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Intr oduction

The existene of thethermaltidesin the Martianatmo-
spherevasestablishedby spacecrafobsevationsfe.g,

Conrathetal., 1973 Leovy and Zurek, 1979. Theseob-

senatiors revealedthatthe amplitucesof thernal tides
in the Martian atmosphee arevery large. Thesether

maltideswith largeamplitucesareconsiderd asimpor-

tantconponerts of geneal circulation Therefae,these
have beenstudiedin detailnotonly by the obsenations
but alsoby thetheoetical methal.

The pasttheoreticalstudieson the thermaltidesin
the Martianatmosplereweremainly basedn the clas-
sicaltidal theory For examge, Zurek [1976] exterded
the classicaltidal theok to include the orogmaphic ef-
fect, andinvestigatedhe natureof diurnd tidesexcited
by idealizedheatsources.He shaved basicstructures
of diurnaltidesandimplied the turbulert mixing which
would be causeddy diurnal tideswith large amplituce.
Basedon theresultsof classicalidal theory Hamilton
[1982] and Zurek [1986] shaved that large amplitude
thermaltidesmay causestrongzonalacceleratioadur-
ing duststorms.

Recently severalMartianatmospheac GeneraCir-
culationModels(GCMs)havebeerdeveloped,andwere
usedto investigae thermaltidesin the Martian atmo-
sphere.Wlson and Hamilton [1996] shavedthe struc-
tureof migratingdiurnal tide at notthernwinter solstice
obtainel from their GCM. They implied that Dopple
shift by the meanwind may causethe wave structures
asymmetic with respecto theequata.

Past studiesbasedon classicaltidal theory only
examired the diumal tides excited by idealized heat
sources. The natue of thermal tides excited by re-
alistic heatsourcesis not uncerstood. The effeds of
dissipationsand meanwind cannotbe understoodby
the classicaltidal theol. Becausemary processesare
included in GCM, it is difficult to undestandthe ef-
fect of eachprocess on the wave structures. In terms
of effectsof thermal tidesonthe meridianal circulation
almostall paststudieswerealsobasedn classicatidal
theory The effeds of thermaltides on the meridioral
circulationunde theconditionwith alot of heatsources,
dissipationrandmeanwind may be differentfrom those
expededfrom classicakidal theory

In this study we focus our attentionon migrating
diurnal tide. Using numerical mockls, we investigde
1) the excitation source and the propagationcharae
teristicsuncer realisticconditins, and?2) the effectsof
migrating diurnal tide onthe meridianal circulationand

dusttranspet. We useMars GCM andlinearrespose
modelto investigae thesassues.To understandheba-
sic characteristicef migratingdiurnal tide, we perfam
the numerical experimentsusinglinear responsenocel
aswell aswe analyzethe GCM result. Furthernore,we
diagnsetheforcebalancen themeridioral circulation
to reveal theimportanceof migrating diumaltide in the
meridioral circulatimns.

Models

Martian atmosphericgenerd circulation model(GCM)

TheMartianatmapherigyereralcirculationmodel(GCM)
usedin this studyis aspectraimodelbasedntheprim-
itive equatim system.Thehorizantal resolutionis spec-
tral triangdar 10 (T10), rouchly equvalentto a 1125°
x 11.25° latitude-lorgitude grid. The vertical domain
extends from thegrourd upto 9.3 x 10~7 hPapressure
level, which is locatedarownd 120 km altitude. This
verticaldoman is dividedinto 35 layers. As for thera-
diative processtheeffectsof CO, anddustsuspendeih
theatmosereareconsideredn the mocel. Exceptfor
somedusttranspor expeiments, we assumehorizan-
tally uniform dustdistribution with the vertical prdfile
of Conrath [1975]. In the mockl, the surfacetempera-
tureis calculatedrom the heatbalancesquationat the
grourd surfaceandthe therma condictionequatia of
the subsurécesoil. Throughthe radiative heatingand
diurnd variationof surfacetempeature migratirg diur-
naltide autonatically excitesin themodel.

