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ABSTRACT

It is commonly admitted that the seasonalsurface pressue cycle, obsewed on
Mars by the two Viking landers,is dueto condensationand sublimation of the atmo-
spheric carbon dioxide in the polar caps.A thr ee-Martian year numerical simulation
hasbeenperformed with a Martian General Cir culation Model developedfr om the
terr estrial model of Laboratoir e de M étéorologie Dynamique. The conditions of the
simulation were thoseof a typical clear sky situation. The results,validated by com-
parison to Viking pressue measuementsand to temperature fields retrieved from
Mariner 9 measuements,shaw that the pressue cycledependson the location on the
planet. They strongly suggesthat, in addition to condensationand sublimation of the
atmosphericcarbon dioxide, two other effectssignificantly contribute to the pressue
cycle: an orographic effectresulting fr om the differ encein meanheight betweenthe
two hemispheles,and a dynamical effect resulting from the geostiophic balancebe-
tweenthe massand wind field. In high latitudes, the pressue 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 obsewvations,in particular asconcemsthe surfacepres-
sure variations and the low level winds, independently estimated fr om obsewations
of the bright streakson the surface of the planet. Theseresultsshaw that the atmo-
spheric massbudget cannot be correctly estimatedfr om local measuementssuchas
Viking measuements.

1 Intr oduction

Following the spacemissionsof the seventies,especiallythe Mariner 9 and Viking mis-
sions,the atmosphericirculationof Mars hasbecomethe bestknown afterthat of Earth
(seee.g. Leovy, 1979;Zurek et al. , 1992). This is partly dueto the strongsimilarity
betweerthe two planets.On both planets a large fraction of theincomingsolarradiation
reacheshesurfaceandbothatmosphereareconsequentlgtronglyheatedy absorptiorof
thermalradiationreemittedby the surface.For bothplanetsalso,thelatitudinalenegy re-
distributionis dominatedy Hadley circulationin low latitudesandbaroclinicwavesfor the
winter midlatitudes.Baroclinicwavesareresponsibldor the shortperiod(betweer? and
5 days)pressurdluctuationsvisible onthe datarecordedn situ by thetwo Viking Landers
(VL) over morethanthreeMartianyearsat two pointsof the NorthernhemisphergVL1
22.5°N andVL2 48°N). Thosepressureneasurementrereproducedn Fig. 1. TheMar-
tian atmospherés the site of otherremarkablgghenomenaAmongthemis the occasional
occurrencef globaldust-stormsluringwhich thewhole atmospher&ecome®paquefor
the incoming solarradiation, strongly affecting the global atmosphericirculation. The
so-called1977—-Bdust-stornis for exampleresponsibldor the differencevisible in Fig. 1
betweenyear1 andyears2 and3 during northernwinter (Ls ~ 275° to Lg ~ 340°)!.
During this time, both baroclinicwaves and the meanpressurevere strongly modified
atVL2. Years2 and3, duringwhich no dust-stornoccurredaregenerallyreferredto as
clearyearseventhoughtheatmosphericlustcontentstill remainedsignificant,with optical
depthsn thevisible rangelargerthan0.3 at bothlandingsites.
Anotherremarkablgphenomenoiis the seasonatondensatiomf a significantpart of
theatmospherén the polar caps,becaus@f the very low polar night temperaturesyhich
allow condensatiorof carbondioxide, the principal atmosphericonstituent. This phe-
nomenonpredictedsincel966(LeightonandMurray, 1966),hasbeenwidely agreedHess
etal.,1979;Hessetal., 1980)to beresponsibldor thelargeamplitude Jow frequeng fluc-
tuationsof theViking pressureneasurement$ig. 1). Thefirst deepminimumof pressure,
nearsol 100,occursduringsoutherrwinter whena greatpartof theatmospherés trapped

1L is thelongitudeof the sunin Mars centereccoordinategareocentridongitudes).It is usedasseasonal
index with Lg = 0 atnorthernvernalequinox.
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Figurel: Timeevolutionof thesurfacepressureecordedy thetwo Viking Landersduring
thefirst threeMartian yearsof the mission: year1 (dotted),2 (solid) and 3 (dashed)re
superimposedn the samegraph. Datafrom Tillman and Guest(1987)(seealsoTillman,
1989).

in the southpolar cap (solsarethe Martian days,sol O correspondindo the Landing of
thefirst Viking probe). The secondaryminimumnearsol 430 correspondso the northern
winter, muchshorterandlesscold thanthe southerrwinterbecausef thehigh eccentricity
of theMartianorbit. Thepictureis notsosimplein factbecausesublimationin onecapand
condensatioim the otheronecanoccursimultaneouslyNeverthelessthe pressuresignal
at Viking Lander1 hasbeengenerallyconsideredsrepresentatie of the global massof
the Martian atmospheralthoughsomediscrepang appearsvhentrying to superimpose
Viking 1 and 2 results,even after an hydrostaticscalinghasbeenperformedin orderto
take into accounthedifferentheightsof thetwo landingsites(Hessetal., 1979).

We reporthereon the high variability of theannualpressureycle with thelocationon
the planet. This work is basedon numericalresultsobtainedwith a new GeneralCircula-
tion Model of the Martian atmospher@evelopedin the lastthreeyearsat Laboratoirede
MéteorologieDynamique. The spatialvariability is the consequencef two effects: the
first one,linkedto the strongMartianorographyhasalreadybeenput forward (Hessetal.,
1979)to explain partof the discrepang betweerthe datafrom thetwo Landers;a second
purely dynamicaleffect dueto the geostrophidalancebetweerthe pressurdield andthe
strongMartian winds is shavn to be of an equivalentstrengthat leastin high latitudes.
This later effect was describedor the first time by the authorsof this paper(Talagrand
etal., 1991)andhassincebeenconfirmedby Pollacket al. (1993). It hadnever beenput
forwardbeforefor Mars,whereast is known that,on Earth,geostrophibdalanceds respon-
siblefor asignificantlatitudinal pressurgradientin winter high latitudes especiallyin the
southerrhemisphereOneconsequencef this combinedeffectis thatthe annualcycle of
themeanatmospheripressurdor globalatmospherienass)s significantlydifferentfrom
Viking obsenations. For example,the two pressuranaxima,correspondingo minimum
of condensatioin the polar caps,areshavn to be muchmoresymmetricin the planetary
mean.




level 1 2 3 4 5 6 7 8

o 0.996 0.987 0.966 0.923 0.847 0.735 0.596 0.447
z(km) 0.037 0.134 0.343 0.801 166 3.08 518 8.05
level 9 10 11 12 13 14 15

o 0.309 0.197 0.116 0.062 0.030 0.011 0.002

z(km) 11.7 162 215 277 351 440 611

Table 1: Vertical discretizationof the model. o levels at the middle of the layersand
correspondingpeightsin km assuminga constantLO km scale-heighof theatmosphere.

