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Abstract. We describea setof two “new generation’generalcirculationmodels
of the Martian atmospherelerved from the modelswe originally developedin
the early 1990s. The two new modelssharethe samephysicalparameterizations
but usetwo complementarywumericalmethodgo solve the atmospheriaynamic
equationsTheverticalresolutionnearthesurfacehasbeenrefined,andthevertical
domainhasbeenextendedto above 80 km. Thesechangesareaccompaniedby
theinclusionof state-of-the-arparameterization® bettersimulatethe dynamical
and physicalprocessesearthe surface(boundarylayer scheme subgrid-scale
topographyparameterizationetc.) andat high altitude (gravity wave drag). In
addition,radiative transfercalculationsandthe representationf polar processes
have beensignificantlyimproved. We presensomeexamplesof zonal-meariields
from simulationsusingthe modelat severalseasonsOnerelatively novel aspect,
previously introducedby Wison [1997], is that aroundnorthernwinter solstice
the strongpoleto polediabaticforcing createsa quasi-globalangularmomentum
conservingHadley cell which hasno terrestrialequivalent. Within sucha cell the
Coriolis forcesacceleratehe winter meridionalflow towardthe pole andinduce
a strongwarming of the middle polar atmospherelown to 25 km. This winter
polarwarminghadbeenobsenedbut not properlymodeleduntil recently In fact,
thermalinversionsaregenerallypredictedabove one,andoftenboth,polesaround
60-70km. However, the Mars middle atmospherebove 40 km is found to be
very model-sensitie and thusdifficult to simulateaccuratelyin the absenceof
obsenations.

1. Introduction

. _ _ _ , _ , Most of whatis currently known aboutthe climate and
Now at Laboratoired’Enegie Solaireet Thermiquede I'Habitat, Uni- thegeneralcirculationof theatmospher@f Marsstill come
versié Paul SabatierToulouse France. .
2Now at Hadlg/ Centrefor Climate Predictionand ResearchUnited ~ {rom the spaqecrafm|53|onsof the 1970s. Unfortqnately
Kingdom MeteorologicalOffice, Bracknell,England. theseobsenationaldatalackedthetemporalandspatialcov-
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erageneededto fully characterizethe generalcirculation
of the atmosphereand for several yearsthe detailsof the
generakirculationhave beenderived from numericalsimu-
lations performedwith generalcirculationmodels(GCMs)
adaptedrom the modelsusedfor weatherforecastingand
climate studiesfor the Earth. On Mars, GCMs have suc-
cessfullyreproducednostof the availableobsenationsand
have thusbeenvery usefulin analyzingandinterpretingthe
data. They have alsobeenusedto predictthe behaior of
the Martian atmospherend climatein regionswherefew
obsenationaldatawereavailable,in particularto predictthe
behaior of planetarywavesandmeridionalcirculations.

A new eraof spacecrafexplorationof Marsis now be-
ginning. More than ever, generalcirculation modelsare
needed. On the one hand, thesemissionswill greatly ex-
tendthequantityof obsenationsof the Martianclimate,and
GCMsarethe besttoolsto analyzeandinterpretthesedata.
ForinstancetheThermalEmissionSpectrometefTES)and
PressureModulatedInfrared RadiometenPMIRR) instru-
mentsof theMarsGlobal Sureyor programareatmospheric
soundersavhich mostly measureatmospheridcemperatures,
ratherthan winds or pressure. Interpretingthe exact na-
ture of the obsened structurewill be possibleby directly
comparingthe datawith the GCM predictionsor by assim-
ilating the datainto the modelsusingthe powerful dataas-
similation schemesvhich have beendevelopedfor Earth's
meteorologyandclimatology asdemonstratedor Mars by
Lewis et al. [1996]. On the otherhand,the designof fu-
ture missionsrequiresa goodknowledgeof the Martianen-
vironmentandits variability (for aerobrakingaerocapture,
descenandlanding,instrumenspecificationgtc.). Because
they areableto provide a completethree-dimensionaime-
dependenatmospheristate,carefully validatedGCMs are
thebesttoolsavailablefor theseaspect®f missiondesign.

For thesepurposesyery sophisticatednodels,account-
ing for all the processethoughtto affect the Martian mete-
orology, areneeded.To develop sucha model,two groups
from the Laboratoirede MétéorologieDynamique(LMD,
Paris)andthesub-Departmenaf AtmosphericOceanicand
PlanetaryPhysicsat Oxford University (hereafterAOPR
Oxford) have joinedtheir efforts, with the supportof the Eu-
ropeanSpaceAgenagy, CentreNationalde Recherché&cien-
tifique (CNRS),andthe U.K. Particle Physicsand Astron-
omy ResearctCouncil. A “new generation'GCM hasbeen
developed,basedlargely on the modelspreviously devel-
opedseperatelypy thetwo groups,but in which mostof the
scheme$ave beenimprovedor redesigne@ndnew param-
eterizationsadded. The primary purposeof this paperis to
presenia detaileddescriptionof the resultingmodel. Some
resultsillustrating the GCM performancesave also been
includedat the end of the paper More detailedanalysisof
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the Martian climate and further comparisonsof the GCM
resultswith the available obsenationsareto be published
elsavhere (see,for instance,Forget et al. [1998b]; other
papersarein preparation).n particular this nev GCM has
beenusedto producea Martian climatedatabasepresented
in a companionpaper[Lewis et al., this issue]alongwith
somecomparisonsvith the availableobsenations.

2. Background

Comprehensie generakirculationmodelingof the Mar-
tian atmosphereébegan with Leovy and Mintz [1969] who
successfullyadaptedhe thenrecentlydevelopedterrestrial
GCM of the University of California,Los Angeles(UCLA)
to Martian conditions. The model predictedatmospheric
condensationf CO, andthepresencef transienbaroclinic
waves in the winter midlatitudes. Later developmentsof
this modelweremadeat NASA AmesResearciCenterand
have provided a numberof insightsinto our understanding
of the Martianclimate[see,e.g.,Pollack etal., 1981,1990;
Haberleetal., 1993b;Barnesetal., 1993,1996; Murphy et
al., 1995;Hollingsworthetal., 1996].

In 1989the LMD terrestriaklimatemodelwasadaptedo
Marsby developinga new radiative transfercode[Hourdin,
1992a]and a self-consistenparameterizatiorior the con-
densatiorandsublimationof CG,. This modelwasthe first
to simulateafull Martianyearwithoutary forcingotherthan
insolation[Hourdin etal., 1993,1995]. It wasableto repro-
ducein a very satishctory way the seasonahnd transient
pressurevariationsobsened by the Viking Landers[Hour-
din etal., 1995;Collinsetal., 1996].

More recently a similar effort wasinitiatedjointly atthe
Universitiesof ReadingandOxford in the UnitedKingdom.
A spectralsolver wasusedin conjunctionwith a simplified
setof physicalparameterizationsOriginal resultswereob-
tainedon thedynamicalregime of baroclinicwaves[Collins
andJames 1995;Collins etal., 1996]andon the boundary-
currentnatureof thelow-level cross-equatoriddranchof the
Hadley Circulation[Joshietal., 1994].

At aboutthe sametime, a nev GCM was developedat
the GeophysicalFluid Dynamic Laboratory (GFDL) with
inclusionof a physicalpackagesimilar to the Amesmodel.
The modelwasusedto studythe role of thermaltides[WI-
son and Hamilton, 1996], and, separatelyfrom Forget et
al. [1996] (who obtainedthe sameresultsat LMD at the
sametime), indicatedthe importanceof extendingthe ver-
tical coverageof GCM modelingto createa polarwarming
[Wilson, 1997].

In 1995, at theinitiative of the EuropearSpaceAgency,

who were seekingan ervironmentalmodelfor missionde-
sign on Mars, the LMD and AOPR Oxford, teamedup to
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develop the modelpresentedereandthe climate database
describedn the companionpaperby Lewis et al. [this is-
suel].

3. Model Dynamics

The core of anatmospherigeneralcirculationmodelis
thehydrodynamicatodededicatedo thetemporalandspa-
tial integrationof theequation®f hydrodynamicsThispart,
which is basedon a rathergeneralformulation of the hy-
drostaticprimitive equation®f dynamicalmeteorologyon a
spherecanbeadaptediirectly from terrestriaimodels.Two
distinctformulationshave beendevelopedsofar: (1) afinite
difference®r grid pointmodelbasednthediscretizatiorof
thehorizontaldomainfieldson a latitude-longitudegrid and
(2) aspectraimodel,in whichthehorizontalmodelfieldsare
representedly atruncatedseriesof sphericaharmonics.

Each of theseformulationsoffers advantagesand dis-
adwantageswith regardto accurag and numericalperfor
mance,and both approachesre employed at variouscen-
tersfor climatemodelingon Earth. As for Mars, sinceboth
formulationshad beenpreviously usedat LMD (grid point
model)and AOPP(spectralmodel),we choseto keepboth
kinds asoptionsin orderto estimatethe likely uncertainty
arisingfrom certaintypesof modelingerrors.

