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Abstract

In 1998,theMarsOrbiterLaserAltimeter revealedthepresenceof iso-

latedor quasi-periodicthick cloudsduring the Martian polar night. They

arebelievedto becomposedof CO� iceparticlesandto betilted againstthe

wind direction,a featurecharacteristicof vertically propagatingorographic

gravity waves. To supportthat interpretation,we presentherenumerical

simulationswith a two dimensionalanelasticmodelof stratifiedshearflow

thatincludessimpleCO� ice microphysics.In someof thesimulationspre-

sented,theorographyis anidealizedtrough,with dimensionscharacteristic

of themany troughsthatshapetheMarspolarcap. In others,it is nearthe

realorography. In thepolarnight conditions,our modelshows thatgravity

wavesover thenorthpolarcaparestrongenoughto induceadiabaticcool-

ing below the CO� frost point. From this cooling, airborneheterogeneous

nucleationof CO� ice particlesoccursfrom the groundup to the altitude

of thepolarthermalinversion.Althoughthemodelpredictsthatcloudscan

be presentabove 15km,only low altitudecloudscanbackscattertheLaser

beamsof MOLA at a detectablelevel. Accordingly, theshapeof theLaser

echoesis relatedto theshapeof thecloudsat low level, but donotnecessar-

ily coincidewith thetopof theclouds.

Themodelhelpsto interpretthecloudpatternsobservedby MOLA. Above

anisolatedorographictrough,anisolatedextendedslopingcloudtilted against

the wind is obtained. The model shows that the observed quasi-periodic
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cloudsaredueto thesuccessionof small-scaletopographicfeatures,rather

thanto the presenceof resonanttrappedlee waves. Indeed,the CO� con-

densationgreatlydampsthebuoyancy force,essentialfor themaintenance

of gravity waves far from their sources.Simulationswith realistic topog-

raphyprofiles show the cloud responseis sensitive to the wind direction.

Whenthewind is directedupslopeof thepolarcap,on theonehand,a large

scalecloud,modulatedby small-scalewaves,forms just above theground.

On the other hand,when the wind is directeddownslope,air is globally

warmed,andperiodicice cloudsinducedby small-scaleorographyform at

altitudeshigherthan3-5kmabove theground.In bothcases,a goodagree-

mentbetweenthesimulatedechoesandtheobservedoneis obtained.

According to our model,we concludethat the observed cloudsarequasi-

stationarycloudsmadeof moving ice particlesthat successively grow and

sublimateby crossingcold andwarm phasesof orographicgravity waves

generatedby thesuccessive polar troughs.We alsofind that the rateof ice

precipitationis relatively weak,exceptwhenthereis a large scaleair dy-

namicalcooling.

Key words:Mars,atmosphere;atmosphere,dynamics;clouds;CO�
ices
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1 Intr oduction

Since1998,the Mars Orbiter LaserAltimeter (MOLA) aboardthe Mars Global

Surveyor (MGS) orbiter hasobserved optically thick clouds above the winter

north and southpolar caps(Zuber et al. 1998, Smith et al. 2001). The fact

that they are only presentduring the winter polar night suggeststhat they are

constitutedof CO� ice particles(Ivanov andMuhleman2001). Thesecloudsare

detectedfrom thesurfaceup to altitudesof 15-20kmabove theground.Someof

themareisolatedwhile otherspresentquasi-periodicsuccessive patterns.Typi-

cal isolatedcloudsarefound to be extendedfrom thesurfaceto altitudesof 4-6

km above thesurface(PettengillandFord 2000). Whatever their shapeandtheir

verticalextensionare,they all look tilted againstthedominantwind, with aslope

betweenzeroto twentydegrees(Ivanov andMuhleman2001).

Theseobservationssuggestthat they areproducedby mountainwavesandthat

their periodicpatternsmight be due to the presenceof trappedlee waves(Pet-

tengill andFord2000,Zuberet al. 1998).Thefactthatthesecloudsaretriggered

by the orographyis further supportedby the fact that the topographyon Mars

presentslargemesoscaleirregularitiesnearthepoles.For instance,thenorthpo-

lar ice capis elevatedabove its surroundingwith a 3km maximumelevationnear

thepole(Zuberet al. 1998). It is sculptedby spiral troughs,whosetypical depth

andhalf-depthwidth arearound0.5kmand7km(Ivanov 2000),respectively.
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For the last thirty years,CO� ice cloudsattributedto mountainwaveshave been

observedin theleeof cratersor largevolcanoes(Hunt andPickersgill 1984).Be-

fore 1998,cloudshave never beendirectly observedabove thewinter polarcaps,

althoughtheir presenceduring the polar night hadbeenintuited for a long time

(GierashandGoody1968,Pollacket al. 1990,Forget et al. 1995). Indeed,the

cloudsoptical propertiescan explain the low brightnesstemperatureareasob-

servedon thewinter polarcap(Kieffer et al. 1977,Forgetet al. 1995).They can

alsoplayakey role in theMartianclimate,whichgreatlydependson theconden-

sationof CO� in polarnightconditions(Yokohataet al. 2002).Accordingly, these

cloudsmayneedto beparameterizedin GeneralCirculationModels,andabetter

understandingof their life cyclesis essentialfor this purpose.

Following the Mariner 9 andViking observations,dynamicalmodelshave been

proposedto explain the formationof cloudsby lee waves(Pirraglia1976,Pick-

ersgill andHunt 1979). Thesestudiesdid not investigate(i) theoccurenceof lee

waveswhenthe atmosphereis nearthe frost point, and(ii) the dynamicalcou-

pling betweenCO� ice condensationandthewave dynamics.Thefirst objective

of thispaperis to addressthesetwo issues.Thesecondobjective is to givefurther

evidencethat the organizedstructures,seenin the MOLA echoes,areproduced

by CO� ice cloudstriggeredby orographicgravity waves. For thesepurposes,

we have developeda model that couples2D stratifiedflow dynamicswith CO�
ice cloudphysics.Thedynamicalmodelsolvestheanelasticequationsof motion
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(Lipps andHemler1991),andhasbeenusedfor the Earthatmosphereto study

mountainwaves(Lott 1998,GeorgelinandLott 2001).Thecloudmodelincludes

simpleCO� ice microphysics,sedimentationandwind advection. In all thesim-

ulationspresented,the backgroundflow is representative of the Martian winter

north polar capclimatology. It is consistentwith the climatologiesof the LMD

MartianGCM (Forgetet al. 1999)andtheavailableMGS observations.

To addressthe relative importanceof the dynamicalandphysicalprocessesre-

sponsibleof theexistenceof theseclouds,thesimulationsdonearepresentedin

orderof increasingcomplexity. In Section2, we examinethegenerationof grav-

ity wavesby a singleorographictroughin a non condensingnorth polar winter

atmosphereaswell as the impactof the releaseof latentheatdueto CO� con-

densation.We examineto which extent the regular structurecan be relatedto

resonanttrappedwaves, and to which extent their dynamicsis affectedby the

CO� icecondensation.Thesesimulationsserveasabasisto interpretthemorere-

alisticones,presentedin Section4. In Section3, wegiveadescriptionof CO� ice

cloudphysicsandthebasisdriving wavecloudformation.Numericalsimulations

with thesecloudphysicsandrealisticnorthpolarcaptopographiesarepresented

in Section4. In order to comparewith the MOLA cloud echoobservation, we

reconstructfrom themodeloutputstheechoesthesimulatedcloudsproduce.In

Section5, wediscusstheseresultsandsumup themainpointsof ourfindings.
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2 Dynamics of the mountain wavesin the Martian

north polar night

2.1 The Martian polar night atmosphere

The characteristicof the Martian atmospherewithin the polar night are quite

unique.In theabsenceof solarenergy, thetemperatureof thesurfacefalls down

to thecondensationpoint of CO� , leadingto theformationof thedry iceseasonal

polarcaps.Abovethesurface,theradiative-convectiveprocessesalsotendto cool

theatmosphereto thefrostpointof CO� . Therefore,in themajorpartof thepolar

night atmosphere,the temperatureprofile follows the condensationtemperature

profile. The correspondingthermalstructureis very stable,with a typical lapse

rate (-1 K/km) much lesssteepthan the adiabaticlapserate (-5 K/km). Such

stableconditionsarefavorableto gravity wavesthat occurin stratifiedflows, as

suggestedby thehighresolutionthermalprofilesrecordedby theradio-occultation

experimentof MarsGlobalSurveyor (Hinsonet al. 2000).Theseprofilesexhibit

temperatureoscillationwith verticalwavelengthof about1 to 2 km andamplitude

of theorderof a few kelvins.