2 The Model

The Martian atmospheridseneralCirculationModel (GCM) hasbeenadaptedrom the
Terrestrialclimate GCM of Laboratoirede MéteorologieDynamique(seee. g. Sadoury
andLaval, 1984). In its Martianversion,it is fastenoughto performseriesof simulations
over morethanoneMartianyear, eitherin alow resolutionversionon a work station,or
in anhigherresolutionon a CRAY-2. It mustbe emphasizedhatit is thefirst GCM to be
fully integratedover morethanoneMartianyear A brief descriptionof the modelis given
below.

2.1 Dynamics

They aredirectlytakenfromtheLMD terrestrialGCM. They arebasednafinite-difference
formulationof the classical’primiti ve equations”of meteorologywhich are a simplified
versionof thegenerakquation®f hydrodynamicdasedn threemainapproximationsl)
theatmospherés assumedo be a perfectgas;?) it is supposedo remainvertically in hy-
drostaticequilibrium; 3) the verticaldimensionof the atmospherés supposedo be much
smallerthanthe radiusof the planet(thin-layerapproximation).In the original formula-
tion (Sadoury andLaval, 1984),the potentialenstrophywas numericallyconsered for
barotropicflows (Sadourry, 1975). More recently the numericalformulationwas some-
whatchangedo preventnon-physicakourcef angulamomentumwithout affectingthe
consenrationof enstrophyThiswork will bereportedn afurtherpaperaboutatmospheric
superrotation.

For the simulationspresentedelow, tho differenthorizontalresolutionswereused:a
low resolutionwith 24 latitudesfrom poleto poleand32 longitudesanda high resolution
with 48 latitudesand 64 longitudes. In both casespointswereregularly spreadin both
longitude and latitude (althoughthe model, in its presentversion, allows to zoomin a
givenpartof theglobe). Theverticaldiscretizationis basedon o-coordinateswheres =
p/ps is the pressurenormalizedby its local value at the surface. In the simulationthe
atmospherevasdivided into 15 layers. The valuesof ¢ at the middle of the layersare
givenin Table 1 with correspondingapproximateneights. The time integrationis based
on a leapfrog(explicit andcenter)scheme.Thetime stepwasfixedto 230s for the high
resolutionand500s for thelow resolution.

2.2 Radiation

The radiative transfercodeis adaptedrom the onedevelopedin the context of terrestrial
modelingby FouquartandBonnel(1980)for solarradiationandMorcretteet al. (1986)for

thermalradiation. This code,originally developedfor the climate GCM of Laboratoirede
MeéteorologieDynamique hassincebeenincludedby Morcrettein the operationamodel
of the EuropearCentrefor Medium-RangéVeather~orecast§ECMWF).



For thermal radiation, effectsof bothatmosphericarbondioxideanddustareincluded.
Particularattentionwasgivento the parametrizatiof absorptiorby the CO, 15um band
with inclusionof Dopplereffect (Hourdin, 1992). Cooling ratescomputationsvere care-
fully validatedby comparisorto line-by-line integrations. The model,in which Doppler
effectsareintroducedjs very accurataup to 70 km. Thethermalspectrumis dividedinto
threeparts,onefor thecoreof the CO, 15um band,onefor thewingsandthethird onefor
theremainingpartof thespectrumFor thethreeparts thetransmissiomy dustis computed
usinggrey absorptiorapproximationFor thetwo intervalsof the CO, 15um band theto-
tal transmissiity is evaluatedastheproductbetweertransmissiity of dustandthatof car
bondioxide. Strictly speakingjt canbe shavn thatthis evaluationof the combinedtrans-
missiity is valid whenthereis no correlationbetweenthe spectralvariationsof the two
absorbersThisis generallyassumedor dustandcarbondioxidein the CO5 15um band.
Scatterings nottakeninto accountecaus®f the strongisotropy of thethermalradiation.

Solar radiation: in the original codedevelopedby Fouquartand Bonel (1980),the up-
ward and downward fluxs are obtainedfrom the reflectancesnd transmittance®f the
layers. The interactionbetweengaseousbsorptionandscatteringby dust,moleculesor
clouds)is introducedusingthe photon path distribution method. At this stagepnly absorp-
tion andscatterindpy dust(alreadypresentn theversionof thecodeusedatthe ECMWF)
is includedin the Martian versionalthoughabsorptiorby the nearinfra-redbandsof car
bondioxidemaybecomeionnegligible for very non-dustyconditions.Thetransmittances
andreflectance®f the layersare computedusingthe Delta-approximatiorto accountfor
the strongasymmetryof theaerosolphasdunction.

The atmosphericdust content is specifiedasa mixing ratio constanin bothtime and
spacegxceptfor theverticaldistribution whichis takenaccordingo Pollacket al. (1990).
Beyondsimplicity, thereasorfor this choiceis thatdusttransporhasnot beenincludedin
the GCM until now. This strongapproximatiormay affectthe globalCO» condensation-
sublimationcycle which primarily depend®n thelocal dust-contenat low latitudes(Pol-
lack et al., 1990). The optical parameter®f dust(suchas single scatteringalbedoand
asymmetryfactor)aretakenfrom Pollacket al. (1979).

2.3 Vertical turbulent mixing

Theformulationof theverticalturbulentmixing is takenalmostdirectly from thevery sim-
ple schemaisedin the LMD climatemodel. Theeffect of turbulentmixing on momentum
andpotentialtemperaturés evaluatedby the meanof a classicaldiffusionequation
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(the minimum value of the kinetic enegy wassetto e, = 1 x 107 m? s71). In the
casewheree > e, theverticalmixing coeficient canbe expressedisa functionof the
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For both momentumand potentialtemperaturethe turbulentsurfaceflux is computed
asthe productbetweertheverticalgradientof the quantity(estimatedetweerthe surface
valueandthatin thefirst atmospheritayer)anda dragcoeficientCp givenby:

Cp = Cpy [V + VAl (6)

whereV; is the wind in the first atmospheridayerandVy = 1 m s~!. The diffusion
equationis integratedwith animplicit time scheme.n the simulationspresentedelow, [
wasfixedto 35 m andCp, to 2x1073, typical valuesusedfor terrestrialsurfacesin the
climateGCM.

2.4 Convective adjustment

Whereasmuch more sophisticatedschemedor vertical turbulent diffusion may sponta-
neouslysimulatesomekind of vertical corvection(seefor example,Mellor and Yamada
(1974)), our simple scheme(asmary others)is not ableto prevent subadiabatiwertical

temperaturgradients -

5% <0 @)
If suchan unstableprofile is producedby the model, an adiabaticprofile is immediately
restoredwith a simple enegy conservingscheme.If the resultingtemperatureprofile is
unstableat its upperor lower limit this mechanisms instantaneouslgxtendedin sucha
way thatthefinal profile is entirelystable.

