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ABSTRACT
It is commonly admitted that the seasonalsurface pressure cycle, observed on

Mars by the two Viking landers, is due to condensationand sublimation of the atmo-
sphericcarbon dioxide in the polar caps.A thr ee-Martian year numerical simulation
has beenperformed with a Martian General Cir culation Model developedfr om the
terr estrial model of Laboratoir e de MétéorologieDynamique. The conditions of the
simulation were thoseof a typical clear sky situation. The results,validated by com-
parison to Viking pressure measurementsand to temperature fields retrieved fr om
Mariner 9 measurements,show that the pressurecycledependson the location on the
planet. They strongly suggestthat, in addition to condensationand sublimation of the
atmosphericcarbon dioxide, two other effectssignificantly contribute to the pressure
cycle: an orographic effect resulting fr om the differ encein meanheight betweenthe
two hemispheres,and a dynamical effect resulting fr om the geostrophic balancebe-
tweenthe massand wind field. In high latitudes, the pressure variation link ed to the
dynamical effect may have the samemagnitude (about 25

�
) asthe global massvari-

ation due to the condensation-sublimationcycle. A shorter dust storm simulation is
alsoin goodagreementwith observations, in particular asconcerns the surfacepres-
sure variations and the low level winds, independently estimatedfr om observations
of the bright streakson the surfaceof the planet. Theseresultsshow that the atmo-
spheric massbudget cannot be correctly estimatedfr om local measurementssuchas
Viking measurements.

1 Intr oduction

Following the spacemissionsof the seventies,especiallythe Mariner 9 andViking mis-
sions,theatmosphericcirculationof Marshasbecomethebestknown after thatof Earth
(seee. g. Leovy, 1979;Zurek et al. , 1992). This is partly dueto the strongsimilarity
betweenthetwo planets.On bothplanets,a largefractionof the incomingsolarradiation
reachesthesurfaceandbothatmospheresareconsequentlystronglyheatedby absorptionof
thermalradiationreemittedby thesurface.For bothplanetsalso,thelatitudinalenergy re-
distributionis dominatedbyHadley circulationin low latitudesandbaroclinicwavesfor the
winter midlatitudes.Baroclinicwavesareresponsiblefor theshortperiod(between2 and
5 days)pressurefluctuationsvisibleon thedatarecordedin situ by thetwo Viking Landers
(VL) over morethanthreeMartianyearsat two pointsof theNorthernhemisphere(VL1����� ���

N andVL2 ��	 � N). Thosepressuremeasurementsarereproducedin Fig. 1. TheMar-
tian atmosphereis thesiteof otherremarkablephenomena.Amongthemis theoccasional
occurrenceof globaldust-stormsduringwhich thewholeatmospherebecomesopaquefor
the incomingsolar radiation,stronglyaffecting the global atmosphericcirculation. The
so-called1977–Bdust-stormis for exampleresponsiblefor thedifferencevisible in Fig. 1
betweenyear1 andyears2 and3 during northernwinter ( 
���
 �������

to 
���
������ � ) � .
During this time, both baroclinicwavesandthe meanpressurewerestronglymodified

at VL2. Years2 and3, duringwhich no dust-stormoccurred,aregenerallyreferredto as
clearyearseventhoughtheatmosphericdustcontentstill remainedsignificant,with optical
depthsin thevisible rangelargerthan0.3atbothlandingsites.

Anotherremarkablephenomenonis theseasonalcondensationof a significantpartof
theatmospherein thepolarcaps,becauseof thevery low polarnight temperatures,which
allow condensationof carbondioxide, the principal atmosphericconstituent. This phe-
nomenon,predictedsince1966(LeightonandMurray, 1966),hasbeenwidelyagreed(Hess
etal.,1979;Hessetal.,1980)to beresponsiblefor thelargeamplitude,low frequency fluc-
tuationsof theViking pressuremeasurements(Fig.1). Thefirst deepminimumof pressure,
nearsol100,occursduringsouthernwinterwhena greatpartof theatmosphereis trapped�����

is the longitudeof thesunin Marscenteredcoordinates(areocentriclongitudes).It is usedasseasonal
index with

� �����
at northernvernalequinox.
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Figure1: Timeevolutionof thesurfacepressurerecordedby thetwo Viking Landersduring
the first threeMartian yearsof the mission: year1 (dotted),2 (solid) and3 (dashed)are
superimposedon thesamegraph.Datafrom Tillman andGuest(1987)(seealsoTillman,
1989).

in the southpolar cap(solsarethe Martian days,sol 0 correspondingto the Landingof
thefirst Viking probe).Thesecondaryminimumnearsol 430correspondsto thenorthern
winter, muchshorterandlesscoldthanthesouthernwinterbecauseof thehigheccentricity
of theMartianorbit. Thepictureis notsosimplein factbecausesublimationin onecapand
condensationin theotheronecanoccursimultaneously. Nevertheless,thepressuresignal
at Viking Lander1 hasbeengenerallyconsideredasrepresentative of theglobalmassof
the Martian atmospherealthoughsomediscrepancy appearswhentrying to superimpose
Viking 1 and2 results,even after an hydrostaticscalinghasbeenperformedin orderto
take into accountthedifferentheightsof thetwo landingsites(Hessetal., 1979).

We reporthereon thehighvariability of theannualpressurecyclewith thelocationon
theplanet.This work is basedon numericalresultsobtainedwith a new GeneralCircula-
tion Model of theMartianatmospheredevelopedin the last threeyearsat Laboratoirede
Mét́eorologieDynamique. The spatialvariability is the consequenceof two effects: the
first one,linkedto thestrongMartianorography, hasalreadybeenput forward(Hessetal.,
1979)to explain partof thediscrepancy betweenthedatafrom thetwo Landers;a second
purelydynamicaleffect dueto thegeostrophicbalancebetweenthepressurefield andthe
strongMartian winds is shown to be of an equivalentstrengthat leastin high latitudes.
This later effect wasdescribedfor the first time by the authorsof this paper(Talagrand
et al., 1991)andhassincebeenconfirmedby Pollacket al. (1993). It hadnever beenput
forwardbeforefor Mars,whereasit is known that,onEarth,geostrophicbalanceis respon-
siblefor asignificantlatitudinalpressuregradientin winterhigh latitudes,especiallyin the
southernhemisphere.Oneconsequenceof this combinedeffect is thattheannualcycle of
themeanatmosphericpressure(or globalatmosphericmass)is significantlydifferentfrom
Viking observations.For example,the two pressuremaxima,correspondingto minimum
of condensationin thepolarcaps,areshown to bemuchmoresymmetricin theplanetary
mean.
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level 1 2 3 4 5 6 7 8" 0.996 0.987 0.966 0.923 0.847 0.735 0.596 0.447# (km) 0.037 0.134 0.343 0.801 1.66 3.08 5.18 8.05

level 9 10 11 12 13 14 15" 0.309 0.197 0.116 0.062 0.030 0.011 0.002# (km) 11.7 16.2 21.5 27.7 35.1 44.0 61.1

Table 1: Vertical discretizationof the model. " levels at the middle of the layersand
correspondingheightsin km assuminga constant10km scale-heightof theatmosphere.