The grid point dynamicmodelis basedon the LMD ter-
restrialmodeldescribedy SadournyandLaval [1984]. The
discretizatiorschemesonseresbothpotentialenstrophyfor
barotropicnondivergent flows [Sadourny 1975] and total
angularmomentumfor constantsurface pressureaxisym-
metricflow. Thelatterpropertywasnotincludedin theorig-
inal terrestrialversionbut was found to be very important
for simulatingthe Martianatmospherén orderto avoid spu-
rious progradezonalwinds in equatorialregions[Hourdin,
1992b]. Themaodelis typically run with aregularresolution
of 64x48 grid points horizontally, correspondingo 3.75
latitude by 5.625 longitude. However, in its presentver-
sion,thegrid pointscanbearbitrarily spreadn bothlatitude
andlongitude. This offersthe possibility of zoomingin on
agivenpartof the globeto studythelocal meteorologyfor
instanceataspacecraftandingsite. At high latitudeafilter
is appliednearthe singularityin thegrid atthepolein order
to satisfy the Courant-Friedrichs-Lwy numericalstability
criterionwithout goingto anexcessvely smalltimestep.In
theoriginalversionof thedynamicalcodeaclassicaFourier
filter wasused,but we foundthatbecausehe Martian polar
atmospherappeargo be muchmoredynamicallyunstable
thanthe Earth's polaratmospherea moreefficient formula-
tion (basedon the groupingof adjacengridpointstogether)
washecessaryo avoid numericalinstability.

The AOPPspectrakolverwasoriginally developedatthe
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University of Reading[Hoskinsand Simmons 1975] and
alsoconserestotal angularmomentum.A triangulartrun-
cation in spectralspaceat total wavenumber31, with the
nonlinearterms calculatedon a 96x48 real spacegrid, is
typically used.

In the vertical, both models use the terrain-following
o coordinatesystem(o is pressurealivided by surfacepres-
sure)in finite differenceform. Twenty-five levels are typi-
cally usedwith themiddle of thefirst threelayerslocatedat
altitudesof about4, 19,and44 m[seeLewisetal., thisissue,
Table 3]. Comparedo the previous versionsof the model
[seeHourdin et al., 1993, Table 1], the vertical resolution
nearthe surfaceis substantiallyenhancedallowing a much
betterrepresentationf theatmospheriboundarylayer(see
section6.1). Similarly, the middle of thetop layer hasbeen
extendedfrom 60 km up to about100 km. This extension
not only allows us to explore the meteorologicakegime at
thesealtitudes but we foundthata deepemodeldomainal-
lows for the full developmentof the Hadley circulationand
wasthusnecessaryo properlysimulatethe Martianclimate
belon 50 km. Thisis discussedurtherin section8.

In boththe grid point andspectralmodels,nonlinearin-
teractionsbetweenexplicitly resoled scalesand subgrid-
scaleprocesseareparameterizetly applyingascale-selectie
horizontaldissipationoperatorbasedon ann time iterated
LaplacianA™. For the grid point model, for instance this
canbewritten 8q/0t = ([—1]"/7diss) (§)?" A" q wheredz
is the smallesthorizontaldistancerepresentetih the model
andyiss is the dissipationtimescalefor a structureof scale
dx. A similar operatoris appliedto the spectralmodel
fields in spectralspace. Theseoperatorsare necessaryo
ensurethe grid point model numericalstability andto pre-
ventabuild up of enepgy atthetruncationlimit of the spec-
tral model. In practice the operatoris separatelappliedto
(1) potentialtemperature(2) the divergenceof theflow, and
(3) its vorticity. We respectiely usen = 2, n = 1, and
n = 2 in thegrid pointmodel.In the nominalversionof the
spectralmodel,however, n = 3 is usedfor the threefields,
following the guidelinesgivenby Mac\ean[1983].

In the upperlevels a spongelayer is also usedin both
modelsin anattemptto reducespuriousreflectionsof verti-
cally propagatingvavesfrom themodeltop. Unlike thetra-
ditional Rayleighfriction formulation,this operatessallin-
eardragsolely on the eddycomponent®f the vorticity and
divergencefields andis not scale-selectie. The timescales
on which it operatesaretypically half a day, 1 day, and2
daysatthethreeuppermostevels,respectiely.
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4. Radiative Transfer

The radiative transferthrough the Martian atmosphere
canbe affectedby the presenceof CO, gas,mineraldust,
watervapor, waterice particles,andCGO ice particles.The
radiatve effects of ozone should generally be negligible
[Lindner, 1990; Zurek et al., 1992]. This sectiondescribes
how the effects of gaseousarbondioxide and suspended
dustareincludedin the modelat solarand infrared wave-
lengths. The radiative effectsof watervaporareneglected,
sincethe cold Martianatmosphereannotsustairmorethan
a few tensof precipitablemicrometersof water In reality,
watervaporcouldslightly increasehe gaseousnfraredab-
sorptionof theloweratmospheré thenorthernhemisphere
in summer{Savigrvi, 1991]. However, the associateerror
shouldbe smallcomparedo the uncertaintieselatedto the
dustradiative propertiesandspatialdistribution. Similarly,
the effect of waterice cloudsis neglected.Waterice clouds
canbecomeoptically thick on Mars, but their occurrencas
thoughtto be quitelimited in spaceandtime. Nevertheless,
new measurementsiay motivatethe developmentof water
cloudparameterizationis thefuture. Thepossibleradiative
effectsof CO, ice particlesduringthe polarnight have been
parameterizedeparatelyasexplainedin section?.

4.1. CO, Gas

4.1.1. Thermal infrared. Thetreatmentof absorption
and emissionby the strongCO, 15-um bandis described
by Hourdin [1992a]. Theradiative transferequationis inte-
gratedusingthewidebandmodeldevelopedby Morcretteet
al. [1986]. In its currentversiontheschemeaccountdor the
Doppler broadeningof the molecularlines at low pressure
(significantabove 50 km) but not for departuregrom local
thermalequilibrium (LTE) (thoughtto be significantabove
70-80km, nearthe top of the model). Work is ongoingto
includenon-LTE effectson coolingin the model. The CO,
15-um band,extendingfrom 11.5to 20 um, is dividedinto
two widebandgepresentingl) the centralstronglyabsorb-
ing part(14.2-15.7um) and(2) thewings.

4.1.2. Near-infrared absorption. Atmosphericheating
dueto absorptionof solarradiationin the nearIR bandsof
CGO, is ngyligible belov 30 km but becomesconsiderable
abose 50 km. A simpleparameterizatiohasbeenincluded
which is similar in its effect to heatingratesobtainedin
radiative transfercalculationsperformedby Lopez-Puertas
and Lopez-‘lverde [1995] which include non-LTE effects.
At pressurey, = 700 Paandfor ameanMars-Sundistance
ro = 1.52 AU, theheatingratecorrespondindo a zerosolar
zenithangle(u = 0) is takento be

T
8—(170,7‘0,0) =13 Kday '

5 1)
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The heatingrate at otherpressureg, Mars-Sundistancer,
andzenithalangley is thencomputedasfollows:

oT _ oT 7’% Po - DPnutey—1
ot (pJTJ/J’)_ ot (pOJTOaO)XTQV p/l’(]'—'_ p ) (2)

wherepyr is a pressurebelov which non-LTE effects
aresignificant(pyre = 0.0075 Pa) and ji the cosineof the
solarzenithanglecorrectedfor atmospheriaefraction(we
useji = [(1224u%+1)/1225)]/2). Theeffectof non-LTE is
astrongdecreasef theheatingabose 80 km. In theory this
simple parameterizatiolis not completelyconsistentsince
the CO; heatingis justaddedo otherheatingtermswithout
reducingthe solarflux availablefor dustandsurfaceheating
below. However, the correspondingnaximumreductionof
thesolarincidentflux is alwayslowerthan1.5%,well belov
the level of otheruncertaintieselatedto the dustandthe
surfaceproperties.

4.2. Dust

4.2.1. Solar radiation.  Asin theoriginalversion[Hour-
din et al., 1993, 1995], the radiative transferequationac-
countingfor the absorptiorandscatteringof solarradiation
by the dustis basedon the numericalschemeof Fouquart
and Bonel[1980]. This codewasoriginally developedfor
the LMD terrestrialGCM andis currently usedby the op-
erationalmodelof the EuropearCentrefor Medium-Range
WeatherForecast{ ECMWF). The upward and downward
fluxesareobtainedfrom thereflectancesindtransmittances
of the layers,computedusingthe Delta-Eddingtorapproxi-
mation.

The available studiesof Martian dustoptical properties
have suggestethatthesingle-scatteringropertiesarechar
acterizedby anabruptchangearound0.5 pm nearthe peak
of theincidentsolarflux andthat multispectralcalculations
wereessentiato obtainaccurateesults[Odert-Bell et al.,
1997]. Sincedetailedmultispectralcalculationswould be
too expensve in a GCM, we usetwo broadbandg0.1-0.5
pm and0.5-5 ym). In orderto make useof spectraldust
properties,we spectrallyaveragethem in eachwideband
to obtainmeanscatteringcoeficients(extinction coeficient
Qext, Single-scatteringlbedo®, andasymmetryparameter
9). Thefollowing ponderatioriaws areused:

f;\f BAQezt,/\ dX
122 By dx
f;\f BrQext,xwx dA

o = @)
22 BAQext,x d

Qext

®3)
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_ f,{\12 By Qext,awrgx dA 5)
f;‘f B Qext,xwx dA

whereB,), is the Planckfunctionat 6000K (representing
thesolarradianceand ), and\, arethewavelengthsatthe
boundarie®f theband.

