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Intr oduction

We have newly developeda Mars GeneralCirculation
Model (GCM) to investigae basic global circulation
charactestics of the Martian atmosphes. The topics
wehaveinvestigatedofarwith thismodel arethenorth
southasymméry of the meridonal circulationandthe
role of topogaphyin the causeof asymmetry| Taka-
hashiet al., 20®], andthe migrating diurnal tide and
its effect on the zoral meancirculation anddusttrans-
port. In this talk, we presenthe outline of our Martian
GCM, andshaw briefly someof the basiccharateris-
tics of geneal circulation obtainedby our model. As
anexampleof the materialsrevealedby our mocel, the
effectof the northrsouthsurfaceelevation differenceon
themeridianal circulation is descriked.

Model Description

TheMartianatmospleric GCM presentedhereis based
on the primitive equation system. The model uppe
bourdaryis at 9.3 x 10~ hPa pressurdevel, which is
locatedarownd 120 km altitude. The top bourdary is
placedatthisaltitude,sinceit hasbeerrecogrizedthata
largeverticd domainupto theuppe middleatmospher
(~ 80 km altitude)is necessaryo simulatethe merid
ional circulationof the Martian atmosphes [e.g., WI-
son 1997]. Sincetheelevation differerceof theMartian
surfacetopagraphyis large, following the way of con
structingterrestrialatmosmeric GCMs which include
middleatmosplere,we employ o — p hybrid coodinate
[e.g.,ArakawaandLamh 1977]. Theinterfacebetween
theregions describedby o andp coodinatesis 1.1 hPa
pressurdevel.

Thedynanical equatims aresolved by the spectral
methodin the horizantal direction andby thefinite dif-
ferene schemeof Arakawaand Suaez[1983] in the
vertical direction The spectraltrunationis triangula
atwavenunberl0(T10), whichis rouchly equivalentto
all.25 x 11.%5° latitude-langitudegrid. Thevertical
doman is dividedinto 35layers.Theverticd grid inter-
val increasesvith altitudeupto theinterfacebetweens
andp coordnates;it is severd hunded metersnearthe
surfaceanda half of thescaleheight (~3-4 km) nearthe
interfacelevel. Above the interfacelevel, the vertical
grid interval is givenby Alnp/po = 0.5. TheLeapfrog
schemeis usedfor the time integration and a second
ordertimefilter is adopged onceevery 20 time steps.

As for the radiatve processesthe effects of CO,
anddustsuspendedh the atmospher are consideed.
As for the radiative effect of CO, the absoptions in
the nearinfrared wavelengthandCO, 15 pm bandare
considerd. The nearinfraredabsoptionis calculated
by the simple analyticalformula usedby Forget et al.
[1999. Theabsorptio of CO, 15um bard is evaluated
by thefollowing two schemessincethemodé hasvery
large verticd domain Below the altitude of ~80 km,
theradiativetransfe equatioris solvednumeically with
thewavenunberaveragdtransmissiorfunction by cor-
relatedk-distribution methodfe.g.,Liou, 199]. Above
thealtitudeof ~80km, theparameterationby Gordiets
etal. [1987 is adajed.

As for the radiatve effed of dustthe absoptions
andscatteringsn visible andinfrared wavelendhs are
considerd. The absorpion and scatteringin the vis-
ible wavelengthare calculatedby the two streamg-
Eddingon radiative transferequatim. The absorpion
and scatteringin the infrared wavelengthare divided
into the two wavelengthregions accordiry to the CO,
15 pm band The sourcefunctiontechniqe described
in Toonetal. [1989] is usedfor thewavelengthregions
out of CO, 15 ym band The methodof Forget et al.
[1999 is usedfor thewavelendh region of CO, 15m
band,The optical parametes of dustareobtaine from
Odkert-Bell et al. [1997] for visible wavelendh, and
from Forget [1998] for infraredwavelengh.