2 The Model

The Martian atmosphericGeneralCirculationModel (GCM) hasbeenadaptedfrom the
TerrestrialclimateGCM of LaboratoiredeMét́eorologieDynamique(seee. g. Sadourny
andLaval, 1984). In its Martianversion,it is fastenoughto performseriesof simulations
over morethanoneMartianyear, eitherin a low resolutionversionon a work station,or
in anhigherresolutionon a CRAY-2. It mustbeemphasizedthat it is thefirst GCM to be
fully integratedovermorethanoneMartianyear. A brief descriptionof themodelis given
below.

2.1 Dynamics

They aredirectlytakenfromtheLMD terrestrialGCM.They arebasedonafinite-difference
formulationof the classical”primiti ve equations”of meteorologywhich area simplified
versionof thegeneralequationsof hydrodynamicsbasedonthreemainapproximations:1)
theatmosphereis assumedto bea perfectgas;2) it is supposedto remainvertically in hy-
drostaticequilibrium;3) theverticaldimensionof theatmosphereis supposedto bemuch
smallerthanthe radiusof theplanet(thin-layerapproximation).In the original formula-
tion (Sadourny andLaval, 1984),thepotentialenstrophywasnumericallyconservedfor
barotropicflows (Sadourny, 1975). More recently, the numericalformulationwassome-
whatchangedto preventnon-physicalsourcesof angularmomentumwithoutaffectingthe
conservationof enstrophy. Thiswork will bereportedin a furtherpaperaboutatmospheric
superrotation.

For thesimulationspresentedbelow, tho differenthorizontalresolutionswereused:a
low resolutionwith 24 latitudesfrom poleto poleand32 longitudesanda high resolution
with 48 latitudesand64 longitudes. In both cases,pointswereregularly spreadin both
longitudeand latitude (althoughthe model, in its presentversion,allows to zoom in a
givenpartof theglobe).Theverticaldiscretizationis basedon " -coordinates,where "%$&�'(&*) is the pressurenormalizedby its local valueat the surface. In the simulationthe
atmospherewasdivided into 15 layers. The valuesof " at the middle of the layersare
given in Table1 with correspondingapproximateheights. The time integrationis based
on a leapfrog(explicit andcenter)scheme.The time stepwasfixed to 230s for thehigh
resolutionand500s for thelow resolution.

2.2 Radiation

Theradiative transfercodeis adaptedfrom theonedevelopedin thecontext of terrestrial
modelingby FouquartandBonnel(1980)for solarradiationandMorcretteet al. (1986)for
thermalradiation.This code,originally developedfor theclimateGCM of Laboratoirede
Mét́eorologieDynamique,hassincebeenincludedby Morcrettein theoperationalmodel
of theEuropeanCentrefor Medium-RangeWeatherForecasts(ECMWF).
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For thermal radiation, effectsof bothatmosphericcarbondioxideanddustareincluded.
Particularattentionwasgivento theparametrizationof absorptionby the +-,/.10 �32 m band
with inclusionof Dopplereffect (Hourdin,1992). Coolingratescomputationswerecare-
fully validatedby comparisonto line-by-line integrations.The model,in which Doppler
effectsareintroduced,is very accurateup to 70 km. Thethermalspectrumis dividedinto
threeparts,onefor thecoreof the +-,1.10 �32 m band,onefor thewingsandthethird onefor
theremainingpartof thespectrum.For thethreeparts,thetransmissionbydustis computed
usinggrey absorptionapproximation.For thetwo intervalsof the +-,/.40 �32 m band,theto-
tal transmissivity is evaluatedastheproductbetweentransmissivity of dustandthatof car-
bondioxide. Strictly speaking,it canbeshown thatthis evaluationof thecombinedtrans-
missivity is valid whenthereis no correlationbetweenthe spectralvariationsof the two
absorbers.This is generallyassumedfor dustandcarbondioxidein the +-, . 0 �32 m band.
Scatteringis not takeninto accountbecauseof thestrongisotropy of thethermalradiation.

Solar radiation: in theoriginal codedevelopedby FouquartandBonel (1980),theup-
ward and downward fluxs are obtainedfrom the reflectancesand transmittancesof the
layers.The interactionbetweengaseousabsorptionandscattering(by dust,moleculesor
clouds)is introducedusingthephoton path distribution method. At thisstage,only absorp-
tion andscatteringby dust(alreadypresentin theversionof thecodeusedat theECMWF)
is includedin theMartianversionalthoughabsorptionby thenearinfra-redbandsof car-
bondioxidemaybecomenonnegligible for verynon-dustyconditions.Thetransmittances
andreflectancesof the layersarecomputedusingtheDelta-approximationto accountfor
thestrongasymmetryof theaerosolphasefunction.

The atmosphericdust content is specifiedasa mixing ratio constantin both time and
space,exceptfor theverticaldistributionwhichis takenaccordingto Pollacket al. (1990).
Beyondsimplicity, thereasonfor thischoiceis thatdusttransporthasnotbeenincludedin
theGCM until now. This strongapproximationmayaffect theglobal +-,/. condensation-
sublimationcycle which primarily dependson thelocal dust-contentat low latitudes(Pol-
lack et al., 1990). The optical parametersof dust (suchassinglescatteringalbedoand
asymmetryfactor)aretakenfrom Pollacket al. (1979).

2.3 Vertical turbulent mixing

Theformulationof theverticalturbulentmixing is takenalmostdirectlyfrom theverysim-
pleschemeusedin theLMD climatemodel.Theeffectof turbulentmixing onmomentum
andpotentialtemperatureis evaluatedby themeanof aclassicaldiffusionequation55*6 $ 07 55 # 8 7:9<; 55 #>= (1)

wheretheturbulentmixing coefficient 9 ; is computedas9 ; $@?BA �DC . (2)

in termof mixing length ? anda diagnosticestimateof theturbulentenergyAE$@FHG�IKJL M ? .�NO�P 5RQS5 #�T .VU �W�X��Y Z 5 Z5 #�[\^] A`_Vacbed fg (3)

(the minimum valueof the kinetic energy wassetto A`_Vahbi$ 0kj�0l��m*n m. smo� ). In the
casewhere AqprAs_Vahb , theverticalmixing coefficientcanbeexpressedasa functionof the
Richardsonnumber tEu $ Y 5 Z ' 5 #Zwv 5RQS ' 5 #�x . (4)
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as 9 $@? .Vyyyyy 5RQS5 # yyyyy{z 0 U �W�X� tEu (5)

For bothmomentumandpotentialtemperature,theturbulentsurfaceflux is computed
astheproductbetweentheverticalgradientof thequantity(estimatedbetweenthesurface
valueandthatin thefirst atmosphericlayer)anda dragcoefficient +�| givenby:+ | $ + |V}w~ S }���� QS � �(� (6)

where
QS � is the wind in the first atmosphericlayer and

S } $ 0 m smo� . The diffusion
equationis integratedwith animplicit time scheme.In thesimulationspresentedbelow, ?
wasfixed to 35 m and + | } to 2 j�0l��m*� , typical valuesusedfor terrestrialsurfacesin the
climateGCM.

2.4 Convectiveadjustment

Whereasmuchmore sophisticatedschemesfor vertical turbulent diffusion may sponta-
neouslysimulatesomekind of verticalconvection(seefor example,Mellor andYamada
(1974)),our simplescheme(asmany others)is not ableto preventsubadiabaticvertical
temperaturegradients 5 Z5 #�� � (7)

If suchan unstableprofile is producedby the model,an adiabaticprofile is immediately
restoredwith a simpleenergy conservingscheme.If the resultingtemperatureprofile is
unstableat its upperor lower limit this mechanismis instantaneouslyextendedin sucha
way thatthefinal profile is entirelystable.