Choosingthe exactradiative propertieso be usedby the
model remainsproblematic, however. On the one hand,
this is dueto the factsthat the dustsingle-scatteringprop-
ertiesmay vary with altitude, seasonand horizontalloca-
tions and that the various propertiesobtainedby the dif-
ferent past studiesmay not be representatie. In particu-
lar, it is likely that in someconditions,the dust particles
canget coatedby waterice [Colburn et al., 1989; Ockert-
Bell et al., 1997]. On the other hand,the radiative trans-
fer resultswhich areof importancefor GCM (e.g.,heating
rates)areunfortunatelyextremelysensitve to thedustprop-
erties.Forinstancethedustsingle-scatteringlbedaw atso-
lar wavelengthis thoughtto be quite high, typically around
0.9. An uncertaintyof +£5% then correspondgo an error
on the heatingrate of about+50%. Dust optical properties
have beenderived from surface obsenations(landers)and
from orbit. Among the first kind of data,one of the most
completedatasetsis the spectralsingle-scatteringproper
ties extrapolatedover the solarwavelengthsby Odkert-Bell
etal. [1997] from the Pollack etal. [1995] Viking Lander
data.Thesedataappeato beconsistentvith themorerecent
Pathfinderobsenations[Markiewiczetal., 1999]. However,
dataobtainedfrom downlooking obsenation performedin
orbit from above the atmosphereseemto give slightly dif-
ferentsresults. Wavelength-aerageddust propertieswere
derivedby ClancyandLee[1991] onthebasisof theiranal-
ysis of the Viking orbiter infraredthermalmapper(IRTM)
emission-phase-functianeasurementg.heseobsenations
yieldedbrighterdustpropertieswith a highersinglescatter
ing albedoanda lower asymmetryparamete(Table4.2.1).
This may resultfrom to the fact that smallerdustparticles
aresampledrom above or thatthe obsenationincludesthe
effectsof clouds.In practice Clang/ andLee’sdustparame-
terscorrespondso slightly coldertemperaturethanwith the
Ockert-Bell dustparametersUntil betterdatafrom the up-
comingMartian missionsaremadeavailable,we have been
using both kinds of datain the model(Table4.2.1). How-
ever, the resultspresentedn this paperaswell asin the
companionpaperby Lewis et al. [this issue]wereall ob-
tainedusingClancyandLeés[1991] dust.

4.2.2. Thermal infrared. Intheoriginalversionof the
model,scatteringpf thermalinfraredradiationwasnottaken
into account.Thisassumptiors madein mostEarthstudies.
On Mars, suchan assumptiors reasonablavithin the CO,
15-um bandbecausef the strongisotropy of the radiation
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Figure 1. Daily averagedsurfacetemperatureomputedat
Viking Lander1 site (22°N) at winter solstice(L, = 270°)
asa function of dustopacity (resultsobtainedwith a one-
dimensionakadiative-corvective versionof the generalcir-
culationmodel(GCM) physicalpackage).Scatteringof in-
fraredradiationby the airbornedusttypically increaseshe
incidentIR flux to the surfaceoutsidethe CO, gaseoudand
by 10-20%.This resultsin awarmingof thesurface.

emittedby the gaseousatmospherd€Y. Fouquart,personal
communication,1991). However, we found that at other
wavelengthsthe infrared radiation scatteredby the atmo-
sphericdustbackto the surfacecanbe nonngligible (Fig-

ure 1), thuschangingthe surfaceandatmosphericempera-
ture.

We have thereforeincludeda radiative transferscheme
that accountsfor multiple scatteringby dustparticlesout-
sidethe CO, 15-um band. It is basedon the two-stream
hemispherianeansourcefunction codedescribecby Toon
etal. [1989]. The infrared spectrumoutsidethe CO, 15-
pm bandis divided into two widebandspnefor the 9-um
silicate band (5-11.5 um) and one for the rest of the in-
fraredspectrum(20-200pm). Until moreaccuratedataare
madeavailable, we usea setof syntheticsingle scattering
spectralpropertiesof the Martian dust specificallyformu-
lated for this GCM and describedby Forget [1998]. This
modelwasdevelopedby modifying the long-standinglfoon
etal. [1977] dustmodel (basedon the optical properties
of a clay samplecalled Montmorillonite 219b)in orderto
accuratelymatch the Mariner 9 obsenations of the 1971
globalduststormatevery IR wavelengthwithoutrestriction
to ary particularhypothesidor theactualdustcomposition.
In eachwideband wavelength-intgratedmeandustsingle-
scatteringpropertieswere computedusing (3), (4) and(5),
with By beingthe blackbodyintensityat 215 K, a typical
meantemperatureon Mars (Table 4.2.1). This discretiza-



Table 1.

FORGETET AL.

AveragedAtmosphericDust Single ScatteringParameterdJsedin the Solar and Thermal Infrared Radiatve

TransferCodein the CurrentVersionof the Model with the Infraredto Visible OpacityRatio 79,m/70.67,m Setto 2.

Band,um  Qext/Qext(0.67um) @ g
Solarradiation(1)®  0.1-0.5um 0.878 0.665 0.819
0.5-5um 1.024 0.927 0.648
Solarradiation(Z)b 0.1-0.5um 1.0 0.920 0.55
0.5-5um 1.0 0.920 0.55
Thermalradiatiof  5-11.6um 0.253 0.470 0.528
11.6-20pum 0.405 0.541 0.551
20-200pm 0.166 0.370 0.362

Resultgpresentedn this paperwereobtainedusingsolarradiationpropertieq2).

2Computedrom Odkert-Bell etal. [1997].
bComputedrom Clancyand Lee[1991].
°Computedrom Forget [1998].

tion in two widebandsvasfoundto introducelessthan10%
errorcomparedo a moresophisticateaharrovbandcompu-
tation. In the 15-um band,absorptiorby thedustis addedo
the absorptiorby CO,, usinga meanabsorptionparameter
Qabs = (1 — @) Qext, With © and Q.. computedasabove.

The scalingof dustopacityin the infrared comparedo
the visible is alsoa key parameteof the dustmodelsince
it controlsthelocal radiative balanceof the atmospherand
the surface. This ratio is highly sensitve to the actualdust
sizedistribution, which is poorly known sinceeachspectral
regionis sensitve to differentparticlesizes[seeZurek1982;
Forget, 1998]. In the original model a ratio of about1.2
had beenused,following Pollack et al. [1979] asin most
other existing Mars GCMs then[e.g., Pollack et al., 1990;
WIson and Hamilton, 1996]. However, measurementsf
the dustoptical depthmadeseparatelyat solarandinfrared
wavelengthsat the sametime andlocationsuggest visible
(0.67 pm) to infrared (9 pm) ratio of about2-2.5[Martin,
1986; Clancyet al., 1995]. In the baselineversionof the
modelwe thereforescalethe dustopacitiesr from theratio
7—9um/7_0.67um =2 (Table421)

4.2.3. Dust spatial distribution. In the baselinever
sionof themodel,thedustmixing ratiois prescribedandthe
dustis nottransportedy winds (otherversionsof themodel
includethis capability[Forgetetal. 1998a]). The dustmix-
ing ratio is takento be constanin the lower atmosphereip
to a level above which it rapidly declines,consistentwith
the available spacecrafbbsenations. Following Pollack et
al. [1990], mostGCMs (including the previous versionof
this model) have usedthe dustvertical distribution derived
by Conrath [1975] from considerationsf particlesedimen-
tation andeddy mixing. The dustmassmixing ratio ¢ was

definedasa functionof pressure; thatis,

< po
P >Dpo (6)

q = qoexp[v(1 —po/p)]
q=4qo

where g, is a constantdeterminedby the prescribedopti-

cal depthat the referencepressurdevel p, = 700 Pa and
v is a constantthat determinesthe shapeof the function.
Conrath [1975] estimatedr = 0.007 during dust storms,
but Pollack etal. [1990] (andfollowing mostother GCMs)
usedv = 0.03, thoughtto represenmoretypical conditions.
In reality, obsenationsat the limb by the cameraaboard
Mariner 9 [Andessonand Leovy, 1978] andViking [Jaquin
et al., 1986] have shavn that the dustvertical distribution

stronglyvarieswith spaceandtime, with dustconfinednear
the surfacein the polar regions or reachingvery high alti-

tudesin thetropicsduring duststorms. Representinghese
variationswith (6) by varying » would have led to an un-
realisticvertical distribution. We thereforeuseda modified
versionof (6):

¢ = goexp {0.007 [1 = (po/p)(Tm/zm)] |

wherezmax is the altitude (km) of the top of the dustlayer
Equation(7) matches(6) underthe conditionsfor which
the later was originally designedby Conrath(v = 0.007,
Zmax = 70 km) but remainsrealistic for thinner dustlay-
ers [see Lewis et al., this issue, Figure 3]. The climato-
logical altitude of the top of the dust layers can be de-
ducedfrom the analysisby Andeson and Leovy [1978]
and Jaquin et al. [1986]. To first order, thesemeasure-
mentscan be summarizecand representedby the function
Zmax = 60 + 18sin(Ls — 160°) — 22(sin ¢)?, with L bee-
ing thesolarlongitudeand¢ beinglatitude. This equationis

p < po(7)



IMPROVED MARTIAN ATMOSPHERICMODELS

currentlyusedin mostof our simulations However, we usu-
ally keepthereferencemixing ratio gy constantorizontally
overtheplanet.Indeed althoughslight spatialvariationsof
thedustopticaldepthhave beenmeasuredby Martin [1986]
and Martin and Richardson[1993], no simple dependence
on latitudeor longitudecanbedetermined.