The vertical mixing proessesarethe eddymixing
by turbulerce andthe corvective adjustment.The eddy
diffusion coeficients for momentumandheatare esti-
matedby the Mellor and Yamada[1974, 198] level 2
turbulerce closurescheme. The eddy diffusion coef-
ficient is diagnastically deternined as a function of a
Richardsomumler. In additionto this vertical diffu-
sion, we incorpaate corvective adjustmenfor vettical
mixing of thermaleneny.

Rayleighfriction isimpasedonthezond wave com-
ponen nearthe upper boundary Time constah of the
Rayleighfriction .., is given as proportioral to the
squareof pressurewith .., = 1/12 sol at the upper
bourdarylevel.

The surfacetempeatureis calculatedrom the heat
budgetequationof the ground surfaceandthe thernal
conduction equaion of the subsufacesoil. The sub-
surfacedomainis divided into 8 layers. The thernal
condiction equatian is solved with a centereddiffer-
enceschemeandis tempaally integratedwith Crank-
Nicolsonscheme.
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The thermaland masseffect of CO, condensation
andsublimationare consideed. The charge of atmo-
spheriomasgueto theformationof CO, ice polarcapis
incorporated. The changeof surfacealbed associated
with polarcapformationis alsoincluded. TheCO, con
densatiofsublimationyieldsabou 20-30 % variation of
atmospleric total massin themodel.

Basicstructur e of zonal meancirculations

In Figure 1 and 2, we will demorstratethat our Mars
GCMwell representgeneracharateristicsof theMar-
tian atmosphéc circulationwhich have beenreported
in the previous obserationaland GCM studies. Fig-
ure 1 shavs the meridianal crosssectionsof time- and
zonalmeancircuation fieldsat the northernwinter sol-
stice(L, = 249°—290°) underthetypicd dustcondition
(visible dustopticaldepthof ~0.3) from the ground up
to the2.0 x 10~* hPapressurdevel. Notethatthe cor
tourinterva is notconstanbut logaithmicin thepanels
of meridicnalwind andmassstreanfunction (Figure 1a
andb).

Themeridimalwindis southerlyin almostall places
excep for the region nearthe ground surface. The re-
turning flow in thesurfacemixedlayerfrom thenorthern
hemisplereto the southen hemisplereis mostly con
finedin theregionnearthegroundupto ~5 km altitude.
Thecrossequatoial meridianalcirculationdomiratesin
thisseasorFigure 1b). In thenothernmiddlelatitudes,
anindired cell forms. Thisindirectcell exterdsupto ~
60 km altitude.

Figure 1cshavsthemeridianal distribution of zonal
wind. In thenorthen winterhemisplere,thelatitudinal
width of thewesterlyjet is relatively nariow compared
to thatof the easterlyjet. A wideregionincludingmost
of thesoutherrhemispheg andnorthernlow latitudesis
coveredby easterly Thevelocity of westerlyjetreaches
~ 120 m/s abore 30 km altitude, while that of east-
erly jet increaseslownly with height. Nearthe ground
arourd 30° S, it is foundto bewesterly Theexistenceof
thewesterlynearthegroundin thesoutherrhemisphes
is verified by the atmosheric pressureobsenation by
theradiooccultatiormeasuremen of MarsGlobal Sur
veyor (MGS)[Hinsonetal., 1999.

As for the atmospleric tempeaturedistribution, it
is fairly uniform in the latitudind directionbelov ~20
km excep for thenorthernwinter high latitudes(Figure
1d). In the 20 km to 80 km altitudes,temperatte in-
creasedrom theequato to arourd 60° N. Theincrease
of temperatte towardthenothernwinter highlatitudes
hasbeenobsened by several spacecrafon Mars|[e.g,
Sante andCrisp, 1993 Christenseretal., 1998.

Figure 2 is the sameasFigurel, excep for thesea-
son, notthernvernd equirox (L, = 343°-15°). The
zonalmeanfieldsshaw fairly symmetic structuresvith
respecto the equato exceptfor the low latitudinal re-

gionbelowv ~10km altitude.