In somelocations,the temperatureof the polar night atmospherecanbe signif-

icantly warmer than the frost point of CO� if the atmosphereis adiabatically

warmedby the large-scaleflow dynamics. On the one hand, this can happen
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nearthesurfacewhenthewind blows downhill (Foehnwind effect) asdescribed

in Forget et al. (1998)(conversely, ascendingwinds globally enhancethe con-

densation).Ontheotherhand,spacecraftobservations(Jakosky andMartin 1987,

Smithet al. 2001,Pearlet al. 2001)aswell asmodellingstudies(Wilson 1997,

Forgetet al. 1999)haveshown thatabove15to 50km, dependingonthelatitude,

season,anddust loading,the atmosphereis alwayswarmedby a descentof air

forcedby a convergenceof massabove 50 km. This convergenceresultsfrom

a combinationof a strongmeanmeridionalcirculation (Hadley cell) andwave

(mostlytides)-meanflow interaction(Forgetet al. 1999,Wilson1997).

Anotherkey parameterfor thepresentstudyis thewind profile. No directobserva-

tionsareavailable,but analysisof simulationsperformedwith theLMD General

CirculationModel suggestthat the wind is nearconstantbetweena few tensof

metersabove the surfaceto at least10 km, with a typical velocity of 10 m.s� � .
On theonehand,this is dueto thethefactthattheturbulentboundarylayeris ex-

tremelythin, becauseof thehigh stability of theatmosphere.On theotherhand,

in thefreeatmosphere,thewind doesnot stronglyincreasewith altitudebecause

thehorizontaltemperaturegradientaresmall, the temperaturebeingeverywhere

that of the condensationpoint. This is very different from what occursat sun-

lit latitudes,wherethe wind increaseswith altitude to satisfy the thermalwind

balance.
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2.2 Wavesin a non condensingatmosphere

2.2.1 Theory

Gravity wavesgeneratedwhena stratifiedair flow passesover a mountainhave

beenextensively studiedin theEarthatmosphere(Queney 1947;seeSmith1980

for areview). Thesewavesaredrivenby thebuoyancy forcethatactsonairparcels

displacedvertically in a stablystratifiedenvironment. They areusuallyreferred

to lee wavesbecausethey areobserved in the lee of mountains.Their intrinsic

frequency is betweentheBrünt-Väis̈allä frequency, � ���	��
���
� ����� (where� is the

gravity,
���

is the backgroundpotentialtemperature)andthe Coriolis frequency,� �����������! (where � is therotationfrequency of theplanetand  thelatitude).

In the2D linearcase,theresponseof theatmosphereto themountainforcing can

beanalyzedin theFourierspace,

"$#&%(' �*),+� +.-"/#10�2!'43658749 2;: 0�2 (1)

where
"$#<%('

is thetopographyprofile, -" its Fouriertransformand
0�2

thehorizontal

wavenumberassociatedwith -" . The vertical propagationof eachharmonicde-

pendson theverticalstructureof the incidentflow, i.e. on its horizontalvelocity= � #?>@'
andpotentialtemperature

��� #1>@'
profiles. Wavesgeneratedby a flow with

uniform velocity
= � ���A 3 anduniform stratification� � �B�A 3 , propagatefreely
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upwardalongstraightray paths.When
= �

and � vary with altitude,thegravity

wavesarerefractedandtheshortestharmonicscanbereflectedat somealtitudes

andreturnto the groundwherethey arereflectedagain(Scorer1949). At these

shortwavelengthsandthroughconstructiveor destructive interferences,only afi-

nite numberof modescanexist in thelong termanddownstreamof theobstacle.

They areoftenreferredto asresonanttrappedmodes,becausethey correspondto

theonly disturbancesthatexist in thelong termandin theabsenceof orographic

forcing.

To studyatmosphericleewaves,but excludingacousticwaves,theanelasticap-

proximation is betteradaptedthan the Boussinesqand hydrostaticapproxima-

tions. In this approximation,freelypropagatinggravity wavesandtrappedmoun-

tain wavesco-exist (the latterbeingexcluded,for instance,in thehydrostaticap-

proximation). In this framework, the two-dimensional(x-z) equationsof motion

are(seefor instanceScinoccaandShepherd1992)::�CD: AFE CG # �IH ���@JK ' E �IH : K �: > J� � �MLON (2)CGQP #&R � CD ' �ML (3)

where
CD is thevelocityfield, cH is theconstantpressureheatcapacity,

R �
theback-

grounddensity. In Eq. (2) andEq. (3), theExnerpressure,K , andthe potential
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temperature,
�
, havebeenwritten:

K �TSVUUOW�XZY � K � #1>@' E JK #&% N > N4A ' N (4)� �\[ K � � � ��� #?>@' E J� #<% N > N]A ' N (5)

wherethe zerosubscriptrefersto the fluid at rest, the tildes representperturba-

tions, U^W is a constantreferencepressure,_ �T` � �IH , ` is the gasconstantand[ the temperature.If we assumethat the fluid at rest is in hydrostaticbalance,

andinvoke theidealgaslaw U � R `a[ , all thebackgroundthermodynamicfields

areuniquelydeterminedonce [ � #1>@' is specified.ThecontinuityequationEq. (3)

allows to definethemassflux streamfunctionb ,

c � dR �fe be > Nhg	�jiBdR ��e be % P (6)

At thelowerboundary, we imposethat,

g	� = � # L ' ee % "�#<%(' N (7)

a linearizationof thegeneralfree-slipboundaryconditionthatis only valid when

thenondimensionalparameterkml � lon �Iprqs n �Iput d , whereH is themaximumele-

vation(seefor instance,Smith1979).Whenthis conditionis satisfied,thewaves
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forcedby theobstaclearewell describedby thelinearizedset:

# ee AVE = � ee % 'wvox i
:: > S �R � X e b xe % iy�IH : K �: > e � xe % �*LON (8)# ee A E = � ee % ' � x i � � ���� R �ye b xe % �*LON (9)b xw# L ' �ji R � # L ' = � # L '4"�#<%(' at

> �	LON (10)

wheretheprimesreplacethetildesin Eq. (2) andEq. (3) to indicatethatonly the

linearpartof thetotaldisturbanceis considered,and
v � 
{z
� i 
{|
 2 is thevorticity.

To describetheflow response,it is conventionalto considerthesteadylimit. In

this case,oneparticularharmonicforcedat theground,

b x #<% N >@' � R �1} �� ` 3~# -b #?>@'43 5�7�9 2 ' N (11)

hasaverticalstructurewhich is governedby theTaylor Goldsteinequation:

���O��� � � E�� l �s �� i �s � � �Is �� � � i �� � # � � �� � ' � s �� � E �� � � ��� � �� � � i �� � � � � � ��� � i 0 �2;� -b �ML (12)� � � ��� � � E #��V#1>@' i 0 �2 ' -b �*LON (13)

whereS(z)is theScorerparameter(i.e., theindex of waverefraction).For
�V#1>@' i0 �2F� L , thesolutionis of theform: -b �\� 3;� 5�7�� � E�� 3 � 5�74� � , andfor

�V#1>@' i 0 �2 t L ,
it is of the form: -b ��� x 3 � 7�� � E	� x 3 � 7�� � , where

0 � ��� #����#?>@' i 0 �2 ��' . For the
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first case,thereis verticalpropagation,andfor thesecondone,thereis novertical

propagationandtheharmonicis evanescentin theverticaldirection.Becausethe

Scorerparametervarieswith altitude,therearecircumstanceswhereanharmonic

propagatesvertically at low level andbecomesevanescentabove a turningpoint�h�
with

�V# ��� ' � 0 �2 wherethey arereflectedtoward theground. It is thebasic

mechanismdriving thetrappedmodesmentionedbefore.

2.2.2 Background profilesand analysisof the Scorer parameter profiles

Figure1

The maincharacteristicsof thenorth polarwinter lower atmospherearethat the

temperatureprofile is usuallyneartheCO� condensationtemperatureprofile and

that the wind profile is almostconstantwith altitude (seeSection2.1). In our

analysis,thetemperatureis assumedto follow theCO� condensationtemperature

up to thepolar thermalinversionaltitude. We have assumedtwo profilesfor the

backgroundwind conditions(Fig. 1a): a constantwind,
= �

, anda morerealistic

one,
= � , thattakesinto accounta wind gradientabove8km. For thetemperature,

we have consideredthreedifferentprofiles(Fig. 1b): [ � without thermalpolar

inversion,[ � with a thermalinversionat
> � d!� km, and [ � with a thermalinver-

sionat
> �j� � km. Thesevariousbackgroundconditionsyield to totally different

Scorerparameterprofiles(Fig. 1c). In all cases,only harmonicswith horizontal

wavelengthlarger than � K � � �V# L ' ��� km canpropagateupward at the ground.
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For
# = � N][ � ' , the Scorerparameterincreasesfaintly with altitude,so thereis no

level wherean harmonicthat propagatesvertically nearthe groundcanbecome

evanescentat somelevel above. For
# = � N4[ � ' , harmonicswith horizontalwave-

lengthsbetween6km and � K � � �V# 50km
' � d L�L km encountera turning height

between10 and50 km, anda large numberof wavelengthsare trappedat low

altitude.