5. Surface Processes

Surfacetemperaturevolutionis governedby thebalance
betweerincomingfluxes(directsolarinsolation thermalra-
diationfrom theatmospherandthesurfaceitself, andturbu-
lent fluxes)andthermalconductionin the soil. The param-
eterizationof this last processs basedon the sophisticated
11-layersoil modeloriginally developedfor the LMD Mar-
tian GCM (describedy Hourdin etal. [1993]). A vertically
homogeneousoil is assumedandthe spatiallyvarying soil
andsurfacepropertiesthatis, thermalinertiaandalbedoare
currentlybasedon the Viking IRTM obsenationsanalyzed
by PalluconiandKieffer [1981] (thermalinertia)andPleslot
andMiner [1982] (albedo)extendedto the polarregionsus-
ing therecentresultsfrom Paige etal. [1994] andPaige and
Keeggan [1994]. It hasbeensuggestedhat the thermalin-
ertiadeducedy Palluconi and Kieffer [1981] may be over-
estimatedlueto weaknessein theretrieval model[Haberle
andJakosky, 1991]butit is retainedor thepresentn theab-
senceof morereliableinformation.More accuratalatafrom
the upcomingmissionswill be adoptedas soon as avail-
able.A third mapis usedby the modelfor the surfaceorog-
raphy The accuratemeasurementBom the Mars Orbiter
LaserAltimeter (MOLA) aboardMars Global Surveyor will
be usedassoonaspossible. This paperwaswritten before
thesedatawere madeavailable. Threedatasetswerethen
availablefor modelers. the Mars Consortium[Wu, 1978],
the U.S. GeophysicaBuney digital elevation model(often
calledDTM ; seeDavies[1992]), andthe eigth-dgreeand
ordersphericaharmonicmodelderivedfrom radio occulta-
tion databy Smithand Zuber[1996]. The choicebetween
thesedatasetsremainedcontroversial. Thesimulatedzonal-
meanfields presentedn this paperwereobtainedusingthe
DTM dataset,which accountdor fine structuresot repre-
sentedn Smithand Zubers [1996] smoothtopographyand
which providessomeinformationin the southernpolar re-
gion, wherethe Mars Consortiummapsufferedfrom a lack
of data.In fact,suchzonal-mearfieldsarenotvery sensitve
to the detailsof the topographyandalmostsimilar figures
would have beenobtainedwith the otherdatasets.

6. Subgrid-Scale Dynamics

6.1. Turbulent Diffusion in the Planetary Boundary
Layer

Accuratedescriptionof nearsurfaceconditionsis anin-
creasingrequirementfor Martian GCMs in order to pre-
dict accuratesurfacedragsdustlifting, tracertransportand
nearsurfaceconditionsfor missiondesign.In turn, Marsis
a challengingplanetfor parameterizatioof boundarylayer
dynamicstheveryshallav (aboutl00m) andstronglystrat-
ified nocturnalboundarylayer evolving duringthedayin a
very deepandfully corvective layerof severalkilometers.

Asin mostGCMs,boundarylayerdynamicss accounted
for by a turbulent closureschemebasedon the conceptof
turbulentviscosity plus a corvective adjustemenin caseof
unstabletemperaturgorofiles. The turbulent mixing of ary
statevariablea (horizontalwind componentsor potential
temperaturejs computedas

Oa 10 Oa

ot p@zKpaz ®)
whereK takesdifferentvaluesK, and K, for (u,v) andd,
respectiely. In thebottomlayertheturbulentsurfaceflux is
givenby pCyU; (a1 — ag), wherea; andag arethevariable
valuesin thefirst atmospheri¢ayerandatthesurface(ag =
0 for winds), U; is the wind velocity in the first layer, and
C, is thedragcoeficient. Becausef the smalldepthof the
firstlayer(z; ~ 4 m), we canassumehatthewind profilein
thefirst metersabove the surfaceis logarithmicandsimply

use
2
Ca= (1 ~ ) ©)
M2

wherex is the von Karmanconstant(x = 0.4) and zq is
the roughnessoeficient. We assumethat zo = 0.01 m
everywhereon Mars, assuggestedy Suttonet al. [1978]
for theViking Landersites.

Theschemeéhasbeenrecentlyimprovedby introducinga
new parameterizatiofior K,, and Ky basedon Mellor and
Yamadas$ [1982] unstationary2.5-level scheme. With re-
spectto the original Mellor and Yamadascheme,we use
a modified set of stability functions derived by Galperin
etal. [1988]to solve somenumericalinstability problems
in the scheme,and the computationof the turbulent mix-
ing lengthis replacedby Bladkadars [1962] law, I(z) =
kz/(1 + kz/ly), wherel, is areferencdengthscalethatwe
fixedto avalueof 160m.

Computatiorof mixing coeficientsis basedon anequa-
tion for theevolutionof theturbulentkineticenegy(TKE) E:
OE 3 1 0 OFE

— q _) + _KE_

ot 1 (SUGU +50Go - by 8z 7 Oz

(10)



with
q=V2E (11)
ou\? ov\?
=y (2 4 (2) 1)
l2
Gy =M’ (13)
q
12 g 00
Go= 5, (14)
a1 + ang
Sy = 15
(1 + 053G9)(1 + OL4G9) ( )
So = 14+ a3Gy (16)
SE = Qg (17)

The coeficientsa,, andb; take the constantvalues(a;,
a2, asz, a4, as, ag, by) =(0.393,-3.09,-34.7,-6.13,0.494,

0.38, 16.6). Here 6, is the mean potential temperature.

Within this contet, the correspondingurbulent diffusion
coeficientsare K,, = qlS, for velocity, Ky = ¢lSy for
potentialtemperatureand K = ¢qlSg for TKE.

Figures2aand2c shav resultsfrom one-dimensiona(1-
D) simulationobtainedwith this modelwith the sameverti-
cal discretizatiorasfor 3-D GCM simulations.Thevertical
wind andtemperaturstructuresresimilarto thoseobtained
by Haberleetal. [1993a]with astrongdecreasef theplan-
etaryboundarylayer heightat night andan associatechoc-
turnal jet with wind magnitude20% above the large-scale
geostrophiavind.

In thereferenceparameterizatiopresente@bove, weuse
animplicit time schemeexceptfor K. However, evenwith
this classicaimplementationthe modelrequiresvery small
time steps(hereabout1000timeslongerthanin the GCM),
especiallyat night. The instability in thosestrongly strati-
fied conditionswasattributedto thestrongcouplingbetween
wind shearndTKE: for largetime stepsthe TKE evolution
cannotbe estimatedwithout taking into accountthe wind
sheamreactionduring the time step. We thereforederiveda
simplified but muchmorerobust parameterizatiom which
anestimationof thewind shearevolution undertheeffect of
TKE is introducedin the computationof TKE. This evolu-
tionis givenby

oM 8?
(ﬁ) =52 (K2t Mz 1) (18)
z,t

For fixed valuesof fluxes K, M atthetwo neighboringev-
els, (18) givesa simpleestimationof thelocal couplingbe-
tweenTKE andwind shear In the stablelimit (¢ —0) and
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neglectingturbulentdiffusionof E, the systemof equations
(10)-(17)reducego

E 3 - 1
OB ¢ (=2 2% L) (g
azaa g5z a3 by

ot 1

and the resulting coupledsystemof (18) and (19) canbe
solvedanalyticallyin thestationarycase(9/0t = 0 in equa-
tions).

In practice for alargetime stepAt suitablefor the GCM,
the TKE is updatedn two steps:

M2 ae ™ Mizz’t (l — 50,2,Go,» t) (20)
’ Su,z,tGu,zt \ b1 R
and
B2~ B
Hi+Al \/il(z)Mz,t+At
((z+ —2) Ky - ¢ M- s + (2 — Z_)Ku,z+,th+,t> 21)

zt — 22—

wherez~ andzT arethe altitudesof the layer belov and
above,respectiely.

Stationaritymeanghatthetime constantdor turbulence
are shorterthanthe time step,which is approximatelytrue
here. However, the stableapproximationis not valid for
daytimeconditions but, then,the mixing is essentiallydone
by cornvection. Under suchconditionsthe Mellor and Ya-
mada[1982] parameterizatiors probablynotvalid anyway.
The derivation of the schemeand analysiswill be detailed
in a forthcomingdedicatedpaper Neverthelesswe shav
heresomecomparison®f the GCM parameterizatiomvith
the full parameterizatiopresentedpreviously. Figures2b
and2d showv 1-D simulationresultsusingthis approximate
procedurewith the standardGCM time step (48 stepsper
day). Corvergencewith thereferencesimulation(Figures2a
and2c)is satishctorywith the exceptionof the strongday-
nighttransitionduringwhichall statevariablesundegovari-
ationswhich arefasterthanthe GCM time stepandso can-
not be fully reproducedby the approximateparameteriza-
tion. This corvergenceis themainargumentfor the validity
of the simpifiedGCM scheme.