Themeridonal circulationis fairly symmaric with
respecto the equaor above ~10 km altitude. In both
hemisphegs. the Hadley circulation extendsto almost
the samelatitudes(~ 50°—60°). Indirect circulatiors
arefound in midde latitudesof bothhemisphees. The
intensityof the Hadley circulationis muchwealerthan
thatat northen winter solstice.

Thezoralwind distribution becomsalsofairly sym-
metric compaed with that at notthern winter solstice
(Figure 2c). The velocities of westerly jets in both
hemisphegs are abou 2/3 of the winter westerlyjet.
The flow is westerlyat the equator around 20 km al-
titude. The equatoial westerlyis obsered alsoin the
resultsof GCM expeimentsperformedby Haberle et
al. [1993] andForgetetal. [1999].

Correspadingto the zonalwind field, the temper
aturefield shavs fairly symmetricfeatureqFigure2d).
AsrepotedbyobsenrationsandotherGCMresultdeg.,
Conrathetal., 200Q Forgetetal., 199], therearemid-
to high-atitude maximums of temperéure abose ~20
km altitudein bothhemispleres.

Topographically Induced North-South Asymmetry

of the Meridional Cir culation

In Figure 3, we shav the seasonalariation of mass
streamfunction unde no dust cordition (visible dust
opticaldeph). Although thedustin theatmosplerehas
importart impactson the thermalstructue andcircula-
tion of the Martianatmosphee, nunerical expaiments
undemodustcondtion areusefu. At northernsummer
solstice(Figure3b)andnorthernwinter solstice(Figure
3d), large cross-egatorial circulations form. However,
aspointedout by Haberleetal. [1993] andWIson and
Hamilton [1996], the intensity of the cross-egatorial
flow at notthern summersolsticeis found to be fairly
weak compred with that at northern winter solstice.
The important point is that the meridonal circulation
belov ~20 km altitude shaws a fairly asymmetricpat-
ternwith respecto the equatorduringtheequinx sea-
sons(Figure3aandc). Thatis, theintensityof northern
circulationis strongerthanthatof southerrcirculation.
Our previous work [Takahash et al., 20@2] revealed
thatthedifferencein corvective actiity betweemorth-
ern and southernhemisplerescausetheseasymmetc
circulatiors with respecto the equator The difference
of convectiveactiity betweerthehemisphegsis caused
by thedifferenceof surfacepotenial tempeatureowing
to the north-southelevationof the surfacetopogaphy
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(a) Meridional Wind Velocity (m/s) (b) Mass Stream Functlon (10a kg/s)
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Figurel: Time- andzond-meanfieldsat the northernwinter solstice(Ls, = 249°—290°) underthetypical dustcondition(visible

dustoptical depthof ~ 0.3) The vertical region from the grourd up to ~ 2.0 x 10~* hPa (~ 90 km altitude)is plotted. (a)

meridionalwind (m/s), (b) massstreamfunction (108 kg/s), (c) zonalwind (m/s),(d) temperaturgK). Thick line drawvn at ~6 hPa

level indicatesthe zonalmeantopografy usedin the modd. Dashedine indicatesthe maximumextent of topograply at each
latitude.In panels(a) and(b), negative valuesareshadedNotethatcontou intervals arelogarithmicin panels(a) and(b).
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Figure2: SameasFigurel, exceptfor the seasonnorthernvernalequinox(Ls = 343°—15°).
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(a) Ls ~343°-15°
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(b)Ls ~ 75° - 104°
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(d) Ls ~ 249° - 290°
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Figure 3: SeasonaVariation of massstreamfunction underno dustcondition (visible dustoptical depthof 0) from the ground
upto 1.0 x 10! hPa (~40 km altitude), (a) northernvernalequinox(Ls = 343°—15°), (b) northernsummersolstice(L, =
75°—104°), (c) northernautumnalequino (L, = 161°—191°), and(d) northernwinter solstice(Ls = 249°—290°). Negative
valuesareshadedNotethatcontourintenalsareconstantndis 5 x 16 kg/s.
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