This corvective adjustments in factachievedin arealatmospherdy parcelexchange
throughvertical corvective motions. Thesemotionsnot only transportenegy but also
momentum.Theintensityof the momenturmexchanges linkedto the massfluxsinvolved
in the corvection,which cannotbe estimatedn sucha simple model. The bestonecan
dois to computeanestimateof theinstability of theatmospherérom therelative enthaly
exchangenecessaryo restorethe adiabatigorofile § from the original profile

a=/|0—§|pdz//9pdz (8)

Whena < 1 (this conditionis alwaysverifiedin the simulations)}the angularmomentum
is entirelymixed on a fraction « of the mesh. This ratherarbitrarychoiceis qualitatvely
acceptablén the sensdhatalargerinstability will producealargermomentunmixing.

2.5 Surfaceprocesses

Surfacetemperaturevolution is governedby the balancebetweernincomingfluxs (direct
solarinsolation,thermalradiationfrom theatmospherandthe surfaceitself andturbulent
heatfluxs) andthermalconductionin the soil. The parametrizatiorof this lastprocesds
often rathercrudein terrestrialGCMs wherea greatpart of the surfacetemperaturere
eitherimposedor computedin oceanicmodels. For a dry planetlike Mars, an accurate
parametrizatiorof heatconductionis crucialto determinecorrectly surfacetemperatures
andtheir responseo diurnal, synopticandseasonaforcing. A new parametrizatiorwas
thereforedevelopedfor the Martianversionof the LMD GCM.

Thetime evolution of thetemperatureinderthe surfaceis givenby a classicakconduc-
tion equation

o ®
z
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wheretheconductveflux F, is givenby

F. = —)\a—T (10)
0z
andwhere) andC arethesoil conductvity andspecificheatperunit volume,respectiely.
In thesimplecaseof averticallyhomogeneousoil (whichis assumedthere),it caneasilybe
shavn thatthe model,asfar asthetime evolution of the surfacetemperaturés concerned,
is only dependenon the soil thermalinertial = v/AC.

Although atmospheri€gcCMs often useforce-restoreschemesvith oneor two layers
to simulatethe time evolution of the surfacetemperatureit is much more accurateand
straightforvardto performa directtemporalintegrationof theseequationsusinga multi-
layerdifferenceschemen the ground(JacobsemndHeise,1982; Warrilow et al., 1986).
This wasfoundto be numericallycheapenougheven for a large numberof layersin the
soil: with 11 levels, this parametrizatioronly represent9.1% of the CPU-timeof the
Martian GCM. The soil modelis similar to thatpresentedby Warrilow et al. (1981).The
accurag of the modelwas checled by computingthe phaseandintensity of the surface
temperatur@scillationforcedby a sin varying surfaceflux. For periodsin therangefrom
0.3t0 2000sols,themodelproducerrorsof lessthan1% ontheintensityandphaseshifts
lowerthan.02x.

2.6 CO, condensation-sublimation

A condensatiotemperaturés introducedfollowing Pollacket al. (1981),as
Tco, = 149.2 4+ 6.481np (11)

with Tco, in K andpressurep in hPa. Both atmospherend surfacetemperaturesire
preventedfrom falling belov T, by precipitatingatmospheri€® O, ontothesurface.

In the atmosphere, if the temperatureof a given layer falls belov Tco, (asan effect
of dynamicsor otherphysicalprocesses);ondensatiomccurs,in an amountappropriate
to restore by latentheatreleasethe condensatiomemperatureorrespondingo the local
pressureAll condensedarbondioxide instantlyprecipitatego the groundwithout subli-
mation. Surfacepressuraes modifiedin agreementvith thetotal amountof precipitation.

At the surface, thetemperaturef the frostis keptat the condensatiowvalue eitherby
condensingtmospheri€' O, or by sublimatingC'O, ice.

The sublimation-condensatioschemeexactly conseresboth enegy andmass. The
enegy balanceon the capsis mainly controlledby albedoandemissvity of ice,whichare
unfortunatelypoorly known. Theimpactof thoseparametersn the annualpressureycle
hasbeencarefully analysedn a recentstudyby Pollacket al. (1993). Direct measure-
ments(Jameset al., 1979; Paige and Ingersoll, 1985),and model studies(Warrenet al.,
1990)yield large rangesof values: about0.7-1. and0.4-0.8for emissvity and albedo,
respectiely. For this study theseguantitiesveresomevhatarbitrarily fixedto 0.8 and0.6
respectiely (they werenottunedto fit Viking data).

2.7 Surfaceconditions

Threefields hadfinally to be specifiedat the surface: heightof orographythermalinertia
andalbedoof ice free surface. Valuesobtainedform the Viking measurementsereused.
Thesehreefields,togethemith ice albedoandemissvity, andwith theparameterdefining
theplanet,its orbit andits atmospheraverethe only prespecifiegparameterf the model.



3 Clear sky simulations

3.1 Description

The first simulationspresentederecorrespondo clearsky conditions. Insteadof using
optical dustmeasuredt the two Viking sites,we usedoptical depthsdeducedrom the
resultsof the InfraRedThermalMapper(IRTM) experiment(Martin, 1986)aboardViking
orbiters (Martin, 1986)which offer acombinedyoodspatialandtemporalcoveraggabout
oneMartianyear). The IRTM 9um atmospheriopacitiesexhibit a 0.51 meanvalue but
a muchlower modevalueof 0.056 (Martin, 1986). By comparisorwith Viking Lander
measurementshesevaluesare shavn to be 2.5 timeslower thanvisible dustopacities.
The resultingmeandustopacityin the visible rangeis thereforel .3 but the modevalue,
typical of clearsky conditions,only 0.14. For the presentclearsky simulationsthe dust
optical depthin the visible range(rvrs) wasfixed to 0.2. From the study by Martin,
the Viking sitesappearas particularly dusty which may be due,in a large part, to their
locationwell belov the meanMartian height. Of course,the very simple specification
of the atmospheridustcontentcannotrepresentll the compleity of the real situation,
suchasthe systematiéncreasean dustopticaldepthduringnorthernwinter, evenfor years
withoutglobaldust-storm.

Full orographywasincluded. Solarheatingwascomputedusinga diurnally averaged
incomingsolarflux sincediurnal cycle hadbeenfound,in sometestexperimentsnot to
significantlyaffect the seasongpressureycle. This allows to save computationatime. It
mustbe noticedhoweverthatwe have sincethenperformedmorethan50 yearsof simula-
tionswith a completecalculationof insolation20timesperday:.

Oneparameteremainedo be determinedthetotal massM of CO, includingatmo-
sphereandcaps.This masscanberepresentetly anequialenttotal surfacepressure;,;
with pyo; = gM/(4ma?) (a andg arerespectiely the planetaryradiusandgravity). When
no polar capsare presentp;,; is just the meansurfacepressurep,;,,,. With polar caps,
the equivalenttotal pressurecanbe separate@spor = Potm + Peaps WhEIr€peops iS an
equivalentpressurdor this partof the carbondioxidetrappedn the caps.

