures 1 andl13,
As seen on their figures 2 and 3, it is found that even in thione can see that the optimum case exhibiting maximum surface
overestimated case, water vapor only increases surfagetem temperatures in our simulations is wilts=2 bar and [CCN]
atures by a few kelvins, and thus does not qualitatively gean near 16 - 10° kg™1. This actually corresponds to one of the ref-
our conclusions. In reality, water alsdfects the climate by erence casess that we have studied in detail. Even in that cas
forming water ice clouds which can either cool or warm thethe mean cloud warming remains lower than 15 K because of
planet. This is further discussed in Wordsworth et al. (3012 the partial cloud coverage and the limited cloud opticaltdep
We conclude that a Catmosphere could not have raised the
annual mean temperatures abo%€ @nywhere on the planet.
Summertime diurnal mean surface temperatures abt@g®
condition which could have allowed rivers and lakes to form)
are predicted for obliquity larger than 4@t high latitudes but
not in locations where most valley networks or layered sedi-

In this work, our purpose has been to develop a climate modehentary units are observed. At most latitudes, above ngeltin
complete enough to properly answer the question “what is theemperatures occur, but only for a few hours during summer af
climate on a Mars-like planet with a thick G@tmosphere and ternoons, and assuming albedo and thermal inertia valuiesiwh
a faint young sun?” Previous work had found contradictory anmay be unrealistic for snow or ice deposits. In the companion
swers to this apparently simple question (Pollack et al. 7198 paper, Wordsworth et al. (2012) present further resultshen t
Kasting et al. 1991, Forget and Pierrehumbert, 1997, Miachnsubject using a full water cycle model that predicts theibtab
et al. 2000, Colaprete and Toon, 2003). By using a completand evolution of surface ice deposits.
3D GCM, revised spectrocopic properties for collisiontindd

CO; , and by systematically exploring the model sensitivity t06.2. Was the early sun brighter than expected ?”

h ibl rf r r I microphysi i r L . .
the possible surface pressures, cloud microphysics piepe Like in most previous model studies, we assumed that the

obliquity and orbital properties, atmospheric dust logdamd early solar flux was 75% than today, on the basis of the “stan-

model resolution, we hope to have provided an improved an- :
. P P P dard solar model” (e.g. Gough, 1981). Can this model be ques-

swer to the question. . ; .
) : . . .tioned? The fundamental reason is very robust: “The gradual
In our simulations, a wide range of dynamical, meteorologi- . L . :

. . increase in luminosity during the core hydrogen burningsgha
cal and climatic phenomenons are observed. Unlike on presen . . 2

f evolution of a star is an inevitable consequence of Newto-

day '\"‘f’“s’ and more like on the Earth, for pressure hlgher tha:':1g|an physics and the functional dependence of the thermonu-
a fraction of bar, surface temperatures varies with alétbd-

cause of the adiabatic cooling and warming of the atmosphe clear reaction rates on density, temperature and compo’iti

r T . .
when it moves vertically and the increased coupling betweer&ouqh’ 1981). In practice, itagrees very well with solane

the atmosphere and the surface under higher atmosphesic pré]OS and helioseismology observations. The only way to éxpla

: . . a brighter early sun is to assume that it was more massive ini-
sures than today. In most simulations, £iCe clouds cover . . : .
. ; o tially and that it subsequently lose the excess mass in anset
a major part of the planet but not all. Their behavior is con-

trolled by a combination of large-scale ascent and desdent Osolar wind during its first billion years (Whitmire et al. 199

. ) . . A few percent of the mass would befBaient because a star lu-
air, stationary and travelling waves, and resolved gravidyes

: . minosi rongl n n its mass. Interestingl
related to the topography. The formation of £i0e seasonal osity st_o gly depends on its mass. Interestingly, aget, .
. > . . more massive sun has also been suggested recently to explain
or perennial deposits is also a key process in the climatds th. . : o
: ) : inconsistencies between the standard solar model prealcti
we have explored. In particular, atmospheric collapse il pe