Thisconvectiveadjustmentis in factachievedin a realatmosphereby parcelexchange
throughvertical convective motions. Thesemotionsnot only transportenergy but also
momentum.Theintensityof themomentumexchangeis linkedto themassfluxs involved
in the convection,which cannotbe estimatedin sucha simplemodel. The bestonecan
do is to computeanestimateof theinstabilityof theatmospherefrom therelativeenthalpy
exchangenecessaryto restoretheadiabaticprofile �Z from theoriginalprofile

Z� $����� Z U �Z �� 7:��#�' � Z 7���# (8)

When � � 0 (this conditionis alwaysverifiedin thesimulations)theangularmomentum
is entirelymixedon a fraction � of themesh.This ratherarbitrarychoiceis qualitatively
acceptablein thesensethata largerinstabilitywill producea largermomentummixing.

2.5 Surfaceprocesses

Surfacetemperatureevolution is governedby thebalancebetweenincomingfluxs (direct
solarinsolation,thermalradiationfrom theatmosphereandthesurfaceitself andturbulent
heatfluxs) andthermalconductionin thesoil. Theparametrizationof this lastprocessis
often rathercrudein terrestrialGCMs wherea greatpart of the surfacetemperatureare
either imposedor computedin oceanicmodels. For a dry planetlike Mars, an accurate
parametrizationof heatconductionis crucial to determinecorrectlysurfacetemperatures
andtheir responseto diurnal,synopticandseasonalforcing. A new parametrizationwas
thereforedevelopedfor theMartianversionof theLMD GCM.

Thetimeevolutionof thetemperatureunderthesurfaceis givenby a classicalconduc-
tion equation 5*�5�6 $ U 0+ 5����5 # (9)
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wheretheconductiveflux
���

is givenby��� $ U1� 5*�5 # (10)

andwhere

�
and + arethesoil conductivity andspecificheatperunit volume,respectively.

In thesimplecaseof averticallyhomogeneoussoil (whichis assumedhere),it caneasilybe
shown thatthemodel,asfarasthetimeevolutionof thesurfacetemperatureis concerned,
is only dependenton thesoil thermalinertia � $ z � + .

AlthoughatmosphericGCMsoften useforce-restoreschemeswith oneor two layers
to simulatethe time evolution of the surfacetemperature,it is muchmoreaccurateand
straightforwardto performa direct temporalintegrationof theseequationsusinga multi-
layerdifferenceschemein theground(JacobsenandHeise,1982;Warrilow et al., 1986).
This wasfound to benumericallycheapenougheven for a largenumberof layersin the
soil: with 11 levels, this parametrizationonly represents0.1

�
of the CPU-timeof the

MartianGCM. Thesoil modelis similar to thatpresentedby Warrilow et al. (1981).The
accuracy of the modelwascheckedby computingthe phaseandintensityof the surface
temperatureoscillationforcedby a sin varyingsurfaceflux. For periodsin therangefrom
0.3to 2000sols,themodelproduceserrorsof lessthan1

�
ontheintensityandphaseshifts

lower than
� � ��� .

2.6 ����� condensation-sublimation

A condensationtemperatureis introduced,following Pollacket al. (1981),as���{�o� $ 0l��� �X� �¡  � ��	e¢c£ & (11)

with
�o�¤�o�

in K and pressure& in hPa. Both atmosphereand surfacetemperaturesare
preventedfrom falling below

� �¤� �
by precipitatingatmospheric+-, . ontothesurface.

In the atmosphere, if the temperatureof a given layer falls below
�o�¤�o�

(asan effect
of dynamicsor otherphysicalprocesses),condensationoccurs,in anamountappropriate
to restore,by latentheatrelease,thecondensationtemperaturecorrespondingto the local
pressure.All condensedcarbondioxideinstantlyprecipitatesto thegroundwithout subli-
mation.Surfacepressureis modifiedin agreementwith thetotalamountof precipitation.

At the surface, the temperatureof the frost is kept at the condensationvalueeitherby
condensingatmospheric+-, . or by sublimating+-, . ice.

The sublimation-condensationschemeexactly conservesboth energy andmass.The
energy balanceon thecapsis mainlycontrolledby albedoandemissivity of ice,whichare
unfortunatelypoorly known. Theimpactof thoseparameterson theannualpressurecycle
hasbeencarefully analysedin a recentstudyby Pollacket al. (1993). Direct measure-
ments(Jameset al., 1979; PaigeandIngersoll,1985),andmodelstudies(Warrenet al.,
1990)yield large rangesof values: about0.7-1. and0.4-0.8for emissivity andalbedo,
respectively. For thisstudy, thesequantitiesweresomewhatarbitrarilyfixedto 0.8and � �  
respectively (they werenot tunedto fit Viking data).

2.7 Surfaceconditions

Threefieldshadfinally to bespecifiedat thesurface:heightof orography, thermalinertia
andalbedoof ice freesurface.Valuesobtainedform theViking measurementswereused.
Thesethreefields,togetherwith icealbedoandemissivity, andwith theparametersdefining
theplanet,its orbit andits atmosphereweretheonly prespecifiedparametersin themodel.
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3 Clear sky simulations

3.1 Description

The first simulationspresentedherecorrespondto clearsky conditions. Insteadof using
optical dustmeasuredat the two Viking sites,we usedoptical depthsdeducedfrom the
resultsof theInfraRedThermalMapper(IRTM) experiment(Martin, 1986)aboardViking
orbiters (Martin, 1986)whichoffer acombinedgoodspatialandtemporalcoverage(about
oneMartian year). The IRTM � 2 m atmosphericopacitiesexhibit a � � � 0 meanvaluebut
a muchlower modevalueof � � � �   (Martin, 1986). By comparisonwith Viking Lander
measurements,thesevaluesareshown to be

��� �
timeslower thanvisible dustopacities.

The resultingmeandustopacityin the visible rangeis therefore0 � � but the modevalue,
typical of clearsky conditions,only � � 0l� . For the presentclear-sky simulationsthe dust
optical depthin the visible range( ¥s¦¤§(� ) was fixed to � � � . From the study by Martin,
the Viking sitesappearasparticularlydustywhich may be due, in a large part, to their
location well below the meanMartian height. Of course,the very simplespecification
of the atmosphericdustcontentcannotrepresentall the complexity of the real situation,
suchasthesystematicincreasein dustopticaldepthduringnorthernwinter, evenfor years
withoutglobaldust-storm.

Full orographywasincluded.Solarheatingwascomputedusinga diurnally averaged
incomingsolarflux sincediurnal cycle hadbeenfound, in sometestexperiments,not to
significantlyaffect theseasonalpressurecycle. This allows to save computationaltime. It
mustbenoticedhowever thatwehavesincethenperformedmorethan50yearsof simula-
tionswith acompletecalculationof insolation20 timesperday.