2.3 Dynamical model

The dynamicalmodel solves the linear equations(8) and (9) in spectralspace

in thehorizontaldirectionandin finite-differencesin theverticaldirection(Lott

1998). In time, the evolution equationsaresolved by oneEuler step,followed

by successive Leapfrogsteps. After eachtime step,an Asselinfilter is applied

(Asselin1972). Theheightof thedomainis 50 km andits width rangebetween

200kmto 1000km. The horizontalandvertical resolutionequals500m. At the

upperboundary, adampinglayer(15kmthick) is usedin orderto eliminateartifi-

cial reflections.The timestepis equalto 1s. Thebackgroundsurfacepressureis

fixedto 7.5mbar.
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2.4 Simulation with an isolatedrelief

Wemakehereasetof four simulationswith anidealizedtrough,which is charac-

teristicof thenorthpolarcaptopography. Its profile is givenby:

"�#<%(' �Bi k 3 � 2 � }w� � N (14)

where k is the depthand   the half width. In all simulations,we take k �L P � km and   �¢¡ km, valuesthatarecharacteristicof thetroughsin thepolarcap

accordingto Ivanov (2000).In thefirst two simulations,theCO� icecondensation

is neglected.Thebackgroundflows aresuchthat in onecase,thereis no trapped

resonantmodes(backgroundprofile (0)) while in the othercase,trappedmodes

canoccur(backgroundprofile (1)). The third andfourth simulationsrepeatthe

first two, but forbiddingthetemperatureto go below theCO� frostpoint.

Figure2

Dynamic simulation Fig. 2a and2b presentthe velocity andthe temperature

anomaliesfield afterfour hoursof integrationandfor thebackgroundprofiles(0)

and(1) respectively. On bothfigures,thewind andtemperaturefieldsabove the

troughpresenta well definedupwardandfreely vertically propagatingwave, as

indicatedby the tilt againstthe backgroundwind of the wave patterns.In these

patterns,thepositive(negative)temperatureanomaliesarelocatedabovewhereair
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descend(ascend),consistentwith thembeingdueto adiabaticwarming(cooling).

Noticethat,asaltitudeincreases,thewave amplitudeabove thetroughincreases,

which is consistentwith thefactthattheair densitydecreaseswith altitude.

The two simulationsstronglydiffer in the lee of the ridge. With constantback-

groundwind (profile (0), Fig. 2a), the disturbancesdownstreamarevery weak.

Whenthebackgroundwind andtemperaturevary (profile (1), Fig. 2b), thewaves

extend downstreamand the disturbancefield in the lee comparesin amplitude

with its valueabove the trough. This result comesfrom the fact that a signifi-

cantfractionof theharmonicsexcitedat theground,meetsa turningpoint above> � d L km andcanbe reflecteddownstream.In this simulationwith profile (1),

the wave patterndownstreamhasa ratherwell definedhorizontalwave length,£¤2¦¥ ��L km. Althoughthewave patterndownstreamis notsteady, thedominance

of this particularwavelengthillustratestheexistenceof at leastoneresonancein

the backgroundprofile (1). However, as the turning level of this modeis quite

high (
>§¥ d L km), it takesa ratherlong time to developandseveralhoursarenec-

essarybeforeit dominatesthewavefieldsdownstream.

Sincethe resonantmodeamplitudecomparesto that of the freely propagating

wave, we canassumethat theverticalwind amplitudeis everywheregivenby its

valueneartheground: g x ¥ = # L ' e "$#&%(' � e %¨¥ = # L ' k �   (seeEq. (7)). It results

in temperaturevariationsthatareroughlygivenby: [ x ¥ [ # L ' k©� � � � (seeEq.

(5) andEq. (9)), a valueconsistentwith thosein Fig. 2aandFig. 2b. If we apply
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thesescalingsto theMartiannorth polar captopography, which is madeof suc-

cessive troughsof characteristicscales,k � � L�L m and   �ª¡ km (Ivanov, 2000),

temperatureanomaliesof near2K canbeexpected.This valueis largeenoughto

forcecloudformation.

Figure3

Impact of the condensationon the wave dynamic In reality thewavesoccur

in anatmospherecloseto thefrostpoint,andthewavesareaffectedby therelease

of latentheatwhenCO� is condensing.To studythiseffect,wehavere-conducted

thefirst two experimentsassumingthatthetemperatureT �I«�¬ cannotfall below the

condensationtemperatureT &® ¬�� . This is anextremecaseusedto serve asa theo-

reticalbasisto understandthe impactof CO� ice condensationon thedynamics.

Morerealisticcasesincludingsimplecloudmicrophysicsarepresentedin Section

4. Resultsfor thetwo differentbackgroundconditionsareshown on Fig. 3aand

Fig. 3b. Theimpactonthewavefield is verystrong.Whereverascentdueto wave

disturbancestendsto produceacoolingbelow thecondensationtemperature,CO�
icecondensationkeeptheair parcelnearT &® ¬6� which is alsothebackgroundtem-

perature. The parcelis just asheavy as its environmentandno restoringforce

drivesit down.

For this fundamentalreason,thedisturbancefieldsin Fig. 3aandFig. 3bonly see

theascentanddescentnearthegrounddirectly forcedby thetrough.Thegravity
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wave dynamicsonly act in producingthe first descentalong the upstreamside

of thetrough(positive temperatureanomaly)andtheascentdescribedbeforeand

wherethecondensationannihilatesthewave. Following thispicture,it seemsnat-

ural thatthedisturbancesdonotseethebackgroundflow variationslocatedabove

10 km andthedisturbancepatternsin Fig. 3aandFig. 3b arenearonefrom the

other:thecondensationannihilatestheresonance.

3 A parameterization of CO � icecloud formation

Theabovesimulationswith simplifiedcondensationschemehave proventhatthe

dynamicsof mountainwavesis stronglyaffectedby thecondensationof CO� , at

leastwithin a nearsaturatedatmosphere.Accordingly, a betterdescriptionof the

condensationprocessincludingnucleationof the ice particles,growth rate,wind

advectionandsedimentation,andsublimation,is neededto accuratelymodelthe

formationof wavecloudsaswell asthefeedbackof thecondensation-sublimation

processeson thewave dynamics.Comparedto theresultsin Section2, CO� ice

microphysicalprocessescanindeeddelaytheonsetandthedevelopmentof CO�
ice clouds,allowing a morecompletedevelopmentof the gravity wavesdistur-

bance.
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3.1 Micr ophysicsof CO � ice

As for watercloudsonEarth,themicrophysicsof CO� icecloudprimarily depend

on thesupersaturation� ( � � L ) or subsaturation( � t L ) of theatmosphere:

�¯�*° + � °$±�i d P (15)

In Eq. (15), ° + is the ambientpartial pressureof CO� (on Mars it is nearthe

ambienttotal pressure),°�± is the equilibrium vapor pressureof CO� : °$±²�� &~³µ´·¶ # i � ? � [ + ' , with � & � d P¹¸�º �¼» d L � � Pa and � & � ¸ d º � P¹½@º K (James

et al. 1992). Theformationof ice particlesrequiressomedegreeof supersatura-

tion. Homogeneousnucleationneedsveryhighsupersaturation(s
� ��L�L@¾ ), while

heterogeneousnucleation,which involvesa foreign substrate(dustor water ice

particle)occursat relatively low supersaturation.For two reasons,heterogeneous

nucleationis likely to occurwithin thepolarnight atmosphere.First, theMartian

northernmiddlelatitudesin fall andwinterareoftensweptby regionalduststorms

(Cantoret al. 2001),whichprobablyinjecta largeamountof aerosolsinto thepo-

lar night atmosphere.Second,it is even more likely that water ice coateddust

particles(or even almostpurewater ice particles)serve ascondensationnuclei

for theCO� ice : theedgeof thepolarnight is known to containrelatively thick

waterice clouds(the polar hood)which areprobablypresentin the entirepolar

night atmosphere(see,e.g. Smith et al. 2001). Thermalinfraredobservations
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performedat the limb at 80¿ N suggestthat water ice particlesarepresentfrom

above40km throughouttheregionwheretheCO� condensationcurveis reached,

providing arelatively constantsourceof nucleifor CO� condensationthoughver-

tical sedimentationin additionto horizontaltransport(Pearlet al. 2001).