Linear responsemodel

The linear respmsemockel usedin this studyis based
onthelinearizedprimitive equationsystem.This equa-
tion systemis solved by spectraimethodsimilar to that
usedin our GCM. In thelinearresponsenodel,we ne-
glectthe effectsof zonalmeanzonalwind, zonalmean
meridioral tempeaturegradent, andtopogaphy This
framawvork of linearresponsenockl is the sameasclas-
sicaltidal theoryexcep for the inclusionof transience
anddissipatios. The horizantal resolutionandthe ver
tical extert of themodel aresameasthoseof the GCM.
Theverticalresolution is 1/10scaleheight.
TheNewtoniancoolingcoeficientis givenasafunc-
tion of pressurandis obtairedfrom Forbes and Hagan
[2000. Theglobal meantempeatureprofiles,distribu-
tionsof eddydiffusioncoeficients,distributionsof heat-
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Figurel: Amplitudeandphaseof northwardwind compamentof migratingdiurnaltide in the GCM atnorthernvernalequinox(Ls
~ 0°) unde thetypical dustcondtion (7 ~ 0.3). Phasendicatesthe longitudeof maximumatUT = 0.
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Figure2: SameasFigurel, exceptfor the seasonnorthernwinter solstice(Ls ~ 270°) unde duststorm(r ~ 5).

ing rateswhich correspnd to migrating diumal mocde
areobtaine&l from GCM. In orde to obtainsteadystate
solution, this linear responsenodelis run for 200 sols
from aninitial condtion at rest. For first 100solsfrom
initial condtions, heatingratesaregradially increased
to avoid numeical instabilitiesaswasdore by Miyahara
[1981].

Basiccharacteristics of migrating diur nal tide

First of all, basicstructues of migrating diumal tide
in GCM are exanined. The amplitudeand phaseof
northward wind compament of migrating diurnd tide
at nortrernvernalequirox (L s ~ 0°) underthe typical
dustcordition (visible dustopticaldepthr ~ 0.3) shav
almost symmeric wave structurewith respectto the
equato (Figure 1). Vertically propagatig modedomi-

natesin thelow latituderegion, while evarescenmock
domimatesn thehighlatituderegion. Theverticalwave-
lengthof propagatingmodk in thelow latituderegion is
~40-560 km, which is larger thanthat predictedby the
classicaltidal theoy (~30 km). Detailedexamination
of amplitucke revealsthattheamplitude is muchsmaller
thanthat expectedwhenary dissipationprocessesire
notpresent.

At northern winter solstice(L; ~ 270°) underthe
typical dustcondtion, thewave structures asymméric
with respecto the equato asis shavn by WIson and
Hamilton [1996. The asymmetricwave structureis
moreprorouncedn thecaseuncder duststormcondition
(r ~ 5, Figure2). In addition theamplitudeof thewave
is very largein the caseunder duststormcondition
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Figure3: Amplitudeof heatingrateswhich correspodsto the
migrating diurnal tide at northernvernal equinox(Ls ~ 0°)
unde the typical dustcondition(r ~ 0.3). Contourintenal
is 5 K/day.

In orderto understandhe excitation sourcesof mi-
gratingdiurnal tide,we examinethedistribution of heat-
ing rateswhich correspond$o migrating diurnal mode.
Figure 3 shavs the amplituce of heatingrateswhich
correspadsto migraing diurnal tide at notthern ver
nal equina (Ls ~ 0°) unde thetypical dustcondtion
(r ~ 0.3). The excitation sourcesare compsedof 3
typesof heating:1) heatingassociateavith surface(0—
10km), 2) dustheating(0—40km), 3) solarnearinfrared
heating( > 60 km). Heatingassociateavith surfaceare
causedytheradiative procesandthesensibléneatflux
convergerce. Themagrntudeof heatingassociateavith
surfaceis large (~40 K/day), but the vertical extent of
thatis limited just above the surface. We examire the
distributionsof heatingratesat northernwinter solstice
(Ls ~ 270) uncer the typical dustcondtion (= ~ 0.3)
andthat under duststorm condtion (r ~ 5). In both
cases,the excitation sourcesare also compsedof 3
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typesof heatingsimilar to thoseobsened in the caseat
equirox condition. However, therearelarge asymmeé

ric conponents with respectto the equatorat solstice
condtions.

Using the heatingratesobtainedfrom analysesof
GCM results,we calculatedlinear responseso those
heatingusingthe linearresponsenodel. Migrating di-
urnaltide at northern vernd equinx (L ~ 0°) unde
the typical dustcondition(r ~ 0.3) obtaired from the
linearresponsenodelshav the symmetricwave struc-
ture with respectto the equate (Figure4). As is the
migratirg diurnal tide in GCM, vertically propagating
modedomindesin low latituderegion, while evanescent
modedomiratesin high latituderegion. Theamplitude
is alsosmallerthanthat expectedwhenary dissipation
processesarenot presentasis obsered in the GCM.
The vertical wavelengthof propagatingmodein linear
respose mockl is differentfrom thatin GCM, andis
~30km.