In orderto fix the valueof p;, afirst numericalsimulationwas performedover two
Martianyearswith thelow horizontalresolution(24 latitudesand 32 longitudes) starting
from a statewith no wind, no polar caps,and an isothermal200 K atmospherefor an
arbitraryvalueof p;,; = patm = 8 hPa.

The polar capsspontaneousljormedin this simulationandthe systemwasfoundto
equilibratein lessthanoneyear The pressurdluctuationsat the Viking landing sites
were comparedo obsenations. The total atmospherianasswasthenshiftedin orderto
changehemeanpressuratthosetwo pointsto their obsenedvalues.Theequialenttotal
atmospheripressuravasthussetto p;,; =7.2hPa.

A new simulationwasthenperformed startingonceagainfrom anisothermaltateof
restwith no polarcaps.The evolution of the surfacepressuret both Viking landingsites
is reportedin Fig. 2. During the first summey the pressuraapidly decreasedueto the
formationof the southpolarcapbut the northerncaphasnotyet formed. Fromthe middle
of the first year, after the sublimationof the southcap, the initial conditionsseemto be
essentiallyforgottenandthe pressurascillationto be very well reproducedrom oneyear
to theother

Thesimulationwasthencarriedfurtherwith thehigh horizontalresolution(48latitudes
and64 longitudes)ver oneMartianyearstartingfrom the final stateof thelow resolution
simulation(L, = 97°). Thehighresolutionsimulationwill bereferredto asthe"reference
simulation”in whatfollows.
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Figure2: Evolution of the simulatedpressuret bothViking Landingsitesduringthefirst
two yearsof thelow resolutionsimulation.

3.2 Model validation

The purposeof this paperis not to give a completevalidationof the GCM (this will be
addresseth a forthcomingpublication)but to underlinetheinfluenceof dynamicson the
spatialdistribution of theatmospherienass.Neverthelesssincethisis thefirst publication
shawing resultsof the LMD MartianGCM, wewill presensomecomparisonso obsena-
tionsandto othernumericalsimulations.

Tracersof the atmosphericirculationare ratheruncommonon Mars. Exceptduring
duststorms cloudfeatureqeitherdust,CO, or H,0 clouds)arerestrictedo particularsea-
sonsandlocations. The only informationgiving a global spatialcoverageis the retrieval
of temperaturdrom the obsenation of the emittedthermalradiation.Only Mariner9 had
enoughspectrabndspatialcoverageto allow determinatiorof completemaps(atleastin a
latitude-altitudérame)of theatmospherithermalstructure TheIRTM instrumentaboard
Viking, hadonly onewide 15 pm channelsensitve to atmosphericemperatureanddid
not give ary informationon the verticalthermalstructure.Fig. 3 shavs a comparisorbe-
tweenthe temperaturdield deducedrom Mariner 9 measurementguring spring (upper
panel),L, = 43 to 54, andthefield of thereferencesimulation(middle panel). Themodel
reproduceshemaincharacteristicef theobseredthermalstructuresuchastheveryweak
latitudinaltemperaturgradientdbetweer2(*Sand60°N with ameantemperaturef about
215K nearthesurface.Thelatitudinaltemperaturgradientattheedgeof theforming cap,
near50°N is alsovery well simulatedevenif they aresomediscrepancie# the vertical
structurein this particularregion. Finally, atleastin thenorthernmid-latitudesthevertical
temperaturgradientis very well simulated the temperaturdalling from 215K nearthe
surfaceto 160K atthe 0.3 hPalevel. Basedon the thermalwind equation(generallyas-
sumedo beaccuratelyalid on Mars),it is possibleto retrieve windsfrom thetemperature
field, which hasbeendonefor the Mariner9 measurementsuperimposedn thetemper
aturefield in the upperpanelof Fig. 3). This canbe comparedvith the simulatedwinds
in the GCM (lower panel). Themainfeatureis a uniguejet, linkedto the stronglatitudinal
temperaturgyradientof the southerrhemisphereThejet is lessstrongandnarraov in the
simulation.

If remotesoundinggives the bestspatial coverageof ary available obsenation for

1250



PRESSURE (mb)

10.0

Pressure (hPa)

Pressure (hPa)

03[

2 Q—\H 60
170%
1 so :

0.5

1.0

2.0

3.0t

5.0

1

T

L

=

210

430

120

L

10

ALTITUDE (km)

-80 -60 0 20
LATITUDE

40

60

[y

80

10

[y

10

I I I
-30 0

South latitude

30

North

South latitude

North

MAX: 217.64
MIN: 142.77

210
200
190
180
170
160
150

MAX: 119.25
MIN: -37.17

Figure3: Comparisorof the resultsof the referencesimulationto Mariner9 dataduring
northernspring(Ls; = 43—>54°). Thesolid curvesof theuppermpanelshov thetemperatures
(in K) asretrievedfrom theresultsof theIRIS experiment.Thedashed-dottedurvesshav
thezonalwind (in m s—!') asdeducedrom thethermalwind balance(Pollack et al. 1981).
Themiddlepanelshovsthesimulatedemperaturéin K) for thesameseasorandthelower

panelthesimulatedzonalwind (in ms™1).




pressure (hPa)

11

[y
(@)

©

N. Summer | Autumn | Winter | Spring

T T I T T I T T I T T I
30

120 150 180 210 240 '”i 300 330 Lg=0 60 90

8F

U=

_ Perihelion Aphelion

6_||||||||||||I|||||||||||||||||I|||

0 100 200 300 400 500 600
sols

Figure4: Evolution of the surfacepressuratthetwo landingsitesin thereferencesimula-
tion.

the Martian atmospherethe direct measurementsf winds, pressureand temperatureat
two pointsof the surfaceover successie yearshy the Viking missionsis a uniquefactin
planetarysciences Pressuralataarethe mostinterestingfrom a meteorologicapoint of
view sincethey containinformationaboutthe global atmosphericirculation, as already
mentionedin the introduction. The simulatedpressurdluctuationsat both landing sites
areshown in Fig. 4. The simulationoverestimateshe amplitudeof the seasonabariation
by about20% with someshift in the phase but the agreements in fact quite remarkable
if onerememberghat no parameterexcepttotal masswastunedin the simulation. As
alreadymentionedand studiedin detailsby Pollack et al. (1993),the annualpressure
cycle is very dependenbf the valueschosenfor the dustopacity andthe ice emissvity
andalbedo.Reductionof eitheralbedoor emissvity resultsin a smallermassof the caps
andthereforein alesspronouncedeasongbressureycle. Thevaluesof thoseparameters
are unfortunatelypoorly knowvn and, moreaer, the tuning to unrealisticvaluesfor those
parametersnay allow to correctsomemodel deficienciessuchasthe non representation
of the polarhoodsarisingfrom the atmosphericondensatiof carbondioxide above the
forming polarcap(Pollacket al., 1993). As shovn by Pollacket al. (1993)the variations
of the atmosphericdust contentover the courseof the year also significantly affect the
seasongpressurevariations.However, the testsperformedwith our GCM, in therangeof
clearsky opacitiesr,;s < 1, werenot ableto correctthe discrepang with the obsened
pressurevariations.On the contrary the tuning of the ice albedoandemissvity seemdo
beableto giveamuchbetteragreementassuggestethy new numericalexperimentsinder
runatLMD (in facttheequialentpressure;,; mustalsobeadjustedn orderto keepthe
meansurfacepressureat bothlandingsites,to their obsenedvalues).