Onthebasisof theoreticalconsiderationbasedprimarily onGooding’s(1986)cal-

culationsof thecrystallographicdisregistry betweenCO� andcandidateMartian

dustminerals,Wood (1999)estimatesthe minimum critical valueof nucleation

supersaturation� ¬ z &À . Heshowedthat,for a typicaldustloadingof 0.1Á m aerosol

particlesatmosphere(visible opticaldepth Â ± 5ÄÃ ��L P d ), heterogeneousnucleation

couldoccurat supersaturationaslow as10¾ . Experimentalstudies(Glandorfet

al. 2001),in which waterice is usedasa nucleatorof CO� ice,suggestthatcriti-

calsupersaturationsof 30-35¾ arerequired.In ourstudy, weconsiderbothvalues

(10 and35 ¾ ) aspossiblevaluesfor thecritical nucleationsupersaturations¬ z &À .
Oncenucleationhasoccurred,thegrowth of theice particlesis controlledby mi-

crophysicalprocesses.In analogyto Ohm’s law (McKenzieandHaynes1992),

thegrowth rateof theparticleradius Å , e Å � e A , canbemodeledby:

e Åe A ��ÆÇ� # [VN{° ' iy��È�É # [VN Å 'IÊ � Æ�`aË E `¯Ì E ` 7 Ê N (16)

wheretheconstants̀aË , `¯Ì and ` 7 representtheresistancesto thegrowth dueto

heattransfer, masstransferandcrystalsurfacekinetic, respectively. In Eq. (16),
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sÈ�É is theKelvin correctionthataccountsfor theeffectof theparticlecurvatureon

thevaporpressure,it is givenby :

�;È1É # [VN Å ' � ³µ´·¶ # ��Í	Î � Å R 5  È�[¯` ' i d N (17)

where Í is themolecularweight of CO� , ` is thegasconstant,
R 5  È is theden-

sity of the CO� ice, and Î is the surfaceenergy of the CO� ice crystal. We takeÎ =Î �Ï�Ï� =0.080J.m� � , Ð 111Ñ beingthelowestenergy crystallographicfaceof CO�
ice (Wood 1999). Below �;È1É , the supersaturation� is not large enoughfor con-

densation,andsublimationoccurs.As CO� is themajorcomponentof theMar-

tian atmosphere,the resistanceassociatedwith masstransfer `�Ì is negligible

( `¯ÌªÒ `¯Ë@N{` 7 ). Thegrowth ratedependsmainly on thecrystalgrowth mecha-

nism (Wood 1999). This authorhasshown that if crystalsgrow with the Screw

Dislocationgrowth mechanism,thecrystalsurfacekinetic resistanceis negligible

aswell, andthelimiting factoris theheattransfer:̀aË¦Ó ` 7 . If they grow with the

2-D Nucleationgrowth mechanism,it is theotherwayround,thesurfacekinetic is

thelimiting factor: `aË§Ò ` 7 . In fact,this secondmechanismrequiresvery high

supersaturation,sÔ 200%,which is unlikely to be satisfied. Betweenthesetwo

extrememechanisms,growth mechanismmay alsobe 2D heterogeneousnucle-

ation,stackingfaultor otherprocesses.Thesedependalot onthecrystalstructure

of bothcondensationnucleiandCO� ice,factorsthatarenotwell-documentedfor
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theMartianatmosphere.

In orderto includetheeffect of CO� ice microphysicson the formationof wave

clouds,twoextremegrowth ratescenariosaredefinedandtestedin our2D model:

a fastgrowth scenarioandaslow growth one.Thesetwo scenariosgiveanassess-

mentof theupperandlower boundsfor thegrowth rateof CO� ice particles.In

thefastgrowth scenario,thegrowth-rate-limitingprocessis only theheattransfer`aË , andin theslow growth scenario,it is mainly thesurfacekinetic resistancè 7 .
In bothcases,theheattransferresistanceis estimatedwith thefollowing formula:

RËÕ� Å R 5  È  0�Ö Ë!°$± # [ ' S e °�±e [ X (18)

where
0�Ö Ë is thegasthermalconductivity,

0�Ö Ë¦�\×OØhH � ° Å , where° Å is thePrandtl

number, ° Å ¥ L PÙº (Wood1999), × is thedynamicviscosity,

×m� � � d �ÛÚ K # � Ü Ì 0 [ � : �Ì ®wÀ ' N (19)

with
Ü Ì the CO� moleculemass,

0
the Boltzmannconstant,and

: Ì ®wÀ the CO�
moleculediameter. The surfacekinetic resistancè 7 is fixed to zeroin the fast

growth scenario,andto 10Ý s.m� � in theslow growth scenario.AlthoughEq. 18

is only valid in thecontinuumregime,i.e. wherethediameterof theice particles

is largerthanthemeanfreepathof air moleculesin thesurroundingatmosphere,
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it is alsousedin thekinetic regimeto give anupperboundfor thegrowth rateof

thesmallestice particles.

Morequantitatively, thedifferencebetweenthetwo scenariosis thegrowth rateof

the ice particlessmallerthan20-40 Á m. In theslow growth scenario,thegrowth

rateis controlledby thesurfacekinetic for particlessmallerthan20-40Á m, andit

is controlledby the heattransferfor larger ice particles. In the fastgrowth sce-

nario, whatever the sizeof ice particlesis, its growth rate is controlledby heat

transfer. As aconsequence,thefastgrowth scenariooverestimatesthegrowth rate

of ice particleswith radiusbelow 10-20Á m, while the slow growth oneunder-

estimatesit.

Table I

An otherprocessof importanceis thecoagulationof theCO� iceparticlesasthey

collide throughBrownian motion. At small particleconcentrations,coagulation

doesnot have a significanteffect on the cloud propertiesanddo not modify the

growth of particles.FromRossow (1978),thecoagulationtime constantfor CO�
icedependsontheconcentrationof CO� iceparticles.AssumingthatCO� icepar-

ticlesnucleateon airborne(dustandwaterice) particlesgreaterthan L P d Á m, the

numberdensityof iceparticlesis directly relatedto thenumberdensityof aerosol

particlesinitially presentin theatmosphere.

Table I presentsthe numbermixing ratio of the aerosolparticlesgreaterthan

0.1Á m for differentvisible optical depthsassumingan aerosolsizedistribution
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asin Ockert-Bellet al.(1997).In thisaerosolsizedistribution,mostof theaerosol

particlesareincludedbelow 1Á m. Themeanradiusof aerosolparticlesis about

0.5Á m. For a typical dustloadingatmosphere( Â ± 5ÄÃ ��L P d ), if all theaerosolpar-

ticles leadto CO� ice particlesandgrow to 50Á m radius,thecoagulationtime is

around10Þ -10ß s. As a comparison,thecondensationgrowth time for 50Á m CO�
iceparticlesis around10� -10

�
s. Thecoagulationof iceparticlesis negligible,and

thenumberof iceparticlesremainsconstantwith time,oncethey nucleated.

3.2 Basisof wavecloudsformation

Figure4

Thefactthattheformationof thecloudsdependson bothwave patternsandCO�
ice microphysics,is summarizedin Fig. 4. Airbornenucleiareadvectedhorizon-

tally by thebackgroundflow andcrosstheorographicwaves.Whenanair parcel

loadedwith dustor water ice particlespassesover a trough,dynamicalcooling

inducedby orographicwave leadsto nucleationif the temperaturehasdecayed

enough,i.e., if the temperaturevariationcreatessupersaturationas high as the

critical nucleationsupersaturation( � ¬ z &À ). As here,the backgroundtemperature

at low altitudefollowstheCO� condensationtemperature,thebackgroundsatura-

tion equalszeroandthesuper(sub)saturationis directly relatedto thetemperature

disturbance.For a 2K temperatureperturbationwhich is a typical temperature
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disturbanceabove the north polar cap (Section2.4), the supersaturationis near

30-35%below 10km,a valuefor which nucleationof CO� ice particlesis possi-

ble. Thenucleationstartsin thewindwardsideof thecloudswherecondensation

nucleiadvectedby themeanflow continuouslycomeinto.

Oncetheice particleshave nucleated,they grow moreor lessquickly depending

on the microphysicalassumption.The nucleatedparticlesare advectedby the

wind outof thenucleationfront andcontinueto grow downstreamaslongasthey

stayin aregionwhere� � �;È1É . Thesizeof theCO� iceparticlesandconsequently

their sedimentationvelocitydependonthegrowth rate:for fastgrowth, largepar-

ticlesareexpected,while for slow growth, smallonesareexpected.

Onceoutsidethecondensationarea( � � ��È�É ), the ice particlesstartsublimating.

On the onehand,if the particlesaresufficiently large, they do not entirely sub-

limate andcan fall to the ground. The cloudsthen look like long ”snow” tails

(Colapreteet al. 2002).On theotherhand,if theparticlesaresmall,they weakly

precipitateandcantotally sublimatedownstreamof thecondensationarea,since� t ��È�É there. Thecloudsthenresemblestationarycloudsmadeof horizontally

moving particles. In this circumstance,the shapeof the cloudsis likely to be

imposedby theorographicgravity waves.
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3.3 Description of the cloud model

Thenumbermixing ratioof iceparticlesNHà W Ö (i.e.,particlenumberpermassunit)

remainsconstantall alongthesimulationandin thewholedomain,it is fixedat

thebeginningof thesimulation.Nevertheless,theamountof CO� ice in eachele-

mentarysquarebox(500m» 500m)varieswith time, it dependsontheamountof

ice advectedfrom or towardtheadjacentboxesandon thegrowth or sublimation

rateof themeanice particleradius,Å Hà W Ö , in eachbox. Theinitial meanice parti-

cle radiusis fixed to 0.5Á m, which is themeanvalueof theaerosolparticlesize

(section3.1). In additionto rHà W Ö , in eachbox, CO� ice is alsodescribedby the

meanmixing ratio of CO� ice, á , which is the massratio betweenthe ice phase

andthegaseousphase.