X ; and recently revised measurements of the solar elemeniat ab
manent CQ ice caps could have fiered the thickness of the dances (Guzik and Mussack 2010, Turck-Chieze et al., 2011).
early Mars atmosphere to pressures lower than about 3 bar (m . .
) . . . owever, observations of mass loss in young stars do not sug-
the unlikely case that enough G@as available; see sectibh 3). S -
. . est that they lose significant mass after the first 0.1 Gyo@Vo
Conversely at pressures lower than one bar, we find that if thd :
T et al. 2005, Minton and Malhotra, 2007). Nonetheless, th fa
obliquity is lower than a threshold value between abodtdrd ouna sun is still a tobic of active investioation
30 (depending on the initial pressure), a part of the atmosephery 9 P 9 '
may be trapped in the high latitudes, as on Mars today. How- 5
ever, as mentioned above, to properly simulate an equiira 6-3: Other greenhouse gases?
atmosphergermanent C@ice cap system, it would also be  Could supplemental trace greenhouse gases boost the green-
necessary to take into account the ability of € glaciersto  house power of a pure GQand HO) atmosphere? Past stud-
flow and spread, and probably include tHEeet of slopes and ies have notably explored théfects of sulfur dioxide (S§),
roughness (Kreslavsky and Head 2005, 2011). hydrogen sulfide (bS), methane (Ck), and ammonia (NE).
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6. Discussion and conclusion

6.1. Early Mars Climate with a C®atmosphere would have
been cold.



The key to the success of these gases in solving the fainfgyourwe plan to explore the radiativéfect and the chemical cycle of
sun paradox for early Mars rests on two main conditionsrtheithese gases, starting with the sulfur cycle.

ability to absorb infrared radiation in parts of the spectmot
covered by CQand KO, and their ability to sustain the needed
concentrations given plausible sources and sinks.

Of the gases listed, Nd-has the potential to plug up the so-
called window region (800-1200 cr as it exhibits strong ab-
sorption between 700 and 1300 ©m This makes it a very
powerful greenhouse gas. Kasting et al. (1992) suggesé&td th

500 ppm of NH in a 4-5 bar CQ atmosphere could raise sur- by geothermal heat and heat associated with impacts (Sgjuyre

face temperatures to 273 K. However, i photochlemicglly. and Kasting, 1994, Gaidos and Marion, 2003). Erosion and sur
unstable (Kuhn and Atreya, 1979) and would require shigldin face alteration may have occurred by saline and acidicdiqui

to survive (e.g., Sagan and Chyba 1997; Wolf and Topn, 2010%0Iutions (brines) which can be stable at sub-zero tempest
Methane, which is also unstable and whose photolysis ptsduc(Fairen 2010). Impacts may have induced melting and rain-
cpuld provide the shield, has absorption features at soranewhfa” on églobal scale (Toon et al. 2010) or locally (e.g. Man-
higher wavenumbers.(12_00-1500 i which could fu.rther gold, 2012, and reference therein) which may explain the for
_hel_p reduce the outgoing mfrareq. However, recent calinria mation of fluvial valleys even under cold background climate
mdu:_a_de that even at concentrations of 500 pprm;@Hes not conditions. Similarly, while clay minerals have been thioug
significantly k.)OOSt th_e gree_nhoustm:t of apure CQH?O_ - {5 be an indication of surface weathering by liquid water and
masphere (Jim Kasting, private communication). This islpar thus an indication of warm and wet past conditions, Ehimann
the result of an overlap with water bands, partly becausgethe et al. (2011) showed that, in many locations, avai,lable data

bands are on the wings of the Planck function, and partly duﬁwtead indicates clay formation by hydrothermal grountéwa
to the fact that Cldalso absorbs in the near infrared, which hascirculation possibly operating in cold, arid surface cdiodis
an anti-greenhousdfect. And like NH, CH, would require Furthermore, Meunier et al. (2012) proposed that the inoa-a

strzng sc:u(rjcgs tt?] sulsttamdthet_ abo‘:ﬁ C(zjn(f{entt_ratlor}si\l hi magnesium-rich clay formed direcly by the precipitatioonfr
s noted in the Introduction, the detection of Noachian- .o iop magama-derived fluids.