Sucha tuning is very importantto establishan accurateMartian climatology or for
engineeringpplicationsandwill bereportedn aforthcomingpaper For thepresentvork,
it wasnot socrucialsincewe areonly interestedy the spatialvariationsof the difference
betweerthelocal pressurandits planetarymearp,;.,,,. Thisdifferenceessentiallyfdepends
onthethermalanddynamicalatmospheristructureandnot on theabsolutevalueof p,y, -

Anotherelementof validationis the comparisorbetweersimulatedandobsened sta-
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tistical propertieof thetransieneddies.Thishasnotbeenaddressegetin detailbut there
is a global agreemenin period (between2 and5 sols)andamplitude(about0.5 hPa for
VL1 and0.25for VL2). Moreover, the evolution of the amplitudeon the courseof the
yearis verywell simulatedasclearlyvisible from the comparisorof Fig. 1 andFig. 4 (the
comparisormustbe donewith years2 and 3 of the missionwhereno global dust-storm
occurred).

Finally, thenumericalresultsarein globalagreemenivith thatobtainedwith the Ames
GCM for clearsky conditions(Pollacketal., 1981;Pollacketal., 1990).

3.3 Atmospheric circulation near solstice

Sinceit is importantfor thefollowing discussionwe will briefly describehe maincharac-
teristicsof the Martian globalatmospherieirculation,particularlyfocusingon the period
nearnorthernwinter solstice.The simulatedemperaturemneridionalcirculationandzonal
wind at Lg = 287° areshovn in Fig. 5. Thetemperaturandzonalwindshave beenaver-

agedover longitudegzonalmean)andtime (overfive consecutie days). Thoseresultsare
in very goodagreementvith thoseobtainedby Haberle et al. (1993)for the sameperiod
with a dustopticaldepthr,;; = 0.3.

The situationis ratherdifferentfrom whatis obsened on Earth at the sameseason.
Nearsolsticefor both planets(which have almostthe sameobliquity), theincomingsolar
radiationatthetop of theatmospherds maximumon the summeipolarregion. On Earth,
indeed becaus®f the very high thermalinertia of the oceansthe maximumsurfacetem-
perature(the so-calledthermalequator)doesnot oscillate,in latitude, by morethan15°
north and5° southof the equator On the contrary on Mars, the surfacethermalinertia
is very weak;at Lg = 287, the temperaturés maximumin southerrhigh latitudesand
ratheruniform overthe southerrhemispherein contrastwith a stronglatitudinaltempera-
ture gradientat the edgeof the polar cap. This gradientis associatedhroughgeostrophic
balancewith a strongeastvard zonaljet (betweerg0 and70°N). This is alsothelocation
of the strongbaroclinicactity responsibldor the shortperiodfluctuationsof the surface
pressur@bsenedby theViking Landergupperpanelof Fig. 1). Betweend0°S and40°N,
the meridionalcirculationis dominatedby a strongdirect Hadley cell, with maximum
meridionalwindsof theorderof 10m s~!. Thezonalwindsin thisregion areanalogouso
theterrestriattrade-windgmainly constrainedby thecombinationof meridionaladvection
of angulamomentumandsurfacefriction) exceptthat,becaus@®f the deepesextensionof
the Hadley cell into the summerhemispherestrongeastvard winds are producedn low
southerrlatitudes.The strongnearsurfacepositive wind, centerecat 25°Sis in factanal-
ogousto thewindsof theterrestriallndianmonsoon.n thatcaseon Earth,becausef the
presencef the Asian continent,the Hadley circulationcrosseghe equatormuchfurther
thanin the planetarymean resultingin a strongeastvard currentover India.

4 The annual pressuecycle

Comparisorof thesimulatedoressurat differentlocationsshavedtheratherunsuspected
factthatthe time evolution of the surfacepressurein rathergoodagreementith Viking
datafor the two landingsites,variesa lot with latitude. This is illustratedin the upper
panelof Fig. 6 representinghetime evolution of the zonallyaveragedsurfacepressurdor
four differentlatitudes,75°N, 37.5°N, 37.5°S and 75°S, aswell asthe averagepressure
Patm, Which is proportionalto the total atmospherienass.Only this lastcurve is a direct
signatureof the condensation-sublimatiatycle of carbondioxide.

The differencesn the pressureannualmeansat thesevariouslatitudesaredueto the
differencef the meanheights. But even subtractingthe meanannualvaluefrom these
differentcurves,large differencedetweeratitudesstill remain.
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The pressuresvereaveragedalonga given paralleland over ten consecutie dayswhich

allows to smooththe main part of the high frequeng synopticoscillations. Corventions
for the variouscurves: meanpressureat 37.5°N (shortdashed)37.5°S (long dashed),
75°N (solid) and75°S (dotted). The upper panel shavs the simulatedpressurep, and

the thin solid curve is the planetarymeanof the pressurep,;,, proportionalto the total

atmospherianass.The lower panel shavs the meteorologicatontribution asdefinedby

@ = D/ Patm— < P/Patm >t Where<>; is theannualmean(seetext).
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For example,the relative differencebetweenpressuresit 37.5°N and37.5°S evolves
from 15% nearnorthernsummersolsticeto 24% at northernwinter solstice. This time
variability is even much more marked for polar latitudes. As a consequencethe mean
pressurecycle is muchmoresymmetricthanthe Viking measurementsn VL1 data,for
example,the northernspringpressuremaximumis 7% below the northernwinter solstice
maximum(6.7% for thesimulation)but therelatve differencds only 2.4% in theplanetary
meanof the simulatedpressure.Moreover, the northernspringmaximumin the 37.5°S
signalis higherthanthewinter solsticemaximum.

In orderto eliminatethe condensation-sublimatiatcycle, the longitudinally averaged
surface pressurewas divided by the globally averagedsurface pressurep,;.,,. The an-
nualmean< p/p.tm >¢ Wasthensubtractedn orderto retainonly the relative temporal
variations. This canbe interpretedasthe meteorologicatontribution to the atmospheric
pressureycle (but doesnotincludethe systematidatitudinal effects). The time evolution
of @ = (p/Patm)— < p/Parm > arereportedn thelowerpanelof Fig. 6 for thesamefour
latitudes.Thisis analogougo the differentialweatheiintroducedby Pollack et al. (1993).
This meteorologicatontributionaccountsor a5% temporabvariationin mid-latitudesand
for 15 to 20% in high latitudes. At 75°N, it is comparableo the amplitudeof the total
pressurescillationwhichis of theorderof 25%.