Ice particle transport Theadvectionof á from a box to thenext downstream

andbelow is computedwith a VanleerScheme(HourdinandArmengaud1999),

usingthe velocity field givenby the dynamicalpart of the modelplus a vertical

velocity dueto the sedimentationof ice particles, â Ã È � . In eachbox, V Ã È � is de-

rivedfrom themeanice particleradius Å Hà W Ö , by usinga Stokeslaw correctedfor

low pressureby the Cunninghamslip-flow correction(Rossow 1978). At each

timestep,thedistribution of CO� ice mixing ratio á is re-calculatedwith this ad-

vectionscheme,andanew meaniceparticleradiusrHà W Ö is estimatedin eachbox.

After that stage,the condensationor sublimationof theseice particlesis com-
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puted.

condensation-sublimationprocesses In eachbox, a valueof the supersatura-

tion � � is estimatedaftereachdynamicaltime step,at A E : A , usingEq. (15):

� � # A E : A ' �	° # A E : A ' � °$± # A E : A ' i d (20)

where °$± # A E : A ' �¢�Õã¤ã 3 �·ä·å�å } n � n Ö p � n 
 � } 
 Ö pÄæ�çwè�é � Ö p is theequilibriumvaporpres-

sure(seesection3.1), ° is theambientpressure,and
# e [ � e A ' �Ï«�¬ is thedynamical

tendency of the temperaturededucedfrom thepotentialtemperatureby Eqs. (5)

and(9).

On the onehand,if CO� ice is advectedin the box from its adjacentboxes,the

further growth of the meanice particleradiusis allowed,andthe growth rateis

calculatedwith Eq. (16). On theotherhand,if noCO� ice is advectedin thebox,

the condition � � � � ¬ z &À is requiredto allow the growth of the meanice parti-

cle radius Å Hà W Ö . Indeed,if no CO� ice is advectedinto the box, that meansthat

non-iceparticles,which arecontinuouslyadvectedby themeanflow, comeinto.

Thegrowth of thesenon-iceparticlesis only possibleif thecritical nucleationsu-

persaturation� ¬ z &À is reached.In fact, � � � � ¬ z &À shouldbe requiredonly in the

windwardpartof thebox,wherenon-iceparticlesareconcentrated.To accurately

describethisphenomenon,asubmeshgridwouldbenecessary. But, by simplicity,
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this requirementis imposedon thewholemesh.

The calculationof the amountof condensedor sublimatedCO� ice leadsto a

new value of the super(sub)saturation� � . If the saturationvariation is large,� � � i\� � � � � � � ½ typically, numericalerrorson thecondensedor sublimatedice

quantitycanbecomesignificant. To reducetheseerrors,a physicalsubtimestep: A � � is imposedwith � � � � � iê� � � � # � � � ½ ' . For eachsubtimestep,[ # A E : A � � '
is estimatedfrom thedynamicaltemperaturetendency, constantall alongthedy-

namicaltimestep
: A , andfrom the condensationtemperaturetendency, which is

calculatedfrom the quantity of CO� ice condensed(or sublimated)during the

previoussubtimestep
: A � � :

S e [e A X &® ¬�� �  ØhH � »¨ë á: A P
(21)

In Eq. (21),   is the latentheatof CO� ice condensation,ØhH is theheatcapacity

of CO� gas,and ë á the amountof ice mixing ratio condensedin the previous

subtimestep.

To summarize,theinputdataof thecloudmodelare:

1. the critical nucleationsupersaturation� ¬ z &À and the numbermixing ratio� Hà W Ö of iceparticlesthatareallowedto grow.

2. thedynamicaltemperaturetendency
# e [ � e A ' �Ï«4¬ , thepressure° , the tem-
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perature[ , theverticalandhorizontalwind velocitiesat eachtimestep
: A .

The outputdatais the temperatureafter condensation[¯ì , the ice particleradiusÅ Hà W Ö , andtheicemixing ratio á .
4 Results

4.1 Simulations with a 2D-isolatedtr ough

In a first setof experiments,we studytheformationof wave cloudsover the2D-

isolatedGaussiantroughusedin Section2 andinvestigatethe sensitivity of the

resultsto (i) the different microphysicalassumptions(seesection3.1) and (ii)

theassumedbackgroundflows (seesection2.2.2). To establishif thecloudsare

optically denseenoughto reflecttheMOLA laserbeam,we follow Pettengilland

Ford (2000)andcomparethemodelparticlenumberdensityto thevalue,

� W Èwí À �M� P d L �Ûß Å � � # Ü � � ' N (22)

where Å is theparticleradiusin Á m. Thefirst level, startingfrom thetop, where

theice particlenumberdensity � ìHµà W Ö � R � Hà W Ö (
R

is theair density)is above that

threshold,is consideredastheLaserreflectinglevel.
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4.1.1 Baselinecase

Figure5

Fig. 5a shows the temperatureandvelocity anomaliesfield for the background

flow profiles(0)(
= � = �

and [B�j[ &® ¬6� ), in thecaseof thefastgrowth scenario

with � ¬ z &À � d L % and � Hà W Ö � d L Ý kg � � . Like in the simulationswith a simple

condensationparameterization(Fig. 3), thecloudformationhasa strongimpact

on thewave field. Nevertheless,theinclusionof therealisticmicrophysicsmake

theresultingwaveandcloudfieldsquitedifferentfrom thosepresentedin Section

2. Thesuccessivecondensationandsublimationof theice particlesblown by the

wind createa large areawherethe temperaturedisturbanceis nearzerobecause[î�u[ &® ¬�� . Both condensationandsublimationannihilatethe gravity wavesfar

aboveanddownstreamthetrough.

Figure6

Thefour pictureson Fig. 6 presentsuccessive phases( AV� � L , 100,150and200

minutes)of thedevelopmentof thecloudfeaturescorrespondingto Fig. 5a. In all

thefigures,theblackcrossesrepresentthealtitudeof theexpectedMOLA echoes,

accordingto Eq. (22). Thesefour successivesnapshotsshow thatthewavepertur-

bationsincreasein amplitudeabove thetroughin functionof time. Nevertheless,

this growth is rapidly limited by thedevelopmentof theclouds.

After Ah� � L mn(Fig. 6a),thewaveperturbationshavepropagatedupwardandthe
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supersaturationhasreachedthe critical nucleationsupersaturations¬ z &À between

1 and3 kilometersabove the trough. At that time (Fig. 6a), a small cloud has

alreadyformed.Wheretheice particlesstartgrowing, supersaturationdecreases,

exceptin anarrow bandonthewindwardsideof thecloud.In thisband,supersat-

urationremainsquitehigh andallows thenon-iceparticlesto startgrowing. The

supersaturationin thecloudrapidly falls to
¥

0%. Theice particlesstopto grow,

andthey arejust advectedby thewind andfall down. Theice particlessublimate

downstreamwherest sÈ�É , which limits thehorizontalextensionof thecloud.Be-

fore startingto sublimate,the meanice particleradiuswithin the cloud reaches

about60Á m.

After 100minutes(Fig. 6b), a largecloud is formed. Above this primarycloud,

othercloudsdevelopaswell. As they aremadeof smallerparticlethanthepri-

marylow level cloudandasthenumberdensity � ìHà W Ö of particlesdecreaseswith

altitude,they remainundetectable.Only the main extendedcloud nearaloft the

troughis detectableby MOLA.

Thereafter, this primary cloudkeepsgrowing (Fig. 6c) and,at A¦�u��L�L mn (Fig.

6d),a slopingcloudextendedfrom thesurfaceto near7 km above it, is obtained.

The slopeof its echoesë &À¹® z � is near8¿ , a valuecloseto the echoesof isolated

cloudsobserved by the MOLA experiment(seeTable3 in Pettengilland Ford

(2000) for a comparison).It is noteworthy that the modelcloud echoesdo not

necessarilycorrespondto the top of the cloud but to a region within the cloud
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wheretheice particlesarelargeanddenseenoughto backscattertheLaserpulse

at a level detectableby MOLA. Nevertheless,theshapeof theechobackscatters

is directly relatedto thecloudshape.Noteaswell that thecloudandtheechoes

aretilted againstthewind direction,following thevertically propagatinggravity

wave.