Oneparameterremainedto bedetermined:the total massF of CO. includingatmo-
sphereandcaps.Thismasscanberepresentedby anequivalenttotal surfacepressure&�¨ � ¨
with &©¨ � ¨ $ Y F '�ª � � G .s« ( G and Y arerespectively theplanetaryradiusandgravity). When
no polar capsarepresent,&�¨ � ¨ is just the meansurfacepressure&�¬­¨ _ . With polar caps,
the equivalenttotal pressurecanbe separatedas &�¨ � ¨ $ &*¬­¨ _ � & � ¬D®l) where& � ¬¯®°) is an
equivalentpressurefor thispartof thecarbondioxidetrappedin thecaps.

In orderto fix thevalueof &�¨ � ¨ , a first numericalsimulationwasperformedover two
Martianyearswith the low horizontalresolution(24 latitudesand32 longitudes),starting
from a statewith no wind, no polar caps,andan isothermal200 K atmosphere,for an
arbitraryvalueof & ¨ � ¨ $ & ¬(¨ _ $ 	 hPa.

Thepolar capsspontaneouslyformedin this simulationandthesystemwasfound to
equilibratein less than one year. The pressurefluctuationsat the Viking landing sites
werecomparedto observations. The total atmosphericmasswasthenshiftedin orderto
changethemeanpressureat thosetwo pointsto theirobservedvalues.Theequivalenttotal
atmosphericpressurewasthussetto &©¨ � ¨ $ 7.2hPa.

A new simulationwasthenperformed,startingonceagainfrom anisothermalstateof
restwith no polarcaps.Theevolution of thesurfacepressureat bothViking landingsites
is reportedin Fig. 2. During the first summer, the pressurerapidly decreasesdueto the
formationof thesouthpolarcapbut thenortherncaphasnotyet formed.Fromthemiddle
of the first year, after the sublimationof the southcap,the initial conditionsseemto be
essentiallyforgottenandthepressureoscillationto beverywell reproducedfrom oneyear
to theother.

Thesimulationwasthencarriedfurtherwith thehighhorizontalresolution(48latitudes
and64 longitudes)overoneMartianyearstartingfrom thefinal stateof thelow resolution
simulation( 
 ) $ � � � ). Thehighresolutionsimulationwill bereferredto asthe”reference
simulation”in whatfollows.
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Figure2: Evolutionof thesimulatedpressureat bothViking Landingsitesduringthefirst
two yearsof thelow resolutionsimulation.

3.2 Model validation

The purposeof this paperis not to give a completevalidationof the GCM (this will be
addressedin a forthcomingpublication)but to underlinetheinfluenceof dynamicson the
spatialdistributionof theatmosphericmass.Nevertheless,sincethis is thefirst publication
showing resultsof theLMD MartianGCM, wewill presentsomecomparisonsto observa-
tionsandto othernumericalsimulations.

Tracersof the atmosphericcirculationareratheruncommonon Mars. Exceptduring
duststorms,cloudfeatures(eitherdust,CO. or H . 0 clouds)arerestrictedto particularsea-
sonsandlocations.Theonly informationgiving a globalspatialcoverageis the retrieval
of temperaturefrom theobservationof theemittedthermalradiation.Only Mariner9 had
enoughspectralandspatialcoverageto allow determinationof completemaps(at leastin a
latitude-altitudeframe)of theatmosphericthermalstructure.TheIRTM instrument,aboard
Viking, hadonly onewide 0 �³2 m channelsensitive to atmospherictemperaturesanddid
not give any informationon theverticalthermalstructure.Fig. 3 shows a comparisonbe-
tweenthe temperaturefield deducedfrom Mariner9 measurementsduringspring(upper
panel),
 ) $ ��� to 54,andthefield of thereferencesimulation(middlepanel).Themodel
reproducesthemaincharacteristicsof theobservedthermalstructuresuchastheveryweak
latitudinaltemperaturegradientsbetween20

�
Sand60

�
N with ameantemperatureof about

215K nearthesurface.Thelatitudinaltemperaturegradient,attheedgeof theformingcap,
near50

�
N is alsovery well simulatedeven if they aresomediscrepanciesin thevertical

structurein thisparticularregion. Finally, at leastin thenorthernmid-latitudes,thevertical
temperaturegradientis very well simulated,the temperaturefalling from 215 K nearthe
surfaceto 160K at the0.3 hPa level. Basedon the thermalwind equation(generallyas-
sumedto beaccuratelyvalid onMars),it is possibleto retrievewindsfrom thetemperature
field, which hasbeendonefor theMariner9 measurements(superimposedon thetemper-
aturefield in theupperpanelof Fig. 3). This canbecomparedwith thesimulatedwinds
in theGCM (lowerpanel).Themainfeatureis a uniquejet, linkedto thestronglatitudinal
temperaturegradientof thesouthernhemisphere.Thejet is lessstrongandnarrow in the
simulation.

If remotesoundinggives the bestspatialcoverageof any available observation for
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Figure4: Evolutionof thesurfacepressureat thetwo landingsitesin thereferencesimula-
tion.

the Martian atmosphere,the direct measurementsof winds, pressureandtemperatureat
two pointsof thesurfaceover successive yearsby theViking missionsis a uniquefact in
planetarysciences.Pressuredataarethemostinterestingfrom a meteorologicalpoint of
view sincethey containinformationaboutthe global atmosphericcirculation,asalready
mentionedin the introduction. The simulatedpressurefluctuationsat both landingsites
areshown in Fig. 4. Thesimulationoverestimatestheamplitudeof theseasonalvariation
by about

� � � with someshift in thephase,but theagreementis in factquite remarkable
if one remembersthat no parameterexcept total masswas tunedin the simulation. As
alreadymentionedandstudiedin detailsby Pollack et al. (1993), the annualpressure
cycle is very dependentof the valueschosenfor the dustopacityandthe ice emissivity
andalbedo.Reductionof eitheralbedoor emissivity resultsin a smallermassof thecaps
andthereforein a lesspronouncedseasonalpressurecycle. Thevaluesof thoseparameters
areunfortunatelypoorly known and,moreover, the tuning to unrealisticvaluesfor those
parametersmay allow to correctsomemodeldeficienciessuchasthe non representation
of thepolarhoodsarisingfrom theatmosphericcondensationof carbondioxideabove the
forming polarcap(Pollacket al., 1993).As shown by Pollacket al. (1993)thevariations
of the atmosphericdust contentover the courseof the year alsosignificantlyaffect the
seasonalpressurevariations.However, thetestsperformedwith our GCM, in therangeof
clear-sky opacities¥°´ a ) � 0 , werenot ableto correctthe discrepancy with the observed
pressurevariations.On thecontrary, the tuningof the ice albedoandemissivity seemsto
beableto giveamuchbetteragreement,assuggestedby new numericalexperimentsunder
runat LMD (in facttheequivalentpressure&©¨ � ¨ mustalsobeadjustedin orderto keepthe
meansurfacepressure,atbothlandingsites,to theirobservedvalues).

Sucha tuning is very importantto establishan accurateMartian climatologyor for
engineeringapplicationsandwill bereportedin aforthcomingpaper. For thepresentwork,
it wasnot socrucialsinceweareonly interestedby thespatialvariationsof thedifference
betweenthelocalpressureandits planetarymean& ¬(¨ _ . Thisdifferenceessentiallydepends
onthethermalanddynamicalatmosphericstructureandnoton theabsolutevalueof & ¬­¨ _ .