4.1 Orographic effect

Hess et al. (1979)alreadydiscussedhe possibleeffect of the temperaturevariationson
theViking pressurescillations.In additionto differencesn meanpressurevalues latitu-
dinal variationsof altitudemodulatethe pressuresycle throughtemperaturevariations.At
northernwinter solstice the temperaturés low in the northernhemispherdT ~ 180 K),
inducinga smallverticalatmospheriscaleheight(H ~ 9.2 km). A greatpartof the at-
mospherés thentrappedn thelow altitudenorthernregions,thusdecreasinghe pressure
of the southerrhemispherewhich is 2 km higheron the average. The oppositehappens
duringthe northernsummemwherepartof theair is ejectedfrom thelow northernregions
(H ~ 11.8 kmfor T' ~ 230 K). Quantitatiely, thisleadsto anorthernpressur@1% higher
thanthe southermpressurat northernwinter solsticebut only 17% higherat summersol-
stice. Thisis consistenwith thesimulatedoressureat37°N and37°S. But thishydrostatic
analysisis basedon the hypothesighat the pressurds constantwith latitudefor a given
equipotentiaheightwhichis far from verifiedin reality.

4.2 Dynamical effect

It is well known thatfor all known rapidly rotatingplanets the horizontalpressuregradi-
entsandwinds are coupledby the classicalgeostrophidalance.The latitudinal pressure
variationandzonalwind arerelatedby
. RT 0Op

2Q) sin gpu ~ > add (12)
(¢ is latitude, R the gasconstanta the radiusof the planetand? its rotationrate): for
an atmospherigarcelrotating fasterthanthe solid planet(u > 0), the inertial Coriolis
force 2Q) sin ¢u is equatorvard andis thusbalancedy a decreas®f pressurd¢owardthe
pole. This balanceis only valid above the PlanetaryBoundaryLayer (PBL), typically
1 km high on Earth. Within the PBL, the wind amplitudedecrease$ becomezero at
the surfacewith anassociated¢hangein its directionclassicallyapproximatedy the so-
calledEkmanspiral (thebaseof thetheoryof the PlanetaryBoundarylayercanbefound
for examplein Holton 1979, p. 101-118). But, evenfor surfacefields, this balancestill
remainsgualitatively correctasillustrated,on Earth,in theroaring forties” duringwinter,
by the balancebetweerthe equatorvardpressuregyradientandthe eastvard surfacewinds
betweerg0°S and60°S (Fig. 7).
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Figure8: Annualpressureycle assimulatedwithoutmountains.
(seetext for complementarynformations). Time evolution of (p/patm)— < P/Patm >t
for variouslatitudes.Samecorventionsasfor Fig. 6.

4.2.1 Dynamical effect: simulation without mountains

This effect is particularlyeasyto identify in the roaringforties, on Earth, becausef the
absencef continentsBut on Mars,asalreadymentionedthe surfacepressurdield is pri-
marily dominatedby orography In orderto isolatethe dynamicalkeffect, thelow resolution
versionof the GCM wasintegratedwithout mountainsover two Martianyearsin exactly
the sameconditionsasfor thereferencesimulation.Fig. 8 shavs thetime evolution of the
meteorologicatontritution (p/patm)— < p/Patm >: for the samefour latitudesasfor
Fig. 6. Thosecurvesreally representhe effect of dynamicson the annualpressureycle.
Comparisorwith thelower panelof Fig. 6 clearlyshavs thatthe dynamicaleffect canex-
plain partof the spatialvariability of the seasongpressurdluctuationsgspeciallyfor high
latitudes. For example,the maximumandminimum of the four curvesoccurat the same
seasorfor thetwo simulations.For high latitudes the dynamicaleffect mayrepresenthe
maincontributionto thelocal componentf the pressurevariation. This effect seemgo be
relatively wealerfor lower latitudes.

The longitudinally averagedsurface pressure(dashedcurve) and zonal wind (solid
curve) nearnorthernwinter solstice L, = 288° areshavn in Fig. 9. The geostrophic
relationshipbetweenthe zonalwind andsurfacepressureappears/ery clearly: the equa-
torward Coriolis force associatedo the lower part of the winter jet (betweend0°N and
9(°N) is balancedy anequatorvard pressurgradient.The sames obsenedfor the near
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Figure9: Longitudinally averagedsurfacepressurgdashecurve, scaleon the right) and
zonalwind (solid curve, scaleon the left) nearnorthernwinter solstice(Ls = 288) in a
simulationwithout mountains.

The zonalwind is taken at the third modellevel (about300 m above the surface). The
dottedcurve shavs the geostrophiavind deducedrom surfacepressurdy Eq. 12.

surfacepositive jet (analogoudo theterrestrialMonsoonwinds) betweer25 and35°S. In
fact,thisrelationshigs evennumericallycorrect:thezonalwind simulatedat 300m above
thesurface(full line of Fig. 9) is very closeto thewind deducedrom Eq. 12, usingthe sur
facepressureandthetemperatursimulatedn thefirst atmospheri¢ayer. Thegeostrophic
solutionis not computedor latitudeslower than10° becausef the singularityof Eq. 12
in thatregion.

Theagreemenwith thegeostrophiavind, computedrom thesurfacepressurgradient,
is notasgoodfor windssimulatedat otherheights.Below 300m, thewind is stronglyre-
ducedby verticaldiffusionanddoesnotbalancehelatitudinalpressurgradientabose the
third layer, the geostrophidalancds bettersatisfiedbut thelatitudinal pressurevariations
becomesignificantly differentfrom their surfacevalues,beingaffectedby the latitudinal
variationsof the atmospheriscaleheight. Thisis in goodagreementvith whatis known
from the well studiedTerrestrialPBL.: the verticalwind gradientis generallysharpin the
first few hundredmetersabove the surfacebut, above 300 to 400m, both amplitudeand
directionarewithin tenor twenty percentof theirasymptoticvaluesat the top of the PBL,
generallylocatedat aboutl km (seeHolton 1979,p. 111).

4.2.2 Separationbetweendynamical and orographic effect

In the presencef mountainsthedistinctionbetweertheorographicanddynamicaleffects
canbe maderatherdirectly by an alternateversionof the geostrophicequation(Eg. 12)
derived usingthe normalizedpressurer = p/p, (asin the GCM formulation)insteadof
heightasa verticalcoordinate Thegeostrophigelationshipghenbecomes

RT 0ps 109
aps 0p adp’ (13)
in which thelatitudinalvariationof the surfacepressureés givenasthe sumof a contritu-
tion linkedto the presenc®f zonalwinds (left handside)andanothercontritution dueto
thelatitudinalvariationsof height(lasttermontheright handside).