4.1.2 Sensitivity to background conditions

Fig. 5a and Fig. 5b show model resultsfor the backgroundflow profiles (0)

and(1), respectively, with
= � � d L m.s� � , after four hoursof integration. The

comparisonbetweenthesetwo figuresshows thatthepresenceof a wind shearat

middlealtitude(wind profile (1)) hasno influenceon thewavefield pattern.This

followsthatthewavesarestronglydampedatlow altitude,sothey mainlyproduce

an extendeddetectablecloud above the trough. At altitudeshigher than 10km

abovethesurface,thewavepatternandthecloudshapearenearindistinguishable,

only the main cloud at low altitudeis detectable,andthe echoesarealmostthe

samefor the two backgroundconditions(not shown in Fig. 5 but they arethose

presentedin Fig. 6d andFig. 7d).

Table II presentsthe generalcharacteristicsof the extendedcloud (its MOLA

detectability, its maximumvalueof themeanice particleradius, `¯Ì/à 2 , theslope

of its echoes,ë &ÀÇ® z � , and the vertical extensionof the echoes,D 3 &ÀÇ® z � , i.e. the

verticaldistancebetweenthebaseandthetopof its echoes)obtainedfor different
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input parameters.The resultscorrespondingto Fig. 6 arepresentedin column

5. Theseshow that simulationsperformedwith two differentvaluesfor the low

altitudewind amplitude(
= � � � m.s� � or

= � � d L m.s� � ) leadto differentecho

features.For
= � � d L m.s� � , thecloudechoesaremoreextendedandmoresloping

thanfor
= � � � m.s� � .

Wethenmadesensitivity teststo differentaltitudesof thepolarthermalinversion:

12.5km,25km and50km, correspondingto the temperatureprofiles [ � , [ � and[ � , respectively. The maximumaltitude of cloud formation is sensitive to the

inversionaltitude,but themaximumaltitudeof cloudechoesdoesnot dependon

it: all cloudechoesareobtainedbelow altitudesof 15-20km abovethesurface.

4.1.3 Sensitivity to microphysical parameters

To examinetherobustnessof our results,sensitivity teststo valuesof thecritical

nucleationsupersaturations¬ z ?À andof thenumbermixing ratio � Hà W Ö of ice par-

ticles,andto thegrowth scenario(slow or fast)have beenmade.In all thecases

presentedin thissection,thosetestsarelimited to theuniformbackgroundprofiles

(0).

Figure7, Table II, Table III

Critical nucleationsupersaturations¬ z &À Fig. 7 presentsthetimeevolutionof

cloud formationcorrespondingto Fig. 6, i.e. with NHµà W Ö =10Ý kg � � , for the fast
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grow scenario,but with s¬ z &À =35%. Comparisonwith Fig. 6 shows thata higher

critical nucleationsupersaturationdelaysthe onsetof cloud formationby about

onehundredminutes.This delaypermitsa largerdevelopmentof thewave fields

(Fig. 7a) and consequentlymodifiesslightly the resultingcloud pattern. Fig.

7b show thatnucleationstartsafterabout100minutesonly, between1 and3km

above the trough, like in Fig. 6a. After 150 minutes(Fig. 7c), a secondcloud

appearsbetween10and15km abovethesurface.After 200minutes(Fig. 7d),an

extendedcloud is formedabove the trough. It producesechoesfrom theground

upto aaltitudeof 6 km. Theslopeof theechofeatureis around9-10¿ . Like in the

simulationwith s¬ z &À =10%(Fig. 6), thehigheraltitudecloudsarenot detectable

by theMOLA instrument.

Thegeneralcharacteristicsof theresultingcloudaresummarizedin column5 and

6 of TableII, for therunsin Fig. 6 andFig. 7 respectively. For thesetwo cases,

the maximalvalueof the meanice particle radius `�Ì�à 2 , the vertical extensionD 3 &ÀÇ® z � of the echoesandtheir slope ë &À¹® z � do not significantlydependon � ¬ z &À .
This result is quite systematic(seethe othercolumnsin TableII andTableIII),

noteneverthelessthat when � ¬ z &À � ¸ � % andfor
= � � � m.s� � , no cloudsare

formed( i.e., thereareno assignedvaluesto `¯Ì/à 2 , ë &ÀÇ® z � and D 3 ?ÀÇ® z � for these

input values). This comesfrom the fact that supersaturationnever exceedsthe

thresholdfor particlesto startgrowing, at leastafterfour hoursof integration.
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Ice particle number mixing ratio NHà W Ö It is clearfrom thefirst two columns

in TableII thatoneneeds� Hà W Ö � d L�ï kg � � to obtaindetectableclouds. For the

slow growth scenario(TableIII), oneneeds� Hà W Ö � � P d L Þ kg � � . Noteaswell that

for increasingice particlenumbermixing ratio � Hà W Ö , the maximumice particle

radius, `¯Ì�à 2 , andthecloudslope, ë ?ÀÇ® z � , decrease(seethe raws 3, 4, 5 and6 in

TableII andTableIII). In the fastgrowth case,for � Hà W Ö Ô d L ß kg � � , the cloud

featurecorrespondsto a hazetransportedby thewind ( ë ?ÀÇ® z � ¥ L ¿ ). In this case,

no cloudswith slopingtop form, the nucleatedice particlenumbermixing ratio

is too large, so the releaseof latentheatwhen they nucleateandstart growing

is very strongandthe wave perturbationis completelyattenuateddownstream.

In the slow growth scenario(TableIII), the samekind of resultsis obtainedfor� Hà W Ö Ô � P d L�ð kg � � . It is oneof thefew circumstanceswherethemodeledclouds

donothavethecharacteristicsof theobservedisolatedclouds(PettengillandFord

2000,Ivanov andMuhleman2001),while for d L Þ t � Hà W Ö t � P d L Ý kg � � with the

fastgrowth scenario,themodelcloudechoesaresimilar to theobservedones.

Growth rate: fast or slow The comparisonbetweenTableII (fast)andTable

III (slow) shows that the maximalvalueof the meanice particle radius, `¯Ì�à 2 ,
dependsstrongly on the growth limiting factor. `¯Ì/à 2 is quite systematically

larger, for the fast growth scenario( Table II) than for the slow growth sce-

nario(TableIII). Accordingly, in thefastgrowth case(TableII), lessice particles
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( � Hà W Ö Ô d L Þ kg � � ) areneededfor thedetectionby MOLA thanin theslow growth

case(NHà W Ö Ô � P d L Ý kg � � ). Noteaswell thattheslopeof thecloudechoesis higher

for thefastgrowth scenariobecausetheice particlesarelargerandconsequently

sedimentatemore. Nevertheless,even in this case,thereis only a small amount

of ice that falls down to theground.In theslow growth scenario,theice particle

transportis mainly controlledby horizontaladvection,makingthe slopesrather

small. In this scenario,it is difficult to obtainslopesnearthe15-20¿ observedby

MOLA (Ivanov andMuhleman2001).

4.1.4 Summary of the isolatedtr ough simulations

Theabovesimulationshaveshown thatthecloudstriggeredby asingletroughare

nearalwaystilted againstthewind, at leasttheprimarycloudbelow
> � d L km,

i.e. within the layer wherethe wind is constant.This primary cloud is related

to verticallypropagatinggravity wavesforcedby thetroughandextentsfrom the

surfaceupto
> � ¸ iñ¡ km. Abovethisprimarycloudnearthesurface,otherclouds

at higheraltitudesaregenerallyfound,but they cannotbedetectedby MOLA, at

leastfor realisticnumbermixing ratio of ice particles( � Hà W Ö t d L�ð kg � � ). There

is alsoa lower limit, around10Þ kg � � , for the ice particlenumbermixing ratio

for the detectabilityof the primary cloud by MOLA. The slopeof the primary

cloudechoescorrespondsto theslopeof thecloudbut doesnot necessarilycor-

respondto the top of the cloud. Theselast resultsarenot muchsensitive to the
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backgroundflow profilesabove 10km andto the critical valueof the nucleation

supersaturation,s¬ z &À : whatever this valueis, thetemperatureanomaliesinduced

by a 10m.s� � wind over a 0.5km depthtroughin anatmospherewith [óòB[ ?® ¬��
are large enoughto createCO� ice cloudsbelow 20km. The vertical extension

andthe slopeof the echoesmainly dependon both the growth rateassumption

andon the wind amplitudeat low level. In the fastgrowth scenario,the cloud

echoesaremoreinclined thanin theslow growth scenario.Thewind amplitude

at low altitudealso increasesthe slopeandthe vertical extensionof the clouds.

Thesimulatedcloudechoesformedabove a idealizedsingletroughsuccessfully

reproducethe echoesof the isolatedcloudsobserved by the MOLA experiment

(PettengillandFord2000).Finally, thesesimulationshavealsoallowedusto con-

strainthevaluesof themodelparameters,beforeproceedingto simulationswith

realisticnorthpolarcaptopographies.