Anotherelementof validationis thecomparisonbetweensimulatedandobservedsta-
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tisticalpropertiesof thetransienteddies.Thishasnotbeenaddressedyet in detailbut there
is a global agreementin period(between2 and5 sols)andamplitude(about0.5 hPa for
VL1 and0.25 for VL2). Moreover, the evolution of the amplitudeon the courseof the
yearis verywell simulated,asclearlyvisible from thecomparisonof Fig. 1 andFig. 4 (the
comparisonmustbe donewith years2 and3 of the missionwhereno global dust-storm
occurred).

Finally, thenumericalresultsarein globalagreementwith thatobtainedwith theAmes
GCM for clearsky conditions(Pollacketal., 1981;Pollacketal., 1990).

3.3 Atmospheric circulation near solstice

Sinceit is importantfor thefollowing discussion,wewill briefly describethemaincharac-
teristicsof theMartianglobalatmosphericcirculation,particularlyfocusingon theperiod
nearnorthernwintersolstice.Thesimulatedtemperature,meridionalcirculationandzonal
wind at 
�� $ � 	 ��� areshown in Fig. 5. Thetemperatureandzonalwindshavebeenaver-
agedover longitudes(zonalmean)andtime(overfiveconsecutivedays).Thoseresultsare
in very goodagreementwith thoseobtainedby Haberle et al. (1993)for thesameperiod
with a dustopticaldepth¥l´ a ) $ � � � .

The situationis ratherdifferent from what is observed on Earthat the sameseason.
Nearsolsticefor bothplanets(which have almostthesameobliquity), the incomingsolar
radiationat thetopof theatmosphere,is maximumonthesummerpolarregion. OnEarth,
indeed,becauseof thevery high thermalinertiaof theoceans,themaximumsurfacetem-
perature(the so-calledthermalequator)doesnot oscillate,in latitude,by morethan 0 ���
north and5

�
southof the equator. On the contrary, on Mars, the surfacethermalinertia

is very weak;at 
 � $ � 	 ��� , the temperatureis maximumin southernhigh latitudesand
ratheruniformover thesouthernhemisphere,in contrastwith a stronglatitudinaltempera-
turegradientat theedgeof thepolarcap. This gradientis associatedthroughgeostrophic
balancewith a strongeastwardzonaljet (between��� and

� � � N). This is alsothe location
of thestrongbaroclinicactivity responsiblefor theshortperiodfluctuationsof thesurface
pressureobservedby theViking Landers(upperpanelof Fig. 1). Between��� � Sand ��� � N,
the meridionalcirculation is dominatedby a strongdirect Hadley cell, with maximum
meridionalwindsof theorderof 10m sm>� . Thezonalwindsin thisregionareanalogousto
theterrestrialtrade-winds(mainlyconstrainedby thecombinationof meridionaladvection
of angularmomentumandsurfacefriction) exceptthat,becauseof thedeeperextensionof
the Hadley cell into thesummerhemisphere,strongeastward windsareproducedin low
southernlatitudes.Thestrongnearsurfacepositive wind, centeredat 25

�
S is in factanal-

ogousto thewindsof theterrestrialIndianmonsoon.In thatcaseon Earth,becauseof the
presenceof the Asiancontinent,the Hadley circulationcrossesthe equatormuchfurther
thanin theplanetarymean,resultingin a strongeastwardcurrentover India.

4 The annual pressurecycle

Comparisonof thesimulatedpressureatdifferentlocationsshowedtheratherunsuspected
fact that the time evolution of thesurfacepressure,in rathergoodagreementwith Viking
datafor the two landingsites,variesa lot with latitude. This is illustratedin the upper
panelof Fig. 6 representingthetimeevolutionof thezonallyaveragedsurfacepressurefor
four differentlatitudes,

�����
N, � �:�X��� N, � �W� ��� S and

�����
S, aswell asthe averagepressure&*¬(¨ _ , which is proportionalto thetotal atmosphericmass.Only this lastcurve is a direct

signatureof thecondensation-sublimationcycleof carbondioxide.
Thedifferencesin thepressureannualmeansat thesevariouslatitudesaredueto the

differencesof the meanheights. But evensubtractingthe meanannualvaluefrom these
differentcurves,largedifferencesbetweenlatitudesstill remain.
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�
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lower panel: zonalwind in m smo� .
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For example,the relative differencebetweenpressuresat � �:�X��� N and � �W� ��� S evolves
from 0 � � nearnorthernsummersolsticeto

� � � at northernwinter solstice. This time
variability is even muchmoremarked for polar latitudes. As a consequence,the mean
pressurecycle is muchmoresymmetricthantheViking measurements:in VL1 data,for
example,thenorthernspringpressuremaximumis

� �
below thenorthernwinter solstice

maximum(   �X� � for thesimulation)but therelativedifferenceis only
��� � � in theplanetary

meanof the simulatedpressure.Moreover, the northernspringmaximumin the � �W� ��� S
signalis higherthanthewintersolsticemaximum.

In orderto eliminatethe condensation-sublimationcycle, the longitudinallyaveraged
surfacepressurewas divided by the globally averagedsurfacepressure& ¬(¨ _ . The an-
nualmean � &�'(& ¬­¨ _ p ¨ wasthensubtractedin orderto retainonly therelative temporal
variations.This canbe interpretedasthe meteorologicalcontribution to the atmospheric
pressurecycle (but doesnot includethesystematiclatitudinaleffects).Thetime evolution
of � $ ª¶&�'­&�¬­¨ _ « U � &�'(&*¬­¨ _·p ¨ arereportedin thelowerpanelof Fig.6 for thesamefour
latitudes.This is analogousto thedifferentialweatherintroducedby Pollack et al. (1993).
Thismeteorologicalcontributionaccountsfor a5

�
temporalvariationin mid-latitudesand

for 15 to 20
�

in high latitudes. At 75
�
N, it is comparableto the amplitudeof the total

pressureoscillationwhich is of theorderof 25
�

.

4.1 Orographic effect

Hess et al. (1979)alreadydiscussedthepossibleeffect of the temperaturevariationson
theViking pressureoscillations.In additionto differencesin meanpressurevalues,latitu-
dinal variationsof altitudemodulatethepressurecycle throughtemperaturevariations.At
northernwinter solstice,thetemperatureis low in thenorthernhemisphere(

� 
¸0l	�� K),
inducinga small verticalatmosphericscaleheight( ¹º
»� �X� km). A greatpartof theat-
mosphereis thentrappedin thelow altitudenorthernregions,thusdecreasingthepressure
of thesouthernhemisphere,which is

�
km higheron the average.Theoppositehappens

duringthenorthernsummerwherepartof theair is ejectedfrom thelow northernregions
( ¹¼
·0�0 � 	 km for

� 
 � ��� K). Quantitatively, this leadsto anorthernpressure
� 0 � higher

thanthesouthernpressureat northernwinter solsticebut only 0 � � higherat summersol-
stice.Thisis consistentwith thesimulatedpressuresat � ��� N and � ��� S.But thishydrostatic
analysisis basedon the hypothesisthat the pressureis constantwith latitudefor a given
equipotentialheightwhich is far from verifiedin reality.