As for the simulationwithout mountainsthezonalwind simulatedn thethird layer of
themodel(full curvein Fig. 10)is very closeto thatdeducedrom the geostrophidqg. 13

2Qsinpu ~ —
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Figure10: Zonalwind nearnorthernwinter solstice(Ls = 288°) for thereferencesimula-
tion

The solid curve shows the zonal wind simulatedin the third layer of the GCM (at
about300m above the surface)andthe dottedcurve representshe wind as deducedby
geostrophidalancewith the surfacepressurgEqg. 13).

(dottedcurve) usingthe surfacepressuresurfacegeopotentiahndtheair temperatureear
theground.

Basedonthis numericalagreement:g. 13 canbe usedto decomposéhe surfacepres-
sureasthe sumof threeterms

Ps = Datm + DPdyn + Poro (14)

whosetemporalvariationsrepresentherespectie effect of condensation-sublimatiody-
namicsand orography The first term p,;,, iS, asbefore,the globally averagedsurface
pressureThedynamicalcontribution p g, is definedoy

10payn _ 2psQ2singu
a 0¢p RT (15)

with the conditionthatthe planetarymeanof p4,, mustbezero.Similarly, the orographic
contribution p,,., is definedby

laporo _ Ps 0%,

a 8¢  aRT 0¢

(16)

with a planetarymeanequalto zero. In Egs.15and16, &, is the surfacegeopotentiall’
thetemperaturén thefirst GCM layer, andu the zonalwind in thethird layer. It mustbe
noticedthat the two contritutionsare not strictly independensincethe surfacepressure
appear®n theright handsideof bothequations.

In Fig. 11, the zonallyaveragedsimulatedsurfacepressurep, (thin solidline) at Ly =
288° andthe pressur@qim + Payn + Poro (dotted),computedrom Egs.15 and16 and
thenlongitudinallyaveragedareshowvn to be very close. The Figurealsoshovs the zonal
meansof thetwo contributions: patm + poro (longdashedpandpqss, + payr» (shortdashed).
It mustbe noticedthat the orographiceffect introducedpreviously is just that linked to
themodulationof p,., by thevariationsof thetemperatur@ver the courseof theyear;its
amplitudeis muchwealer thantheamplitudeof the latitudinalvariationsof p,;..
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simulation
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(longdashedyontributionsasintroducedn the maintext.
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For this particularseasonthe dynamicalcontritution (shortdashedn Fig. 11) canbe
comparedo the latitudinal variationsof pressuresimulatedwithout mountaingdashedn
Fig. 9). Thedifferencesare of coursedirectly relatedto the differencesn the simulated
zonalwinds (Fig. 9 for the simulationwithout mountainsand Fig. 10 for the reference
simulation). If the generalpatternis similar, it canbe noticed,indeed thatthe analogues
of the Terrestrialtradewinds are wealer in the referencesimulationand that the winter
eastvard jet is locatedat a slightly lower latitude (the differencesare not only dueto the
absencer presencef mountaingut alsoto thedifferencesn horizontalresolution).

At theedgeof thenorthernpolarcap,thestructures analogougo thatdescribegrevi-
ouslyfor the"roaringforties” on Earthbut theeffectis muchstrongeronMars: thepressure
decreaseby morethan16% betweer80 and70°N whereaghe maximumvariationis less
than2% on Earth. AnotherdifferencebetweerMarsandEartharisesrom the strongther
malinertiaof theterrestrialoceansBecausef this, theatmospheri¢hermalstructureand
meridionalcirculation remainmuch more symmetric(with respectto equator)on Earth
thanon Mars over the courseof theyear As a consequencehe jet of the southernTer-
restrialmiddle latitudesdoesnot disappeaduring southernsummer(its intensityis just
reduced)Thus,thetemporalvariationsof thepressureasmeasureét afixed pointonthe
surface,aremuchwealer thanthe maximum2% of the latitudinal pressurevariation. On
the contrary the jet totally disappearsluring summeron Mars (asvisible in Fig. 10 and
lower panelof Fig. 5). Consequentlyjthe amplitudesof the temporalandspatialpressure
variationsarerathersimilar.

Thedifferentialeffect betweerthelatitudeof VL1 andVL2 is very differentfrom that
simulatedvithoutmountains Theeffectis muchstrongerandthe pressures lowerby 24%
at48°N thanat22°N. This effect may partly counteracthe orographiceffect, particularly
strongfor bothlandingsitessinceVL2, themostpolevardof thetwo landerswaslocated
aboutl km belov VL1.

Finally, the separatiorbetweenorographicand dynamicalcomponentganbe usedto
analysehetime evolution of the meteorologicontribution o introducedpreviously. Each
panel,in Fig.12,correspondso oneof thelatitudeanalysedn Fig. 6 andshavsthedecom-
positionof the total meteorologicatontritution «, in termof agyn = (Payn/Patm)— <
Pdyn/Patm >t ANA@oro = (Poro/Patm)— < Poro/Parm >¢. For all latitudes,the largest
differencebetweerthe simulatedy andthesumagyr, + aor, is of theorderof 0.01.

In mid-latitudes (37.5°): 1) thedynamicalcontritutionis generallywealer thanthe ef-
fect of orography;2) both a4y, anda,,, areratherweak (the amplitudeof the seasonal
variationis of the orderof 0.02) but 3), they tendto reinforceeachotherleadingto an
amplitudeof 4-5% for thetotal meteorologicatontribution.

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

graphiccontribution; 2) both contritutionsare much strongerthanin lower latitudes(of

theorderof 0.2) but 3), they generallycounteraceachother At 75°S,theamplitudeof the
temporalvariationof agy,, is about.25, which meansghatthe dynamicaleffectis respon-
siblefor a variationof the surfacepressuref about25% over the courseof theyear This

variationhasthe samemagnitudeasthatlinkedto the condensation-sublimatiaycle.

4.3 Dynamical effectduring dust-storms.

In effect, the variation of pressureat both Viking landing sitesduring the 1977-B great
duststormis a direct evidencefor the dynamicaleffect: at the beginning of the storm,
the pressurgsmoothedrom synopticoscillations)jumpedby about0.5 hPa at Viking 2
whereaghe maximumeffect at Viking 1 wasonly 0.2 hPa. This hasalreadybeennoticed
andstudiedin detailby Pollack et al. (1993).
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Figure 12: Time evolution of the dynamicaland orographiccontritutionsto the mean
surfacepressurat four differentlatitudes(referencesimulation)

For eachlatitudes,the sum(dotted)of the dynamicalaq,, (shortdashedpndorographic
a,ro (longdashedyontributionis comparedo thesimulatedavolutionof a = p/paim— <
p/patm >¢ (thin solid Curve) with Qdyn = pdyn/patm_ < pdyn/patm >¢ andaora =
poro/patm_ < poro/patm >t.
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This period was investigatedperforminga new simulationwith the high resolution
LMD GCM, startingfrom the atmospheristateat Lg = 274° producedby thereference
simulation. Only the total dustoptical depthwas changedrom 0.2 to 2.5 ("dust-storm
simulation”). Oncemore,thisis a strongsimplificationof the real situationin which the
meanopticaldepth,generallyalreadyhigh nearnorthernwinter solstice jumpedsuddenly
to extremelyhighvalues(reachingavalueof 5 at Viking 1 landingsite)andthendecreased
slowly. However, eventhe useof time variation of the meanoptical depthwould be far
from realisticsincethe dustcontentandits evolution werehighly variablein space.