4.2 Simulation with realistic topographies

In this section,thewave cloudmodelis usedin thepresenceof realistictopogra-

phies,andevenmorequantitative comparisonswith theMOLA observationsare

made.As thesimulationin Section4.1only revealaweaksensitivity of themodel

responseto thebackgroundflow structureabove 12.5km, simulationswith pro-

files (0) only arepresentedin thenext threesubsections.Threetopographypro-
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files that correspondroughly to the threeMOLA observations: Passes207, 260

(PettengillandFord 2000)and222(Ivanov 2000)areconsidered.Notehowever

thattheexacttopographythattriggeredthecloudscannotbeusedsincetheexact

directionof thewind is not known. Nevertheless,theglobaldirectionof thewind

which correspondsto the threeMOLA observationscanbe estimatedfrom the

shapeof thecloudechoes(if weassumedthatthey aretilted againstthewind, see

Section4.1.4).On this basis,thewind directionwill leadto a large-scaleupslope

air ascentfor Pass222 (Fig. 9) and to a large-scaledownslopeair descentfor

Pass207 (Fig. 10). Large scalecooling andwarmingwill be inducedby these

large-scaleupslopeanddownslopeair motion,respectively (Forgetet al. 1998).

4.2.1 Lar ge-scaleflat topography

Figure8

Fig. 8 comparesthe MOLA observations(upperpanel)for Pass260, with the

simulatedcloudsand echoesafter two hoursof integration (lower panel). On

this figureandfor comparisonwith theMOLA data,thealtitudeis definedasthe

altitudeabove the6 mbarreferencelevel, contraryto theresultspresentedin the

previoussection,wherethealtitudewasthedistancefrom thesurface.Aboveeach

troughor ridge,atlow altitude,extendedslopingcloudsareformed,they resemble

to thecloudsin thesingletroughsimulation(comparefor instancethethick clouds

near
% � d!� L km and

% �ô� � L km in Fig. 8 to that in Fig. 6d). Nevertheless,as
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they are inducedby higher topography, they are a little bit more extendedand

madeof larger particlesthanin Section4.1 (RÌ�à 2 ��¡�� Á m insteadof 61Á m in

Fig. 6d). Above theselow-level clouds,secondarycloudsarealsoformed,and

contraryto thesimulationwith a singletrough,someof themarenow detectable

by MOLA. Their detectabilityonceagaincomesfrom thefactthatthey aremade

of largerparticlesthanin thesingletroughsimulations.Thesecloudsalsoseem

to bedirectly relatedto theunderlyingrelief, not to trappedresonantwaves.

The horizontalextensionof the wave inducedcloudsand the radiusof the ice

particlesdependon the topographyamplitudevariation. For instance,the cloud

abovethetroughat
% � d;� L km is moreextendedandmadeof largerparticlesthan

theoneabove
% �ª� � L km, becausethetroughat

% � d!� L km is largeranddeeper

thanat
% �õ� � L km. Furthermore,no large low level cloudsareformedbetween

thesetwo points,becausethetopographyvariationarenotverypronounced.This

resultplus the fact that thereis no preferentialhorizontalwavelengthin Fig. 8,

witnessagain that the successionof the cloudsresultsfrom the successionof

troughsandridgesratherthanfrom thepresenceof trappedleewaves.

4.2.2 Lar ge-scaleupslopeair motion

Figure9

Fig. 9 comparesthe MOLA observations(upperpanels)for Pass222, with the

simulatedcloudsandechoesafter four hoursof integration(lower panels).The
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large-scaleupslopeair motioninducesa large-scaleadiabaticcoolingandcreates

a largeamountof CO� ice. Nevertheless,this large-scaleCO� cloudis modulated

by small-scalecooling andwarmingareasdueto the smallerscaletopographic

variations.After 4 hoursof integration,a goodagreementbetweenthesimulated

echoesandtheobservedoneis obtained.Like in theflat case,themostextended

clouds,which arecomposedof the largestice particles,arelocatedimmediately

aboveanddownstreamthedeepesttroughs(seefor instanceat latitude=83¿ onthe

lower right handpictureonFig. 9).

Figure10

Lar ge-scaledownslope air motion Fig. 10 comparesthe MOLA observa-

tions (upperpanel)for Pass207,with thesimulatedcloudsandechoesafterfive

hoursof integration(lowerpanel).Thelarge-scaleadiabaticwarminginducedby

the downslopeair motion preventsthe formationof ice particlesat low altitude.

In this case,andfor
% Ô d L�L km, the ice particleswhich areformedmorethan

3km above thesurfacesublimatebeforethey reachtheground.Simulatedcloud

echoesalsocompareverywell with theobservedones:nocloudechoes(or just a

few echoes)arefoundbetweenthesurfaceand3-4kmabove; theverticalexten-

sionandtheslope(between10 and20¿ ) of thecloudechoesarerelatively similar

to theobservedones.Noteaswell that thesimulatedcloudechoesaregenerally
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tilted againstthewind direction,asin thesingletroughsimulations.Nevertheless,

in someplaces,like for instanceat
% � ½ L�L km, somecloudslook tilted in the

otherdirection,but thosecloudsremainundetectableby MOLA.

Sensitivity to modelparameters Theinfluenceof thedifferentbackgroundand

microphysicalparametersonourfindingshavebeensystematicallytested.In near

all the cases,the modelpredictscloud echoesrelatively similar to the observed

ones. Nevertheless,for NHà W Ö t d L Þ kg � � , cloudsarenot detectable,like in the

isolatedtroughcasein Section4.1. Furthermore,we confirmthat theoccurrence

of a wind gradientabove 10 km andthealtitudeof thethermalinversionhave no

significantinfluenceon theobtainedcloudechofeatures,againlike in thesingle

troughsimulationsof Section4.1. Themaximumaltitudeof cloudformationde-

pendson thealtitudeof thermalinversion,but for a realisticice particlenumber

mixing ratio (NHà W Ö t d L ß kg � � ), themaximumaltitudeof thecloudechoesdoes

notdependonit: it is alwaysnear15kmabovethesurface.For completeness,note

aswell thatfor thethreepassesconsidered,thebestagreementbetweenthesimu-

latedcloudechoesandtheobservedonesis obtainedfor thefastgrowth scenario,

NHà W Öö¥ d i � P d L Ý kg � � , andwith U
�
=10m.s� � .
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5 Discussionand conclusion

Observationswith theMarsOrbiterLaserAltimeterexperimenthaverevealedthe

presenceof CO� ice cloudsin thepolarnight. Most of theobservedcloudsshow

characteristicssuggestingthatthey aretriggeredby verticallypropagatinggravity

waves.Theapparenthorizontalperiodicityof thecloudechoesevensuggeststhat

trappedlee wavesstructurethem. To addresstheseissues,we have developed

a mountainwave CO� -ice cloudcoupledmodelin orderto simulatewave cloud

formationin theMartianpolarnight.

The simulationsshow that CO� ice particlescannucleateat any altitudes,from

thesurfaceup to thealtitudeof thepolarnight thermalinversion,whentheatmo-

sphereis closeto thefrostpoint. Nucleationindeedrequiresnegativetemperature

perturbations,thatarealwaysinducedby thetopographictroughsandwindsatthe

ground,characteristicsof theMartiannorthernpolarcap. For a 10m.s� � surface

wind (which is atypicalvalueaccordingto theLMD GCM data),iceparticlescan

nucleatebelow 10 km for critical nucleationsupersaturations¬ z ?À =10%or 35%,

andfor any characteristicpolarcaptopographicprofile. In this condition,a main

extendedcloud is formedbetweenthe surfaceup to altitudesashigh as8-10km

aboveany trough,characteristicof thepolarcaporography.

In ourmodel,theapparentlyperiodiccloudfeaturesarenot theconsequenceof an

uniqueatmosphericresonantgravity wave,but of successive gravity waves,each
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generatedby successiveindividualtroughs.First,andalthoughresonancecantake

placein theabsenceof CO� condensationin thecaseof a wind profile with high

altitudegradient(U � ), theresonancethatcanoccurin thatcasetakesa long time

to take placeandis not really efficient. Second,the supersaturationreachesthe

critical valuefor thenucleationquite rapidly above thefirst trough. Oncenucle-

ationoccurs,thereleaseof CO� condensationlatentheatattenuatesthebuoyancy

forceanddampsthewave perturbations.This secondeffect stronglyinhibits the

emergenceof resonanttrappedmodes.

The choiceof the temperatureprofile (T
�
, T � or T � ) hasno consequenceon the

wave dynamicsat low altitude(below 15 km). However, it is essentialfor cloud

formationat higheraltitudes.Themaximumcloudformationaltitudeindeedcor-

respondsto the thermalinversionaltitude,but above 15 km, the cloudsremain

undetectableby theMOLA experiment.This follows theassumptionthat theice

particlenumberdensitydecreaseswith altitude,astheair densitydecreases.De-

pendingontheassumedparticlegrowth rate(fastor growth), it alsoexistsa lower

limit for the detectionof low level clouds. For � Hà W Ö¦÷ d L Þ i d L Ý kg � � , which

correspondto numberdensities� ìHµà W Ö �*� P � » d L � im� P � » d L ï m � � nearthesurface,

evenlow level extendedcloudscannotbedetectedby MOLA.