4.2 Dynamical effect

It is well known that for all known rapidly rotatingplanets,thehorizontalpressuregradi-
entsandwindsarecoupledby theclassicalgeostrophicbalance.The latitudinalpressure
variationandzonalwind arerelatedby��½¿¾DÀ £�Á�Â�
 U t �& 5 &G 5 Á (12)

( Á is latitude,

t
the gasconstant,G the radiusof the planetand

½
its rotationrate): for

an atmosphericparcelrotating fasterthanthe solid planet( Â p � ), the inertial Coriolis
force

��½�¾DÀ £4Á�Â is equatorwardandis thusbalancedby a decreaseof pressuretoward the
pole. This balanceis only valid above the PlanetaryBoundaryLayer (PBL), typically0 km high on Earth. Within the PBL, the wind amplitudedecreasesto becomezeroat
thesurfacewith anassociatedchangein its directionclassicallyapproximatedby theso-
calledEkmanspiral(thebasesof thetheoryof thePlanetaryBoundaryLayercanbefound
for examplein Holton 1979, p. 101-118).But, even for surfacefields, this balancestill
remainsqualitatively correctasillustrated,onEarth,in the”roaring forties” duringwinter,
by thebalancebetweentheequatorwardpressuregradientandtheeastwardsurfacewinds
between��� � Sand   � � S(Fig. 7).
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Figure8: Annualpressurecycleassimulatedwithoutmountains.
(seetext for complementaryinformations).Time evolution of ª¶&�'­&�¬­¨ _ « U � &�'(&*¬­¨ _¼p ¨
for variouslatitudes.Sameconventionsasfor Fig. 6.

4.2.1 Dynamical effect: simulation without mountains

This effect is particularlyeasyto identify in the roaringforties,on Earth,becauseof the
absenceof continents.But onMars,asalreadymentioned,thesurfacepressurefield is pri-
marily dominatedby orography. In orderto isolatethedynamicaleffect,thelow resolution
versionof theGCM wasintegratedwithout mountainsover two Martianyearsin exactly
thesameconditionsasfor thereferencesimulation.Fig. 8 shows thetimeevolutionof the
meteorologicalcontribution ªÃ&�'(& ¬­¨ _ « U � &�'­& ¬­¨ _ p ¨ for the samefour latitudesasfor
Fig. 6. Thosecurvesreally representtheeffect of dynamicson theannualpressurecycle.
Comparisonwith thelower panelof Fig. 6 clearlyshows thatthedynamicaleffectcanex-
plainpartof thespatialvariability of theseasonalpressurefluctuations,especiallyfor high
latitudes.For example,themaximumandminimumof the four curvesoccurat thesame
seasonfor thetwo simulations.For high latitudes,thedynamicaleffect mayrepresentthe
maincontributionto thelocalcomponentof thepressurevariation.Thiseffectseemsto be
relatively weaker for lower latitudes.

The longitudinally averagedsurfacepressure(dashedcurve) and zonal wind (solid
curve) nearnorthernwinter solstice 
 ) $ � 	�	 � are shown in Fig. 9. The geostrophic
relationshipbetweenthezonalwind andsurfacepressureappearsvery clearly: theequa-
torward Coriolis force associatedto the lower part of the winter jet (between40

�
N and

90
�
N) is balancedby anequatorwardpressuregradient.Thesameis observedfor thenear

15



-90 -60 -30 0 30 60 90
-20

-10

0

10

20
u 

(m
s-1

)

5.5

6.0

6.5

p 
(h

P
a)

Figure9: Longitudinallyaveragedsurfacepressure(dashedcurve, scaleon theright) and
zonalwind (solid curve, scaleon the left) nearnorthernwinter solstice( 
 ) $ � 	�	 ) in a
simulationwithoutmountains.
The zonalwind is taken at the third model level (about300 m above the surface). The
dottedcurveshowsthegeostrophicwind deducedfrom surfacepressureby Eq.12.

surfacepositive jet (analogousto theterrestrialMonsoonwinds)between25 and35
�
S. In

fact,thisrelationshipis evennumericallycorrect:thezonalwind simulatedat300m above
thesurface(full line of Fig.9) is verycloseto thewind deducedfrom Eq.12,usingthesur-
facepressureandthetemperaturesimulatedin thefirst atmosphericlayer. Thegeostrophic
solutionis not computedfor latitudeslower than 0l� � becauseof thesingularityof Eq. 12
in thatregion.

Theagreementwith thegeostrophicwind,computedfromthesurfacepressuregradient,
is not asgoodfor windssimulatedat otherheights.Below 300m, thewind is stronglyre-
ducedby verticaldiffusionanddoesnotbalancethelatitudinalpressuregradient;abovethe
third layer, thegeostrophicbalanceis bettersatisfiedbut thelatitudinalpressurevariations
becomesignificantlydifferentfrom their surfacevalues,beingaffectedby the latitudinal
variationsof theatmosphericscaleheight. This is in goodagreementwith whatis known
from thewell studiedTerrestrialPBL: theverticalwind gradientis generallysharpin the
first few hundredmetersabove the surfacebut, above ����� to ����� m, both amplitudeand
directionarewithin tenor twentypercentof theirasymptoticvaluesat thetopof thePBL,
generallylocatedatabout1 km (seeHolton1979,p. 111).

4.2.2 Separationbetweendynamical and orographic effect

In thepresenceof mountains,thedistinctionbetweentheorographicanddynamicaleffects
canbe maderatherdirectly by an alternateversionof the geostrophicequation(Eq. 12)
derivedusingthenormalizedpressure"r$ &�'(& ) (asin theGCM formulation)insteadof
heightasa verticalcoordinate.Thegeostrophicrelationshipthenbecomes��½¿¾DÀ £�Á�Â�
 U t �G &*) 5 & )5 Á U 0G 5>Ä5 Á . (13)

in which thelatitudinalvariationof thesurfacepressureis givenasthesumof a contribu-
tion linkedto thepresenceof zonalwinds(left handside)andanothercontributiondueto
thelatitudinalvariationsof height(lasttermontheright handside).

As for thesimulationwithoutmountains,thezonalwind simulatedin thethird layerof
themodel(full curve in Fig. 10) is verycloseto thatdeducedfrom thegeostrophicEq.13
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Figure10: Zonalwind nearnorthernwintersolstice( 
 ) $ � 	�	 � ) for thereferencesimula-
tion
The solid curve shows the zonal wind simulatedin the third layer of the GCM (at
about ������Å above the surface)andthe dottedcurve representsthe wind asdeducedby
geostrophicbalancewith thesurfacepressure(Eq.13).

(dottedcurve)usingthesurfacepressure,surfacegeopotentialandtheair temperaturenear
theground.

Basedonthisnumericalagreement,Eq.13canbeusedto decomposethesurfacepres-
sureasthesumof threeterms &�) $ &*¬­¨ _ � &�Æ­Ç b � & �DÈ­� (14)

whosetemporalvariationsrepresenttherespectiveeffectof condensation-sublimation,dy-
namicsandorography. The first term & ¬­¨ _ is, as before,the globally averagedsurface
pressure.Thedynamicalcontribution & Æ­Ç b is definedby0G 5 &*Æ­Ç b5 Á $ U � &�) ½�¾�À £4Á©Ât � (15)

with theconditionthattheplanetarymeanof & Æ­Ç b mustbezero.Similarly, theorographic
contribution & �DÈ­� is definedby 0G 5 & ��È­�5 Á $ U &*)G t � 5oÄ )5 Á (16)

with a planetarymeanequalto zero. In Eqs.15 and16,
Ä ) is thesurfacegeopotential,

�
thetemperaturein thefirst GCM layer, and Â thezonalwind in thethird layer. It mustbe
noticedthat the two contributionsarenot strictly independentsincethe surfacepressure
appearson theright handsideof bothequations.