In Figure3in situhigh-frequeng measurementsbtained
by the Viking Lander1 in spring are comparedwith 1-D
model results. Thesemeasurements/ere madeat 1.6 m
above the surface, whereasthe center of the first GCM
layer is around4 m. This altitude differencedoesnot al-
low an exact comparisongspeciallyfor the wind at night,
whenstratificationis very strongimmediatelyabove thesur
face. Another major sourceof differencesbetweenmodel
andobsenationsis the corvective adjustmentwhich is not
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Figure 2. (Figures2aand2b) Horizontalwind meanvelocity (m s—!) and(Figures2c and2d ) standarddeviation of wind

strengthy dueto turbulence(m s~1) simulatedby the referenceMellor and Yamada[1982] 2.5 model(left) andthe proposed
parameterizatiofright) useablavith the GCM’s 30 minutetimestep.Resultsn bothcasesvereobtainedwith a1-D version
of the GCM physicalpackagefor conditionsat the Viking Lander1 site (22°N) in spring(Ls = 45°). Themodelis forced
thermally by radiation(visible dustopacity: 0.5; surfacealbedo: 0.32; surfacethermalinertia: 200J m—2 s~1/2 K—1) and
dynamicallyby a geostrophiavind of 7 ms™!.
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Figure 3. A comparisorof Viking Landerl obsenations
of temperaturewind meanvelocity andstandardieviationq
measured..6m abovethesurfaceduringsol554(L, = 45°)
with resultsfrom the 1-D boundarylayer schemeat about
4 m. The model parametersre the sameasin Figure 2.
Thehighfrequeng Viking datawerekindly providedby J.E.
Tillman, Viking ComputerFacility (1993).
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associatedvith any TKE increasein the presentmodel.
This explainsthe low TKE valuessimulatedduringthe day,

whereasViking actuallyrecordedwind fluctuationsashigh

as2 ms~!'. This differencedoesnot alter the meanwind

predictionssignificantly however. The meanwind veloc-

ities predictedby the combinedboundarylayercorvection
schemeseento matchcloselytheobsenations.More com-

parisonsconcerninghe simulationof variationsin wind di-

rectionwith thefull 3-D GCM aregivenby Lewisetal. [this

issue].Altogether it canbeconcludedhatthe proposedur-

bulencemodel allows economicaland realistic estimations
of most surface environmentalvariablesand their diurnal

evolution.

6.2. Convection

Asin theoriginal LMD model,we useastandardnegy-
conservingornvectiveadjustmenschemeavhichrapidly mixes
heatandmomentumin corvectively unstabldayers. To ac-
countfor thefactthat, in reality, the mixing of momentum
dependsipontheactualmasdluxesinvolvedin the corvec-
tion, theintensity of the momentummixing is a function of
theintensityof theinitial verticalinstability [Hourdin etal.,
1993].

6.3. Representation of the Subgrid-Scale Orography
and Gravity Waves

The orographyusedin the GCM is smoothedo the hor-
izontal resolutionof the model. Direct effectsof variations
of the orographyon scalessmallerthan the grid scaleon
the large-scaldlow are effectively ignored. Thesesubgrid-
scalevariationscan, however, have a significantimpacton
the resoled circulation of the atmosphereso their effects
shouldbe parameterizeth someway. More specifically the
subgrid-scalamountainscan influencethe large-scale(ex-
plicitely resolhed)flow in two ways: (1) by producingaform
dragon the flow at low levels and (2) by exciting internal
gravity waveswhich canpropagatén thevertical,break,and
decelerat¢heflow faraway from themountainghemseles.
We have choserto parameterizéhesetwo effectsusing,for
(1), thelow-level dragschemeof Lott andMiller [1997]and
for (2) the gravity wave dragschemeof Miller etal. [1989]
andBainesand Palmer [1990], which wasitself developed
from the original schemeof Palmer et al. [1986]. Both of
theseschemesrein currentoperationaliseatthe European
Centrefor Medium-RangaNeatherForecastingFull details
of the implementationand validation of the low-level drag
and gravity wave drag parameterizatioschemesre given
by Collins etal. [1997]. Theimpactof the schemeon the
performanceof the modelis illustratedin section8.3 of the
presenpaper
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Figure4. Schematicepresentationf thelow-level flow be-
havior in the subgridscaleorographiadragparameterization
scheme Adaptedfrom Lott and Miller [1997].

6.3.1. Low-level drag parameterization. We define
the nondimensionaheightof a singlemountain,Hy, as

NH

Hy = ——
U]

(22)
where H is the maximumheightof the mountain,U is the
speedof the wind incidenton the mountain,and N is the
Brunt-Vaisalafrequengy.

At smallvaluesof H all theair flows overthemountain
and gravity waves are freely generatedqseesection6.3.2).
Thereis no low-level form dragin this case. At large val-
uesof Hy, partof the low-level air flow goesaroundthe
mountain producinga significantdragonthelow level flow.
Figure4 shavs a schematiof theflow atlarge Hy.

ThedragD onthelow-level flow canbewritten as

u\u
—pCal(2) %
wherep isthedensity C is adragcoeficientof orderunity,
andl(z) is alengthscalebasednthehorizontalscaleof the
intersectionof the mountainwith theincidentflow. For an

elliptical mountain thatis,

D(z) = (23)

h = ::;{ 7 b>a (24)
L+ + 53
then
I(z) = 2by 2 =2 (25)

z

where Z, is the upstreamelevation of the lowestisentrope
thatgoesoverthe mountain.Z;, canbewritten as

(Hy — Hne)

Zy = H
b T

(26)
whereH y¢ is acritical nondimensionamountainheightof
orderunity.

In a GCM grid box, thereis often morethanonemoun-
tain, andwe musttake accountof this. At a givenaltitude z

11

theintersectiorbetweernthe mountainsandthe modellayer
approximateso anellipsoid of eccentricity

Zb—Z

I,bl —
(a',0') P

(a,b)

(27)

wherey is the standarddeviation of the subgrid-scal®rog-
raphy (Figure5). Thenl(z) canbe written approximately
as

Zb—Z

l(z) = 2maX(bCOS’(/1,aSind}) 24 p

(28)

where) is the anglebetweertheincidentflow andthe nor-
mal ridge direction 8 (Figure5). We notethatif L is the
width of thegrid box, thenfor ¢» = 0 thereare LL/2a ridges
in theboxandfor ¢ = /2 thereareL /2b ridgesin thebox.
Hence

r? Zb—zmax<cosd} sinv,[}) (29)

l =
(2) 2\ z+u a ' b

If o is the anisotroy of the orographyand~ is the slope
(Figure5), we notethata =~ u/o anda/b ~ . Hencethe
modellow-level dragis

_ 1 g Zb—Z
D(z) = —-Cimax(2- r’O)p2p” s
« max (coszp7 sm¢) UlU| (30)
a b 2
where

2 a2
. = o8 ¢+75Tn2¢ (31)
vy cos? ¢ + sin” ¢
For corvenienceandfor consisteng with the gravity wave
drag schemedescribedbelov, we substitutethe function

B cos? ¢ + Csin® 4, (B andC aredefinedin section6.3.2)
cosy sm¢> . In the GCM the

for the expressionmax S
a

term D(z) is evaluatedquasi-implicitlyto ensurenumerical
stability.

6.3.2. Gravity wave drag. Full detailsof the scheme
are given by Lott and Miller [1997], Miller etal. [1989],
Bainesand Palmer[1990] andPalmeretal. [1986] but the
essentialarebriefly reproducederefor completeness.

It is commonin parameterizingyravity wave dragto as-
sumea singlegravity wave, with somecharacteristiavave-
length, that propagatedrom the surfaceof the modelonly
in the vertical plane. Schemeghat represenensemble®f
gravity waves are computationallyvery expensve and, as
yet, arelittle testedevenin terrestrialclimate models. The
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Figure 5. Subgrid-scaleorography parametersused by
the low-level drag and gravity wave drag parameteriza-
tion (seetext). These have been calculatedfrom the
Mars Digital TopographicMap (DTM) [Davies 1992] at
1° x 1° resolutionwith h(x,y) representinghe orogra-
phy within the grid box definedat N points and h repre-
sentingthe meanorography; = &+/>(h — h)?, and
9 = 1arctan(L/M), whereM = Oh/0z Oh/0y and
L=1 ((6h/6x)2 - (ah/ay)Q). Theslopeparameter is

definedby 02 = (8h/dz')*, wherez! = zcosf + ysinf
andy’ = wycosf — xsinf. A fourth parameter(not
shawn) is the anisotropy (shawvn by Collins etal. [1997]):

v = /(@h/oy) [ (@h/ox)’.
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vectorsurfacestressinducedby a single gravity wave gen-
eratedby a singleelliptical mountain,of the form given by
(24), canbewritten as[Phillips, 1984]

7 = pUN H?bG(B cos® 1)+C'sin” ¢, (B—C) sin 1) cos 1))

(32)
whereB = 1 — 0.18y — 0.0442, C = 0.48y + 0.372, G
is a constanof orderunity, andall the othersymbolsareas
definedin section6.3.1. Summingover all mountainsn the
grid box, themodelgravity wave stresshecomes

7 = pUNpoG (B cos? ¢+C'sin® ¢, (B—C) sin ) cos 1)).