Hesperian aged sulfate deposits has renewed interest in Seg’ This new paradigm is not without problems. In particular, it

and HS as potential greenhouse gases. An obvious source for u i
) . s . : . is more and more clear that “early” Mars encompasses several
these gases is volcanic activity, which was much higherén th

past than it is today. $6 has absorption features in the win- epochs. \.Nh"e a cold early plane_t scenario may be c0n5|§tent
with relatively recent late Noachian or Hesperian geolagic

dow region but they are weak, and its stronger bands at Iow%r h
) . eatures such as delta fans or the most recent fluvial fegture
wavenumbers occur at the tail end of the Planck function. On

the other hand, SOv, fundamental near 520 crhis near the several authors have argued that it could not explain the mor

. ; o hology of large valley networks, the very high global eoosi
peak of a 273 K Planck function, and it also has &gmﬂcanlfate inferred for the early Noachian period, or the format

?’ﬁigltysgt ;22 Pengivvgzvr?:)iTgf trhinz;jtt(e)LtEZﬁ Zé'ndoﬁazz\?'oz&extensive deposits of phyllosilicates like in the MawrtHliga
al 2(’)07_ Johnson et al., 2008) g y region (e.g. Craddock and Howard, 2002, Bibring et al. 20086,

? ' . X j . . McKeown et al. 2009).

To be dfective, SQ needs to build up to concentrations | h . doubt th diti Mars d
around the 10 ppm level or higher in moderately thick atmo- n any case, there is no doubt that conditions on Mars dur-
spheres (surface pressures greater than 0.5 bar). In thel mod'Y the first billion years of its h|_story were dramaticaliyfer-
of Johnson et al. (2008) global mean surface temperaturiés w nt from those at present. A thicker atmosphere was probably
above freezing are achieved with $@oncentrations in this necessary to allow water to flow for long distances across the

range. This is the only modern model to predict such Warmsurface. Our simulations of the resulting climate provitlees
conditions with a pure gaseous greenhouf However in 9" the environment, and notably show that with surface pres-

practice the S@greenhouse faces significant challenges as sosure above a fraction of a bar, the southern highlands become

readily converts to aerosols regardless of the redox sfdteeo cold traps where ice may migrate and replenish water sources

atmosphere. And as on Earth, these aerosols should have a &'S hydrolqg|cal cycle is modeled and discussed in detail i
cooling dfect on surface temperatures (Tian et al., 2010). FurlNe companion paper (Wordsworth et al., 2012).

thermore, SQis highly soluble and will washout quickly when
conditions become warm enough for rainfall.

Thus, while the supplemental greenhouse gases consider
thus far in the literature cannot be ruled out, they requiseial
circumstances to play a significant role in warming the siafa  We are grateful for the comments on the text and scientific
of Mars to the melting point of liquid water. To date, no model suggestions provided by James W. Head. We thank N. Man-
has been published that convincingly demonstrates a gaseogold, B. Charnay, F. Leblanc, A. Spiga, J-P. Bibring for Hielp
greenhouse can solve the faint young sun problem for earlgiscussions. We also appreciate the reviews provided byt&. K
Mars. Within that context, using our Global Climate Model, and S. Clfford.
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6.4. A cold early Mars warmed episodically and locally?

The idea that Early Mars climate may have been cold is not
new. Several studies have suggested that the geomorptalogi
evidence related to liquid water could be explained by agsym
hydrothermal convection and the formation of aquifersettiv
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