In Fig. 11, thezonallyaveragedsimulatedsurfacepressure&*) (thin solid line) at 
 ) $� 	�	 � andthe pressure&*¬­¨ _ � &*Æ­Ç b � & �DÈ¯� (dotted),computedfrom Eqs.15 and16 and
thenlongitudinallyaveraged,areshown to beveryclose.TheFigurealsoshows thezonal
meansof thetwo contributions: &*¬­¨ _ � & �DÈ¯� (longdashed)and&*¬­¨ _ � &*Æ­Ç b (shortdashed).
It mustbe noticedthat the orographiceffect introducedpreviously is just that linked to
themodulationof & �DÈ­� by thevariationsof thetemperatureover thecourseof theyear;its
amplitudeis muchweaker thantheamplitudeof thelatitudinalvariationsof & �DÈ¯� .
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Figure11: Surfacepressurenearnorthernwinter solstice( 
 ) $ � 	�	 � ) for the reference
simulation
Thesimulatedsurfacepressure(thin solidcurve)is comparedto & ¬­¨ _ � & ��È­� � & Æ­Ç b (dotted
curve). (dotted)of thedynamical& ¬­¨ _ � & Æ­Ç b (smalldashed)andorographic& ¬(¨ _ � & ��È­�
(longdashed)contributionsasintroducedin themaintext.
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For this particularseason,thedynamicalcontribution (shortdashedin Fig. 11) canbe
comparedto thelatitudinalvariationsof pressuresimulatedwithout mountains(dashedin
Fig. 9). The differencesareof coursedirectly relatedto the differencesin the simulated
zonal winds (Fig. 9 for the simulationwithout mountainsandFig. 10 for the reference
simulation). If thegeneralpatternis similar, it canbenoticed,indeed,that theanalogues
of the Terrestrialtradewinds areweaker in the referencesimulationandthat the winter
eastward jet is locatedat a slightly lower latitude(thedifferencesarenot only dueto the
absenceor presenceof mountainsbut alsoto thedifferencesin horizontalresolution).

At theedgeof thenorthernpolarcap,thestructureis analogousto thatdescribedprevi-
ouslyfor the”roaringforties”onEarthbut theeffectis muchstrongeronMars: thepressure
decreasesby morethan 0   � between��� and

� � � N whereasthemaximumvariationis less
than

� �
onEarth.AnotherdifferencebetweenMarsandEartharisesfrom thestrongther-

mal inertiaof theterrestrialoceans.Becauseof this, theatmosphericthermalstructureand
meridionalcirculation remainmuchmoresymmetric(with respectto equator)on Earth
thanon Mars over thecourseof the year. As a consequence,the jet of the southernTer-
restrialmiddle latitudesdoesnot disappearduring southernsummer(its intensity is just
reduced).Thus,thetemporalvariationsof thepressure,asmeasuredatafixedpointon the
surface,aremuchweaker thanthemaximum

� �
of the latitudinalpressurevariation. On

the contrary, the jet totally disappearsduring summeron Mars (asvisible in Fig. 10 and
lower panelof Fig. 5). Consequently, theamplitudesof thetemporalandspatialpressure
variationsarerathersimilar.

Thedifferentialeffect betweenthelatitudeof VL1 andVL2 is verydifferentfrom that
simulatedwithoutmountains.Theeffectis muchstrongerandthepressureis lowerby 24

�
at 48

�
N thanat 22

�
N. This effect maypartly counteracttheorographiceffect,particularly

strongfor bothlandingsitessinceVL2, themostpolewardof thetwo landers,waslocated
about1 km below VL1.

Finally, theseparationbetweenorographicanddynamicalcomponentscanbeusedto
analysethetimeevolutionof themeteorologiccontribution � introducedpreviously. Each
panel,in Fig.12,correspondsto oneof thelatitudeanalysedin Fig.6 andshowsthedecom-
positionof the total meteorologicalcontribution � , in term of ��Æ­Ç b%$ ªÃ&�Æ­Ç b '­&*¬(¨ _ « U �&*Æ­Ç b '(&*¬­¨ _�p ¨ and � �DÈ¯� $ ªÃ& ��È­� '(&*¬­¨ _ « U � & �DÈ­� '­&�¬­¨ _Ép ¨ . For all latitudes,the largest
differencebetweenthesimulated� andthesum ��Æ­Ç b � � ��È­� is of theorderof 0.01.

In mid-latitudes (37.5
�
): 1) thedynamicalcontribution is generallyweaker thantheef-

fect of orography;2) both �ÊÆ­Ç b and � ��È­� areratherweak(the amplitudeof the seasonal
variation is of the orderof 0.02) but 3), they tendto reinforceeachother leadingto an
amplitudeof 4-5

�
for thetotalmeteorologicalcontribution.

For high latitudes (75
�
): 1) the dynamicaleffect is generallystrongerthan the oro-

graphiccontribution; 2) both contributionsaremuchstrongerthanin lower latitudes(of
theorderof 0.2)but 3), they generallycounteracteachother. At 75

�
S,theamplitudeof the

temporalvariationof �ÊÆ­Ç b is about.25,which meansthat thedynamicaleffect is respon-
siblefor a variationof thesurfacepressureof about25

�
over thecourseof theyear. This

variationhasthesamemagnitudeasthatlinkedto thecondensation-sublimationcycle.

4.3 Dynamical effectduring dust-storms.

In effect, the variationof pressureat both Viking landingsitesduring the 1977-Bgreat
dust storm is a direct evidencefor the dynamicaleffect: at the beginning of the storm,
the pressure(smoothedfrom synopticoscillations)jumpedby about0.5 hPa at Viking 2
whereasthemaximumeffect at Viking 1 wasonly 0.2hPa. This hasalreadybeennoticed
andstudiedin detailby Pollack et al. (1993).
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Figure 12: Time evolution of the dynamicaland orographiccontributions to the mean
surfacepressureat four differentlatitudes(referencesimulation)
For eachlatitudes,thesum(dotted)of thedynamical�ÊÆ­Ç b (shortdashed)andorographic� ��È­� (longdashed)contributionis comparedto thesimulatedevolutionof � $ &�'(&*¬­¨ _ U �&�'(&*¬­¨ _Ìp ¨ (thin solid curve) with ��Æ­Ç b�$ &*Æ­Ç b '(&*¬­¨ _ U � &�Æ­Ç b '­&�¬­¨ _Ìp ¨ and � �DÈ¯� $& �DÈ­� '­&�¬­¨ _ U � & ��È­� '(&*¬­¨ _Hp ¨ .
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This period was investigatedperforminga new simulationwith the high resolution
LMD GCM, startingfrom theatmosphericstateat 
�� $ ��� � � producedby thereference
simulation. Only the total dustoptical depthwaschangedfrom � � � to

�W�X�
(”dust-storm

simulation”). Oncemore,this is a strongsimplificationof the real situationin which the
meanopticaldepth,generallyalreadyhighnearnorthernwintersolstice,jumpedsuddenly
to extremelyhighvalues(reachingavalueof 5 atViking 1 landingsite)andthendecreased
slowly. However, even the useof time variationof the meanoptical depthwould be far
from realisticsincethedustcontentandits evolutionwerehighly variablein space.