(33)
We now considemwhathappensvhenthegravity wave prop-
agatesvertically. We assumehatthe stressat ary level is
parallelto the surfacestressandcanbewritten

T = |1| = kpU N 6h® (34)

wherex = poG|(B cos? 1+C sin? ¢, (B—C) sin 1) cos )|
anddéh canbethoughtof asthe verticalisentropicdisplace-
mentinducedby the propagatinggravity wave. We then
judgethe effect of the wave on the meanflow by calculat-
ing the minimum Richardsomumberattainablethatis, the
Richardsomumberthatis “felt by the gravity wave”:

1_N(5h

Ri ZV(Sh 5.
1+ Ri'/? ==
( + T )

Following Lindzen[1981] the saturationhypothesisis
employed. When Rinin is greaterthan somecritical value
Ri., the stressremainsconstantwith height, the gravity
wave continuesto propagatevertically, and Rimi, is evalu-
atedat the next modellevel. This is repeateduntil Rimin
dropsbelow the critical value Ri. andthe wave is deemed
to have broken. Thenanew valuefor theisentropicdisplace-
ment,éh, andhencea new valuefor the stressjs calculated
in orderto keepRimin = Ri.. Thewhole processs re-
peateduntil the top of the modelis reachedandthe stress
is assumedo be zero, thatis, the wavesareassumedo be
dissipatedsomavherein theatmosphereThetendenciesire
calculatedrom the verticalderivative of the stresrofile.

The schemerepresentstationarywave critical level ab-
sorptionsince,whenthe componenbf the wind in the di-
rectionof the surfacestressapproachegero,the Richardson
numberbecomesrery large, causingthe wave amplitudeto
becomevery small. Thewaveis thusabsorbedtthecritical
level, andthe stresds setto zeroabove thecritical line.

Rimin = (35)

7. CO, Condensation and Sublimation

The treatmenbf this uniquelyMartian processhasbeen
significantlyimprovedin the new versionof the model. A
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detaileddescriptionand a numericalexpressionof the new
schemearegivenby Forget etal. [1998b]. CO, condenses
whenthelocaltemperaturés predictedo fall below thecon-
densatiortemperaturereleasingthe latentheatrequiredto
keepthesolid-gasnterfaceatthecondensatiotemperature.
Corversely when CO, ice is heated,it partially sublimes
to keepits temperaturet the frost point temperature.The
modelnow allows for the possiblesublimationof sediment-
ing CO, ice particlesin warmeratmospheridayersasthey
descendo the ground. Minor componentf the enegy
budgetareincluded(e.g.,thereleaseof potentialenegy by
CGO, ice particlesduringtheir fall andthe heatconsumption
to warmthe particlesasthe CO, frosttemperaturéncreases
with the local pressure).Thesecomponentsverefound to
befar from negligible in practice.Also, a correctionis now
includedto accountfor the mass,heat,and momentunmre-
distribution betweenthe modellayersandbetweerthe lay-
ers and the surface due to condensatioror sublimationin
o = p/po coordinatesLast,theboundarylayerschemehas
beenmodifiedsothattheturbulentatmospherienixing takes
into accounthefactthattheatmosphereanneverbecolder
thanthe CQ; frost point.

In the original model,asin every GCM so far, the con-
densedCO, wasassumedo precipitateinstantaneouslyo
the surface without changingthe propertiesof the atmo-
sphereandthe cap. The available obsenationsof the con-
densingpolar capssuggesthat reality may be more com-
plex. The Mariner 9 infrared interferometerspectrometer
(IRIS) and Viking IRTM instrumentsmeasureda signifi-
cantreductionof the infraredflux emittedby the condens-
ing capin the polar night [Kieffer etal., 1976]. This reduc-
tion hasbeenattributedto theradiative effect of CO, snaw-
falls (falling snav particlesor freshsnav deposits)[Forget
etal., 1995]. By affecting the radiatve balanceof the po-
lar regions, theseCO, snawfalls and depositsare thought
to significantly decreasehe amountof CO, condensingn
thepolar capsandthusaffectthe globalclimate[Forgetand
Pollack, 1996].

To accountfor this processwe mimic the radiatve ef-
fect of the CO, cloudsand fresh snav by decreasinghe
surfaceemissvity e whenatmosphericondensatiotis pre-
dicted by the model. The detailsof the schemeare given
by Forgetetal. [1998b]. In summarywe basedour calcu-
lationson simplephysicalconsiderationgradiative transfer
throughthe CQ, ice particles,evolution of the snov proper
tieson the ground). The following governingequationwas
adopted:

Oe 4t om 1
E——15X10 TE'F,]—_(I—E)

wheredm /0t is the total atmosphericondensatiomate

(36)
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Figure 6. Examplef spatialpatternsof the 20-um bright-
nesstemperature¢a) obsened by the Viking infraredther
mal mapper(IRTM) in the winter south polar region at
Ls; = 93° (Reprintedwith permissionfrom Kieffer et al.
[1976], Copyright 1976, AmericanAssociationfor the Ad-
vancemenbf Science)and(b) simulatedby the modelwith
theparameterizationf theCO, snonfallswhicharethought
to locally decreasé¢he outgoinginfraredflux, thuscreating
low brightnessemperaturdeatures(r = 0.1, Ly = 120°)
[from Forgetetal., 1998h].
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(kg m~2 s71) predictedby the GCM, r is the meaneffec-
tive radiusof the entirelayerof CO, ice particles,and7 is
the characteristidimescaleof snav evolution (particle ag-
gregationonthe surface). Thevaluer wasfixedto 100 zm,
asexpectedfrom microphysicalconsiderationsand7 was
fixedto 0.5day, in accordancevith thetypical timescaleof
the obsened low-emissionzoneg[Kieffer etal., 1976; For-
getetal., 1995]. Without tuningthe modelparametersye
have beenableto accuratelyreproducehe generabehaior
of the low-emissionzonesobsered by Viking in the ther
mal infrared(Figure6), includingtheir temporalandspatial
scalestheirintensity their latitudinal distribution, andtheir
sensitvity to the dustinesof the atmospherg¢Forget et al.,
1998b].

Overall, this new parameterizationysedin combination
with the DTM topographyandwith allowancefor avarying
atmospheridust content,allows the GCM to simulatethe
CO, condensation-sublimatiazycle realistically In partic-
ular, theseasonabariationsof the surfacepressureecorded
by theViking Landersarereproducedvithoutartificially de-
creasinghe condensatiomateaswasdonein previousstud-
ies[e.g.. Hourdin et al., 1995; Pollack et al., 1993] by re-
ducingtheglobalemissvity of thecaps.

8. Model Performance; Mean State of the
Atmosphere

In this sectionwe briefly presenthe zonalmeancircula-
tion simulatedat variousseasondy the model. We partic-
ularly discusghoseaspecbf the circulationwhich arerela-
tively new comparedo the referencearticlesfrom the pre-
vious models[Haberleet al., 1993b;Hourdin et al., 1993;
WIson and Hamilton, 1996]. For eachseasonthe seasonal
variation of the amountof dustin the atmospherend its
distributionis designedo roughly simulatethe Viking years
without the global duststormspeaksof the first year The
total opticaldepthat 700Pais 7 = 0.7 + 0.3 cos(Ls + 80°)
with L, beingthesolarlongitude[seel ewisetal., thisissue,
Figure2]. Althoughmary simulationshave beenperformed
with otherdustscenariosthey arenot describechere. The
dust propertiesat solar wavelenghtsfrom Clancy and Lee
[1991] areused.

8.1. Northern Winter Solstice: a Global Hadley Cell

Figure7 shavsthegenerabspecbf thezonalmeanther
mal structureand global circulation of the Martian atmo-
spherejust after northernwinter solstice. This is a dusty
seasorin the Viking yearscenarioandthe dustvisible op-
tical depthat this time in the simulationis aroundl. With
suchastrongdiabaticforcing, the meanperformancesf the
grid point and spectralmodelshave beenfound to be very
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similar.

The thermalstructurein the lower regions of the sum-
mer hemispherds comparableto the resultsobtainedby
other models[Haberle et al., 1993b; WiIson and Hamil-
ton, 1996]. The most striking differencefrom the GCM
resultsobtainedin the early 1990sis in the winter polar
night, wherea strongwarming of the atmospheras simu-
latedbetween25 and80 km above the pole. Sucha warm-
ing hasbeenobsened during northernwinter [Theodoe et
al., 1993; Santeeand Crisp, 1993]. It wasespeciallystrong
andits effects penetratedo relatively low altitudesduring
the secondViking global duststorm, creatingthe so-called
“polar warmingevent” detectedby the IRTM 15-um chan-
nel[Jakosky andMartin, 1987]. However, thiswarminghad
never beensuccessfullysimulatedby GCMs until recently
in spiteof thenumerousstudiesundertalen[e.g.,Haberleet
al., 1982, 1993b; Barnesand Hollingsworth 1987; Zurek
and Haberle 1988; Barnes 1990; Hollingsworth 1992;
Théodoe et al., 1993]. This was almostcertainly due to
the useof aninsufiiciently deepdomain. As first shovn by
WiIson[1997]andForgetetal. [1996], raisingthemodeltop
beyond90 km altitudeallowsfor thefull developmenbf the
circulation and can dramaticallymodify the thermalstruc-
turedown to altitudesaslow as20 km. In Figure7b onecan
seethat the warming resultsfrom strongmeridionalwinds
above 50 km which inducea convergenceof massabovethe
polarregion. This corvergencegorcesadescenbntothepo-
lar regionsandanadiabatiovarmingatmuchlower altitude.