Migrating diumal tides at notthern winter solstice
(Ls ~ 270C°) underthe typical dustcondition (= ~ 0.3)
and underthe dust storm condition (r ~ 5) obtained
from thelinearresponsenode shaw slightasymméric
wave structue with respecto theequator. However, the
wave structuesin the linear responsenodelare much
more symmetic with respectto the equaor compared
to thoseobtainedrom the GCM.

It is corsideredthatthe smallnes®f amplituce may
be causedby dissipationprocessesn the models,e.g.,
Newtoniancooling andeddy diffusion In orderto un-
derstandthe causeof small amplitude we perfamed
numeical experiments. The first caseonly includes
Newtoniancoolingasa dissipatiornprocessandsecond
caseonly includeseddydiffusion. Thefirst caseshavs
smallamplituce similarto thatobseredin GCM, while
thesecondtaseshawvslargeamplitudecompaedto that
obseredin GCM. As aresultof thesenumeri@al expea-
iments,it is revealedthatthe radiative cooling playsan
essentiafole for migratingdiumal tide in the Martian
atmospkre.

The causesf differencesin vertical wavelengh at
equirox cordition andwave structurs atsolsticecond-
tionsareconsiderd to bethe effectsof meanwind and
the meridioral temperatte gradent. It is known that
themeanwind andthe meridinal tempeaturegradiant
resultin themodecouging [Forbes and Hagan, 1988].
Ourresultsimply thatthe effeds of meanwind maybe
important and have important impact not only on the
asymmetic structureof thetidesbut alsoonthevertical
wavelengh of the migrating diurnaltide in the Martian
atmospkre.

Effects of migrating diur nal tide on meridional cir-

culation

In order to examine the effectsof migratingdiumal tide
on the meridianal circulation we examine the contri-
bution of the accelerdon causedby migrating diurnal
tide to the force balancein the meridonal circulaion.
Transfomed EulerianMean (TEM) diagrostics shov
that the acceleratiorcausedby migraing diumal tide
play an importart role to drive meridonal circulation
at northen verral equinx (Ls ~ 0°) uncer the typical
dustcondtion (r ~ 0.3). The importanceof migrat-
ing diurnal tide canbe realizedwhenwe compare the
intensitiesof meridianal circulatils in two cases. In
one case,the diumally varying solarinsolationis im-
posed,anddiurnally averagd insolationis imposedin
the othercase. The meridioral circulationobtairedin
the casewith diurndly varying insolationis about2—-3
timesstronger thanthatin the casewith diurndly aver-
agedinsolation Detailedexamnationof Eliassen-Blm
(EP) flux divergenceand wave structue of migrating
diurnd tide revealedthatthe excitationanddampng of
migratingdiumal tide causedby dustheatingresultin
the strongacceleratio.

We examinetheforcebalanein meridimal circula-
tion at northen winter solstice(L s ~ 270°) unde dust
storm condtion (= ~ 5). TEM diaghosticsshov that
the acceleratio causeddy migratirg diurnal tide plays
animportantrolein thesouthen hemspherebelow ~40
km altitude. This strongacceleratiordrives meridonal
circulationwith risingblancharourd 60° Sanddescend-
ing blarch in the southerrhigh latitude. In order to ex-
aminethe effects of this meridioral circulationon the
dusttranspat, we perfamedtwo passve dusttranspor
expeliments. In onecase the diumally varying insola-
tion is imposed, andthe diumally averagedinsolation
is imposedn the othercase.In the casewith diumally
varying insolation dustamouwunt soutlward of ~60° S
is abou 2 timessmallerthanthatin the casewith diur-
nally averagedinsolation(Figure5). This reductio of
dustin thesouthen highlatituderegion is causedy the
meridioral circulationdriven by theacceleratiortaused
by migraing diurnal tide mentimedabove. This result
implies that the migraing diurnd tide in the Martian
atmosphermayplay animportari roleto deternine the
dustdistribution duringduststormcondtion.
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Figure4: Amplitude and phaseof northward wind componet of migratingdiurnaltide obtainedby the linearresponsenodelat

northernvernalequinox(Ls ~ 0°) unde thetypical dustcondition(r ~ 0.3). Phasendicatesthelongitudeof maximumat UT =
0.
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Figure5: Distribution of dustmassmixing ratio at northernwinter solstice(L, ~ 270) underduststormcondition(r ~ 5): (a)
the casewith diurnally varyinginsolation,(b) the casewith diurnally averagednsolation.
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