A direct confirmationof the dynamicaleffect on the pressurecycle can be seenin
Fig. 13. The upperpanelshaws the Viking pressureobsenationsbetweensols 300 and
400, the lower panelshavs the simulatedvariationsof pressurat thetwo Viking sitesin
thereferencesimulationandin the”dust-storm”simulation.In thelatter, baroclinicactiity
is notreducedasmuch,in comparisorwith thereferenceasin obsenations. The change
in periodicity, in the otherhand,is bettersimulated. More importantlyfor our particular
purposethe behaior of the meanpressurgsmoothedrom baroclinicfluctuations)is in
very goodagreementvith the obsenations: by comparisorwith clearsky situation,the
pressuras increasedy about0.5 hPaatVL2 butonly 0.1 hPaatVL1. Thischangan the
meanpressures directly relatedto the modificationof the globalatmosphericirculation:
both the intensity and the latitudinal extent of the Hadley cell are stronglyincreasedas
alsofoundin othernumericalsimulations(Haberleet al., 1982); the monsoon-lile jet is
reinforcedandthe eastvard winter jet is reducedand shiftedto higherlatitudes. This is
illustratedin theupperpanelof Fig. 14. Theorographiacontributionto thesurfacepressure
was almostunchangedn the northernmid-latitudesbut the dynamicalcontribution was
stronglyincreasedn high latitudes. The dynamicaleffect contritutesto an increaseof
about0.25hPa of themeanpressureat48°N whereaghe pressureat 22°N is not affected.
Thus,thedifferentialeffectin the evolution of surfacepressureatbothViking sitesclearly
appearssa consequencef this dynamicaleffect.

This simulationis particularlyinterestingsinceit givesa uniqueopportunityfor nen
modelvalidations. Bright streakg(Type I(b), seee. g. Magalhaes1987),which are ob-
senedall overtheplanet,aregenerallybelievedto form in thewaningphaseof globaldust
storms,by dustdepositin the lee of impactcraters. Therefore the obsenation of those
streaksallows to constructa global map of the wind directionsfor this particularperiod
(Magalhaes]987;Zureketal., 1992). The nearsurfacewindsfrom the duststormsimula-
tionat Ly = 300° areshovnin Fig. 15. Thedirectionarein very goodagreementvith that
deducedrom theobsenationsof Typel(b) streaks.The analogyto the Indianmonsooris
very clearon this map. The highly axi-symmetricstrongeastvard jet is centeredat 30°S
exactly asin the wind data. The structureof the flow, clearly influencedby orographyis
alsovery well simulated.Anothervery interestingobsenationalconstraintfor this partic-
ular seasoris the changen the wind directionat VL2 atthe beginning of the duststorm:
thewind, predominantlywesterlybeforethe dust-stormfurnedto northeasterlyluringthe
storm. This changes verywell simulatecby the LMD GCM.

4.4 Local effects.

At this point, we have only consideredonally averagedields andlatitudinal effects. Lo-
cally, thevariationscanbe muchlargerasillustratedby Fig. 16 shawving the pressureycle
at two pointsat aboutthe sameheightbut oppositelatitudes. The first oneis locatedat
41°N, at aboutthe sameheightandlatitudeasVL2, andthesecondat41°S, atthebottom
of HellasPlanitia,a low plain situated5 km below the 41°S meanheight. At this loca-
tion, the orographiceffectis stronglyreinforced:at southernwinter solsticefor example,
whentheenhancemerdf thepressurdy theorographiaeffectis maximumin thesouthern
hemispheretheratio of the pressurat the bottomof HellasPlanitiato the meanpressure
atthe samelatitudeis alsomaximumbecausef the local smallatmospheriscaleheight
(notshavn). Whatwould have beenthe condensation-sublimatiaatesof the polarcaps
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Figure13: Pressurat both Viking Landingsitesasmeasuredy the probeg(upperpanel)
andsimulatedoy the LMD GCM (lower panel).

Upper panel: theViking pressurelataareplottedwith the samecorventionsasfor Fig. 1:
yearone (dotted),two (solid) andthree(dashed).Lower panel: numericalresultsof the
two high resolutionsimulationsithereferencesimulation(solid) correspondingo rvrs =
0.2; the dust-stornsimulation(dotted)with 7 rs = 2.5.
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deducedrom a uniqueViking landerlocatedin HellasPlanitia? This alsoillustratesthe
high difficulty of deriving the pressuresurfacefield, whichis coupledwith bothorography
throughhydrostatidbalanceandwindsthroughgeostrophidalancea questionwhich can
hardlybe addressewithoutaglobalnumericalmodel.

5 Concluding remarks

TheViking missionhasshavn thatthe Martiansurfacepressureyariesby about25% over
the courseof the year We have shavn that, in additionto the condensatioiin the polar
caps,two effectssignificantlycontribute to the pressurecycle andleadto stronglatitudi-
nal variationsof the cycle itself. Thefirst effectis dueto the large latitudinal variations
of heights. The secondoneis purely dynamical,andlinkedto the strongMartian winds.
Both have comparablenagnitudeandare strongerin high latitudeswherethe dynamical
effectbecomepredominantAt 75°S, thedynamicalcomponentontributesto a25% tem-
poralvariationof the surfacepressurever the courseof the year, of the samemagnitude
asthe variationsdueto the condensation-sublimatiotycle. The two effectstendto re-
inforce in mid-latitudeand counteracieachotherin polar regions. Locally, longitudinal
variationsmay amplify stronglythe orographiceffect. In additionto their intrinsic inter-
est,theseconclusionsnustbe takeninto accountin the ervironmentalmodelsdeveloped
for the preparatiorof the Martian exploration. Someof the future Martian projects,such
asthe FrenchCNES Ballon projectaboardthe future RussianMars 96 mission,may be
very sensitve to suchpressurevariations. The evolution of the meanatmospheriqres-
sure(thin solid curve on the top panelof Fig. 6) is the only onedirectly representatie of
the condensation-sublimatiaycle. However, this curve cannotbeenusedasa reference,
sincethe simulatedpressuraloesnot fit closelyenoughthe Viking data. The naturalcon-
tinuationof thiswork is to tunethe mostuncertainparameteréthe meandustopticaldepth
andtheemissvity andalbedoof CO, ice)in orderto obtaina betterfit. Thisis now being
doneandwill beincludedin aforthcomingpaper The simulatedannualevolution of the
surfacepressureanaythenbe usedasa databaseeitherfor spatialmissionsor for the study
of theatmospherienassbudget.
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