WIson [1997] first correctly describedthe main mecha-
nism that controlsthe solsticialzonal-meartirculationand
in particularcreateshe massconvergencein the polar re-
gions[seealsoBarnesand Haberle 1996]. A complemen-
tary versionis given here. The streamlinesof the mean
meridionalcirculationpresentedn Figure 7f show thatthe
circulationis dominatedby a quasi-globaHadley cell ex-
tendingfrom 60°S almostto the northpole. Thisis aninter-
estingbehavior sinceit hasoften beenarguedfor the Earth
andalsofor Mars[Haberleetal., 1982;Zureketal., 1992]
that the extensionof aninviscid Hadley circulationis lim-
itedto thelow andmid latitudesbecaus®f the conseration
of angularmomentum(an atmospherigarticle leaving the
tropicsandconservingts angulatmomentunmwould acquire
avery high zonalvelocity in the polar region; its polevard
motionwould thusbe inhibited by the Coriolis andcentifu-
gal forcesdetailedbelow). Thisis nottrue on Mars, where
the solsticialHadley circulationresultsfrom a poleto pole
heatinggradient. In particular thereis no reasonfor the
ascendindoranchof the Hadley cell to lie directly over the
subsolampoint asis oftenassumede.g.,Zureketal., 1992].
Thisbranchreachesigherlatitudesif thethermalforcingis
very strong,for instancewhenthe atmosphereustinessn-
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creasesln suchconditionsan atmospherigarticleleaving

the high latitudesof the southernhemispherean crossthe
equatorat high altitudeandreachthe high northernlatitudes
while conservingts angulatTmomentum.

On the basisof theseconsideration®ne canexplain the
strengthof the meanmeridionalcirculationin the northern
hemispherandthusthe polarwarming. Consideran atmo-
sphericparticle leaving the southernhemispherdrom lati-
tudego < 0 with negligible zonalvelocity. On going north,
angulamomentuntonserationatlatitude¢ wouldresultin
anegative zonalvelocity aslong as|¢| < |¢o| (the particle
is thenfartherfrom the rotationaxis thanoriginally) anda
positive zonalvelocity at higherlatitudes(|¢| > |#o|). This
behavior is clearly seenthroughoutmostof Figure7c, in-
dicatingthat conseration of angularmomentumis approx-
imately satisfiedthroughouta large part of the Martian at-
mosphere. Suchbehaior is also apparentn the nearco-
incidenceof angularmomentumand massstreamfunction
contoursin largeregionsof Figures7e and7f. In therotat-
ing framethe zonalvelocity v inducesan accelerationy on
a fluid particle (owing to Coriolis and centrifugalaccelera-
tions)whosenorthwardcomponents givenby

v = —u[2Qsin¢ + utan ¢

B (37)

wherea and ) are the planetaryradiusand rotation rate,
respectiely. In the northernhemisphereif « > 0, these
termstendto slow, and ultimately stop, the polewvard mo-

tion of the upperbranchof the Hadley circulation. If u < 0

in the northernhemispherehowever, v will tendto accel-
eratethe northwardflow (aslong asthe Coriolis term dom-
inatesthe centrifugalaccelerationwhich is true wherever
lu] < |2Qacos¢|). Thisis the casein a large part of the
atmosphereasindicatedby theshadedegionin Figures7b-

7d. There, the fluid particlesin the upperbranchof the
Hadley circulationexperiencea northward acceleratiordue
to v, in additionto thatdueto the gradientof diabaticheat-
ing, all theway to the pole. As aresult,the meridionalwind

shavnin Figure7dcontinuouslyincreasei theshadedirea
in the direction of v betweenthe equatorandthe v = 0

line, wherethe sign of the zonalwind changesresultingin

considerablenassconvergenceandthusdescendingnotion
overthepoleandthe obsenedpolarwarming.

If angularmomentumwere to be exactly consered in
the northernhemispherey < 0 would be found aslong as
fluid particlesin the Hadley cell had not crossedhe oppo-
site of the southerlylatitude ¢, from which they hadstarted
with nggligible zonalvelocity. At higherlatitudes,u would
becomepositive, resultingin a smoothdeceleratiorof the
meridionalflow toward the pole. However, we find thatu
can remainnegative all the way to the north pole in Fig-
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ure7c. Thisimpliessomedeparturegrom angularmomen-
tum consenrationin thetransportby the meridionalcircula-
tion, which mustbe dueto the interactionwith nonaxisym-
metric eddies,leadingto marked changesnot only in the
zonalflow, but alsoin themeridionalcirculationitself with a
consequengnhancemerdf thethermalinversionabove the
pole. This impactof thewavescanberoughly estimatedy
usingsimplified versionsof the model. Simulationscarried
out by removing the gravity wave dragindicatethattherole
of thesewavesis negligible at this season Simulationsper
formedwith the GCM emplgying diurnally averagedsolar
radiation(i.e., with no thermaltides)exhibit a quasi-global
Hadley cell similar to the full modelsimulationsaccompa-
nied by a strongpolarwarming,but thereducedvave-mean
flow interactiondecreasethe meridionalwind by about30-
50 m s~! above 70 km in the northernhemisphere. The
correspondingpolar warming maximumis slightly shifted
away from the pole, and temperaturegbove the pole are
loweredby 20-30K between30 and 70 km. Similar re-
sultsare obtainedwith a 2-D, axisymmetricversionof the
modelwith no planetarywavesatall. This suggestshatthe
wave-mearflow interactiondiscussedhereis dominatedby
thermaltides,asalsofoundby WIson [1997].

As on Earth, the thermal structureof the atmosphere
within the Hadley cell is mostly controlled by the dual
constraintof angularmomentunconserationandthermal
wind balance,exceptin thoseregions where wave-zonal
flow interactionis important. In suchconditionsthe atmo-
spherictemperaturecan be far from radiatve equilibrium
over alarge partof the planet. This is especiallytruein the
northernhemispherevherethe warmingoccurs,but alsoin
the southernhemisphereduring northernwinter above 50-
60 km wherea strongadiabaticcooling may occut There,
the more dustthatis in the lower atmospherethe cooler
temperaturebecomebecausehe Hadley circulationis then
moreintense.In suchconditionsthe atmospherigaswhich
is far from radiative equilibriumin the upperbranchof the
Hadley cell experiencesetdiabaticradiative heatingduring
its motion, leadingto temperaturesvhich are significantly
higherin the subsidingbranchof the Hadley cell wherethe
polar warming occursthan the onesat the samepressure
level in theascendindranch(Figures.7aand7f).

8.2. Northern Summer

Figure 8 shows the meancharateristicof the thermal
structureand generalcirculation as simulatedby the grid
pointandspectraimodelsshortlyafternorthernsummersol-
stice. The thermalforcing at this time is wealer than at
northernwinter solsticebecauseof the smalleramountof
dustin theatmospherémeanopacityaround0.4in our sim-
ulation) and the reducedsolar flux nearaphelion. Conse-
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Figure8. Time-mearsectionof zonal-mearemperaturé¢K), zonalwind (m s—1) andmeridionalstreanfunction(10° kg s~!)
during early northernsummer(L, = 90° — 120°) assimulatedwith the LMD grid pointand AOPPspectramodels.As in
Figure7, theverticalcoordinatds a pseudo-altitudebove the ground.
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guently the Hadley circulationis muchlessintense. Nev-

erthelessthe upperpolar atmospherexhibits a warmingat
high altitudewhichresultsfrom processesimilarto theone
describedat winter solstice,thoughmuchwealer. Sucha
southerrwinter polarwarming,however, hasbeenobsened
on Mars[Deminget al., 1986]. In the simulationsthe tem-
peratureinversionextendsfartherto the pole in the spec-
tral modelthanin the grid point version,whereaghereis a
very goodagreemenbetweerthetwo modelsbelov 50 km.

Furtheranalysisshovs thatthethe upperpart of the Hadley

circulationwhich createghis warmingis not asinviscid as
describedbefore and that its extensionpolevard of 50°S

is largely due to wave-meanflow interaction. Planetary
tidal, andgravity waves(seebelaw) tendhereto enhancéhe
meridionalcirculation, mostly by deceleratinghe westerly
jet of the winter hemisphere.It appeardhat the planetary
andtidal wave actiity andtherelatedwave-mearflow inter-

actionarestrongeiin thespectramodel,assuggestethy the
reducedvelocity of the zonalwind above 60 km. Sensitvity

studiesperformedwith n = 3 in the horizontaldissipation
operatorof both models(seesection3) yielded similar re-

sults. This seemdo indicatethatthe differencebetweerthe

two modelsdoesnot resultfrom this particularscheme.