A direct confirmationof the dynamicaleffect on the pressurecycle can be seenin
Fig. 13. The upperpanelshows the Viking pressureobservationsbetweensols300 and
400,the lower panelshows thesimulatedvariationsof pressureat thetwo Viking sitesin
thereferencesimulationandin the”dust-storm”simulation.In thelatter, baroclinicactivity
is not reducedasmuch,in comparisonwith thereference,asin observations.Thechange
in periodicity, in theotherhand,is bettersimulated.More importantlyfor our particular
purpose,the behavior of the meanpressure(smoothedfrom baroclinicfluctuations)is in
very goodagreementwith the observations: by comparisonwith clearsky situation,the
pressureis increasedby about � �X� hPaatVL2 but only � � 0 hPaatVL1. Thischangein the
meanpressureis directly relatedto themodificationof theglobalatmosphericcirculation:
both the intensityandthe latitudinal extent of the Hadley cell arestronglyincreased,as
alsofound in othernumericalsimulations(Haberleet al., 1982); the monsoon-like jet is
reinforcedandthe eastward winter jet is reducedandshiftedto higher latitudes. This is
illustratedin theupperpanelof Fig.14. Theorographiccontributionto thesurfacepressure
wasalmostunchangedin the northernmid-latitudesbut the dynamicalcontribution was
strongly increasedin high latitudes. The dynamicaleffect contributesto an increaseof
about0.25hPaof themeanpressureat48

�
N whereasthepressureat22

�
N is not affected.

Thus,thedifferentialeffect in theevolutionof surfacepressuresatbothViking sitesclearly
appearsasa consequenceof thisdynamicaleffect.

This simulationis particularlyinterestingsinceit givesa uniqueopportunityfor new
modelvalidations. Bright streaks(Type I(b), seee. g. Magalhaes,1987),which areob-
servedall overtheplanet,aregenerallybelievedto form in thewaningphaseof globaldust
storms,by dustdepositin the lee of impactcraters.Therefore,the observationof those
streaksallows to constructa global mapof the wind directionsfor this particularperiod
(Magalhaes,1987;Zureketal.,1992).Thenearsurfacewindsfrom theduststormsimula-
tion at 
 ) $ ����� � areshown in Fig. 15. Thedirectionarein verygoodagreementwith that
deducedfrom theobservationsof TypeI(b) streaks.Theanalogyto theIndianmonsoonis
very clearon this map. Thehighly axi-symmetricstrongeastward jet is centeredat 30

�
S

exactly asin thewind data.Thestructureof theflow, clearly influencedby orography, is
alsovery well simulated.Anothervery interestingobservationalconstraintfor this partic-
ular seasonis thechangein thewind directionat VL2 at thebeginningof theduststorm:
thewind, predominantlywesterlybeforethedust-storm,turnedto northeasterlyduringthe
storm.Thischangeis verywell simulatedby theLMD GCM.

4.4 Local effects.

At this point,we have only consideredzonallyaveragedfieldsandlatitudinaleffects.Lo-
cally, thevariationscanbemuchlargerasillustratedby Fig. 16showing thepressurecycle
at two pointsat aboutthe sameheightbut oppositelatitudes. The first oneis locatedat�©0 � N, at aboutthesameheightandlatitudeasVL2, andthesecondat ��0 � S,at thebottom
of HellasPlanitia,a low plain situated

�
km below the �©0 � S meanheight. At this loca-

tion, theorographiceffect is stronglyreinforced:at southernwinter solsticefor example,
whentheenhancementof thepressureby theorographiceffect is maximumin thesouthern
hemisphere,theratio of thepressureat thebottomof HellasPlanitiato themeanpressure
at thesamelatitudeis alsomaximumbecauseof the local smallatmosphericscaleheight
(not shown). Whatwould have beenthecondensation-sublimationratesof thepolarcaps
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Figure13: Pressureat bothViking Landingsitesasmeasuredby theprobes(upperpanel)
andsimulatedby theLMD GCM (lowerpanel).
Upper panel: theViking pressuredataareplottedwith thesameconventionsasfor Fig. 1:
yearone(dotted),two (solid) andthree(dashed).Lower panel: numericalresultsof the
two highresolutionsimulations:thereferencesimulation(solid) correspondingto ¥s¦{§(� $� �X� ; thedust-stormsimulation(dotted)with ¥s¦{§(� $ �W�X� .
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Figure14: Changein zonalwind andsurfacepressureduringdust-storm(at 
 ) $ � 	�	 � )
In bothpanel,thethin curvesrefersto thereferencesimulationandtheheavy curvesto the
”dust-storm”simulation.Theupperpanelshowsthezonalwind (m s

U 0 ). Thelowerpanel
shows thecomparisonof thedynamic(solid) andorographic(dotted)contributionsto the
surfacepressure.
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Figure15: Wind mapfrom thedust-stormsimulation,300m above thesurface,at 
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deducedfrom a uniqueViking landerlocatedin HellasPlanitia? This alsoillustratesthe
highdifficulty of deriving thepressuresurfacefield, which is coupledwith bothorography
throughhydrostaticbalanceandwindsthroughgeostrophicbalance,a questionwhich can
hardlybeaddressedwithoutaglobalnumericalmodel.

5 Concluding remarks

TheViking missionhasshown thattheMartiansurfacepressure,variesby about25
�

over
the courseof the year. We have shown that, in additionto the condensationin the polar
caps,two effectssignificantlycontribute to thepressurecycle andleadto stronglatitudi-
nal variationsof the cycle itself. The first effect is dueto the large latitudinal variations
of heights.Thesecondoneis purelydynamical,andlinked to thestrongMartianwinds.
Both have comparablemagnitudeandarestrongerin high latitudeswherethedynamical
effectbecomespredominant.At

��� �
S,thedynamicalcomponentcontributesto a

��� �
tem-

poralvariationof thesurfacepressureover thecourseof theyear, of thesamemagnitude
asthe variationsdueto the condensation-sublimationcycle. The two effects tendto re-
inforce in mid-latitudeandcounteracteachother in polar regions. Locally, longitudinal
variationsmayamplify stronglytheorographiceffect. In additionto their intrinsic inter-
est,theseconclusionsmustbe taken into accountin theenvironmentalmodelsdeveloped
for thepreparationof theMartianexploration. Someof the futureMartianprojects,such
asthe FrenchCNESBallon projectaboardthe future RussianMars 96 mission,may be
very sensitive to suchpressurevariations. The evolution of the meanatmosphericpres-
sure(thin solid curve on thetop panelof Fig. 6) is theonly onedirectly representative of
thecondensation-sublimationcycle. However, this curve cannotbeenusedasa reference,
sincethesimulatedpressuredoesnot fit closelyenoughtheViking data.Thenaturalcon-
tinuationof thiswork is to tunethemostuncertainparameters(themeandustopticaldepth
andtheemissivity andalbedoof +-,/. ice) in orderto obtainabetterfit. This is now being
doneandwill be includedin a forthcomingpaper. Thesimulatedannualevolution of the
surfacepressuremaythenbeusedasadatabaseeitherfor spatialmissionsor for thestudy
of theatmosphericmassbudget.
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