Figures9e andof

8.3. Impact of Gravity Wave Drag.

Becausethe diabaticforcing of the meancirculationis
weakat thattime, northernsummerprovidesan interesting
caseto illustratetheimpactof the gravity wave parameteri-
zationin the GCM. shav thezonalmeanintensityof thedrag
(in ms~! perMartianday)in thefull modelfor this season.
The gravity wave dragis especiallystrongin the upperpart
of thezonalwinter jet, wherethecontrastbetweerthemean
flow velocity and the nearzero phasespeedof the waves
(toward which the speedof the flow is deceleratedis high.
This strongdragresultsfrom the strongsurfacewinds and
from thefactthatgravity wavescanpropagatevertically and
breakhigherup within sucha zonaljet. In comparisonthe
othermaximumobsenednear20°N betweer80 and40 km
(5ms~! sol!) is alsodueto strongsurfacewinds, but the
lower zonalwind velocity makesthewavesbrake lowerthan
in winter jet, andtheresultingdragis muchsmaller Conse-
guently the winter jet simulatedby the full modelis about
10-20m s~! wealer than when the gravity wave scheme
is turned off (compareFigures8c and 9b). As expected,
this additionalfriction acting on the zonalwind enhances
themeridionalcirculationtowardthe pole around50-60km
altitude. This tendsto shift thejet poleward (thusincreasing
thezonalwind nearthe polein Figure9d) andenhanceshe
massconvergenceat high latitude. Consequentlythe grav-
ity wave dragincreaseshe strengthof the polartemperature

FORGETET AL.

inversionfrom 20 km to the top of the model (Figure 9c).
Also, the Hadley circulationis globally intensifiedat high
altituderesultingin a strongerretrogradesummerjet (Fig-
ure 9d) and an adiabaticcooling of the equatorialmiddle
atmosphergFig. 9c). It mustbe notedthat the impact of
the gravity wave dragis sensitve to the model parameters.
For instancejn a similar run performedwith Odkert-Bell et
al.’s[1997] dustpropertieswhichyield slightly highertem-
peraturesn the lower atmospherethe gravity wave dragis
almostidenticalto the caseshowvn in Figures9e and 9f but
it inducesawarmingof thewinter atmospherabose 30 km
approximatelytwice asstrong.

8.4. Equinox: A Model-Sensitive Upper Atmosphere

Figuresl0and11 shawv therespectie meanstatesof the
atmospherén the model during early northernspring and
fall. Thelow atmospherés globally in approximateagree-
mentwith the resultsof Haberleetal. [1993b]. The gen-
eral circulationis dominatedby two progrademidlatitude
jets correspondingo the equatorto pole heatinggradients
atlow altitudewith asingleHadley cellin eachhemisphere.
Above 40 km, however, the atmosphergrovesto be very
sensitve to thekind of dynamicalmodelcore.Nevertheless,
for bothseasonbothversionsof themodelpredictadynam-
ically driventemperaturénversionat 60-70km above both
poles.

During northernspring (Figure 10), a strongretrograde
jetis simulatedabove the equator Interestingly Lellouch et
al. [1993] obsened suchretrogradewinds using Doppler
shift measurementsf Martian CO microwave spectra. A
-120m s~! equatorialvelocity near60 km wasestimatecat
L, = 19°, which is actuallymuch strongerthanthe time-
meanzonal-mearwinds shavn in Figure 10. However, the
equatorialvindsactuallysimulatedat 60 km arehighly vari-
able,rangingfrom 0 to -100m s~! dependingn longitude
andtime of day Thusthe simulationsmay not be signifi-
cantlyincompatiblewith the obsenations,thoughmoreob-
senationaldataare neededo confirmthis. Furtherinvesti-
gationof the presensimulationsshovedthattheretrograde
jet totally disappearsn the versionof the GCM employing
diurnally averagedsolar radiation, suggestinghat the mo-
mentumflux divergenceassociateavith thediurnaltidesis a
majorfactordriving thejet. A detailedanalysisof thesepro-
cessess ongoingandwill bepublishedn alaterpaper The
equatoriaretrogradget is strongetin thespectraimodel,in-
dicatingthatthe thermaltide wave-mearflow interactionis
more “efficient” in this version. Similarly, the midlatitude
westerlyjets are more clearly closedabose 60 km by the
wave-mearflow interactionin the spectraimodel,resulting
in strongemolarinversions.

During northernfall (Figure 11) the differencebetween
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Figure 9. (Figure9a)Meanzonalwind (m s~!) and(Figure 9b) temperaturgK) simulatedoy the LMD grid point model
duringearlynorthernsummemith the gravity wavesschemeurnedoff. (Figures9cand 9d) Correspondinglifferencefields
from thefull model(Figure8), illustratingtheimpactof the gravity wavesin this case(Figures9eand9f) Meangravity wave
dragon meridionalandzonalwinds(m s~! sol!) in thefull model. Theverticalscaleis asin Figure?7.
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the tropical middle atmospheresimulatedby the two ver-

sions of the model is particularly striking. The spectral
model shows just a retrogradejet, whereasthe grid point

modelpredictsa progradget between60 and90 km. Such
westerliesat the equator(superrotationyequirecountegra-
dient momentumfluxes [Hide, 1969]. Sincethe prograde
jet totally dissapearm the diurnally averagedun, theseap-
pearto be alsoprovided by the thermaltides. However, the
reasorfor thisimportantdifferencehasnot yet beenclearly
identified.

9. Conclusion

Onthebasisof themodelswe startedo createn theearly
1990s,we have developeda “new generation”generalcir-
culationmodelof the Martian atmospheréuilt aroundtwo
complementaryersionsof the dynamiccore (finite differ-
encesor spectralsolver). Theverticaldomainof the model
hasbeenextendedto abore 80 km. This enlagesthe field
of investigationbut alsoallows the modelto bettertake into
accountthe influenceof the upperatmospheren the lower
atmospheravhich is found to be far from being negligible
on Mars. Corversely theverticalresolutionnearthe ground
hasbeensubstantiallyincreasedwith a first layer around
5 m above the surface. Within this context, state-of-the-art
parameterizationkave alsobeenincluded,togetherallow-
ing a bettersimulationof the atmospheraiearthe surface
(boundarylayer schemesubgrid-scaléopographyparame-
terization)and at high altitude (gravity wave drag, sponge
layer). In addition, the representatiorof radiative transfer
calculationsand polar processesepresentatiorhave been
significantlyimproved.

The mean performanceof the model belov 40 km is
roughly consistentwith previous modelingwork. Onerel-
atively novel aspecthowever, is that during the dusty sea-
sonsaroundnorthernwinter solstice the strongpoleto pole
diabaticforcing createsa quasi-globalangularmomentum-
conservingHadley cell which extendsto the top of the
model. In sucha cell the Coriolis force,which typically de-
celerateghe meanpolevard motion in the terrestrialcase,
contributesto an accelerationof the polewvard meridional
wind on Mars. Thisinducesa masscornvergenceandanadi-
abaticwarming down to 20 km, which had beenobsened
beforebut hadnotbeenproperlyreproducedn modelsuntil
recently In fact,the presenstudiessuggesthatthermalin-
versionscanalwaysbe expectedaroundé0-70km abovethe
winter polarregionsnearsolsticeandabove both polesnear
equinox. However, our experiencewith the presentmodel
hasalsoshavn thatthethermalanddynamicstructureabove
50 km is difficult to predict. First, it mustbe statedherethat
the averagedemperaturesbtainedby the modelin this re-
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gion seemslightly too warm comparedo the few obsena-
tions obtainedin situ by spacecraft§seeLewis et al., this
issue]or by Earth-basednstrumentg Clancy and Sandor
1998]. Also, we have found that very differentresultscan
be obtainedwvhenusinga spectradynamicalcorecompared
to a grid point model. This seemsto resultfrom stronger
wave-mearflow interactionsn the spectralversion,but the
actualnatureof the differenceremainsunclear Generally
speaking,the Martian upper atmosphergrovesto be ex-
tremely sensite to poorly constrainedorocessessuchas
gravity wave drag, horizontal dissipation,upperboundary
conditions,etc. This high sensitvity is probablydueto the
strong coupling betweenthe Mars lower and upper atmo-
spherethroughvertically propagatingvaves (tides, gravity,
andplanetarywaves). A large part of this wave actiity is
ableto propagatethroughthe entire modeledatmosphere.
Thus,in spiteof a very high modeltop comparedo terres-
trial GCMs, the representatiomf the upperboundarycon-
ditions (including, e.g., spongelayer to avoid spuriousre-
flection) remainsof key importanceon Mars. All theseun-
certaintiegprobablywill not be removedby theoreticalkcon-
siderationsalone. Obsenationsabove 40 km altitude (e.g.,
from TES and PMIRR limb data)and even above 80 km
(e.g.,from SPICAMonMarsExpressjpareneededAlso, the
directmeasurementsf equatoriakonalwindsfrom Doppler
shifts in microwave spectrallines, from Earth or, ideally,
from a spacecraftywould be extremelyuseful, sinceit may
not otherwisebe possibleto determinghecirculationin this
region from obsenations.
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