Simulationswith realistictopographyprofilesshow that thepolarcaporography

inducesbothsmall-scaleandlarge-scaledynamicalcoolingandwarming.On the

onehand,whenthewind is directedupslopeof thepolarcap(Pass222,Fig. 9),
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air condensesglobally. A large-scalecloud is thencreated,but it is modulated

by smaller-scalewave motions. In this case,nevertheless,the large scalecloud

makesthata largeamountof iceparticlesprecipitatesto theground.On theother

hand,whenthe wind blows downslope,air is globally warmed. Small-scaleto-

pographyvariationsgeneratesmall coolingareas,andthenucleationof CO� ice

particlesoccursataltitudeshigherthan3-5km abovethesurface.In thiscase,the

large-scaledownslopewarmingsublimatemostof the ice particlesbeforethey

reachtheground,andthe slopingcloudsarefoundbetween5 and10 km above

thesurface.

Whatever topographyprofilesandpassesareconsidered,optically thick CO� ice

cloudswith large vertical extensionareobtainedin our model. They aregener-

ally tilted againstthebackgroundwind direction.Their slopecorrespondsalmost

to that inducedby upward freely propagatinggravity waves. Gravity wavesin-

ducedby a topographyvariation(troughor ridge) firstly propagateupward and

make cooling andwarmingareastilted againstthe wind direction. As the CO�
condensationandsublimationstronglydampthe wave disturbance,a single to-

pographyvariationmainly actsin producingfew condensationareasbetweenthe

surfaceandthealtitudeof thepolarthermalinversion.As in thecasewith asingle

trough,resonanttrappedlee wavesdo not seemto play an importantrole. The

locationandthesizeof thecloudsaremainly dependenton topographyprofiles.

On theotherhand,theslopeof cloudechoesmainly dependson themicrophysi-
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calparametersandthelow altitudewind amplitude.Thecomparisonbetweenthe

simulatedcloudechofeatureswith theMOLA echofeatures(Passes207,260and

222)give bestagreementsfor the fastgrowth scenario,NHà W Öø¥ d i � P d L Ý kg � � ,
andU(0)=10m/s.

Accordingtoourmodel,weconcludethattheobservedcloudsarequasi-stationary

cloudsmadeof moving ice particles( `¯Ì/à 2 � � Lùi d L�L Á m) thatgrow andsubli-

matesuccessively by crossingcoolingandwarmingareainducedby thesucces-

sionof polarcaptroughs.Thenucleationof ice particlesoccursin theupstream

sideof theclouds,andonly aportionof theiceparticlesprecipitatesto theground.

The releaseandabsorptionof latentheatdampthe wavesperturbationandpre-

vent resonanttrappedwave modeto take place. The apparentperiodicity of the

observed cloudsis linked to the periodicity of the north polar captroughs. The

particularstructureof polarnightatmosphereis responsibleof thecloudslopeand

theirhighverticalextension.Theslopeof thecloudechoesis largely independent

of the topographybut doesdependsignificantlyon the microphysicalprocesses

andparameters.Theslopeof echoesis relatedto theslopeof theclouds,but does

not correspondnecessarilywith the top of theclouds.Thecloudshapeis linked

to thewave pattern,sothatthecloudsaregenerallytilted againstthebackground

wind direction.
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Tablecaptions

Table I Numbermixing ratio of aerosolparticles(per air massunit) available

for nucleationfor differentvisibleopticaldepths.

Table II Characteristicsof thecloudobtainedabovea2D-isolatedtrough( k �L P � km,   ��¡ km) after4 hoursof integration,assumingthefastgrowth scenario

(seesection3.1),with aconstantwind
= �

(5 or 10m.s� � ) profileandCO� conden-

sationtemperatureprofile ( [ � ). Theiceparticlenumbermixing ratioNHà W Ö (kg � � )
andthe critical nucleationsupersaturation� ¬ z &À arefixedat the beginningof the

simulation.TheMOLA detectabilityof thesimulatedcloudis indicatedby a tick.`¯Ì�à 2 is the maximalvalueof the meanice particleradius, ë &À¹® z � is the slopeof

thecloudechoes,and D 3 &À¹® z � is their verticalextension,i.e. thedistancebetween

their baseandtheir top. Thecloudsaredetectableonly for NHà W Ö Ô d L Þ kg � � . For

s¬ z &À � ¸ � ¾ andU
�
=5m.s� � , thesupersaturationis nothighenoughfor nucleation

to occur.

Table III SameasTable2 but assumingtheslow growth scenario(seesection

3.1).
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Â , opticaldepth N à4È W ® # � 0 � '
0.01 5.10Ý

(clearatmosphere)
0.1 5.10ß
1. 5.10ð

(dustyatmosphere)

Table1: (I )
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NHà W ÖI# � 0 � ' 1e5 1e5 1e6 1e6 1e7 1e7 1e8
s¬ z ?À 10% 35% 10% 35% 10% 35% 10%

MOLA Detectability(U
�
=5m/s) - - Ú - Ú - Ú

MOLA Detectability(U
�
=10m/s) - - Ú Ú Ú Ú Ú

RÌ/à 2 ( Á m) (U
�
=5m/s) 130 - 90 - 62 - 29

RÌ/à 2 ( Á m) (U
�
=10m/s) 185 180 112 115 64 62 30ë ?ÀÇ® z � (U

�
=5m/s) - - 4¿ - 6¿ -

¥
0 ¿ë ?ÀÇ® z � (U

�
=10m/s) - - 7¿ 8.5¿ 12¿ 9.5¿ ¥

0 ¿D 3 &À¹® z � (km) (U
�
=5m/s) - - 1 - 4 - 7D 3 &À¹® z � (km) (U
�
=10m/s) - - 4.5 4.5 9 10 11

Table2: (II )
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NHµà W Ö�# � 0 � ' 5e6 5e6 5e7 5e7 5e8 5e8 5e9
s¬ z &À 10% 35% 10% 35% 10% 35% 10%

MOLA Detectability(U
�
=5m/s) - - Ú - Ú - Ú

MOLA Detectability(U
�
=10m/s) - - Ú Ú Ú Ú Ú

RÌ�à 2 ( Á m) (U
�
=5m/s) 28 - 23 - 11 - 6.5

RÌ�à 2 ( Á m) (U
�
=10m/s) 29 - 22 21 12 11 6ë &ÀÇ® z � (U

�
=5m/s) - - 5¿ - 2¿ -

¥ L ¿ë &ÀÇ® z � (U
�
=10m/s) - - 5¿ 5¿ ¥ L ¿ 4¿ ¥ L ¿D 3 &À¹® z � (km) (U

�
=5m/s) - - 2.5 - 4 - 6.5D 3 &À¹® z � (km) (U
�
=10m/s) - - 5 6 6 15 20

Table3: (III )
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Figurecaptions

Fig. 1 Backgroundprofiles(
= #1>�'

and [ #?>@' ) usedfor the simulationsandthe

correspondingScorerparameterprofiles( Ú S(z)).

Fig. 2 Wind (arrows) and temperatureanomalies(shaded)(K) producedby

gravity wavesgeneratedby aGaussiantroughaftert=4hoursin anon-condensing

atmosphere.TheGaussiantroughparametersare k �*L P � km and   �*¡ km. The

CO� condensationis neglected. Left panel(a): backgroundflow
= #1>@' � = �

,[ #?>@' �ú[ � , scalefor the wind : c Ì/à 2 � d ¡ m.s� � (maximumhorizontalwind),gûÌ�à 2 � d P ¡ m.s� � (maximumvertical wind). Right panel(b): backgroundflow= #?>@' � = � , [ #1>@' �	[ � , scalefor thewind : c Ì�à 2 �*��¡ m.s� � , gûÌ/à 2 � ¸·P � m.s� � .
Fig. 3 SameasFig. 2but with averysimpleCO� condensationparameterization

( [ Ô [ &® ¬�� ) (seeSection2.4). Left panel(a): backgroundflow
= #?>@' � = �

,[ #?>@' �	[ � , scalefor thewind : c Ì/à 2 � d ¸ m.s� � , gûÌ/à 2 � d m.s� � .Rightpanel(b):

backgroundflow
= #1>@' � = � , [ #?>@' �ü[ � , scalefor thewind : c Ì�à 2 ��� ½ m.s� � ,gûÌ�à 2 � d PÙ¸ m.s� � .

Fig. 4 Schematicdrawing describingthewave cloudformation. Dustor water

ice particles(dark grey circle) transportedby wind crossthe stationarygravity

wave features. When an aerosolparticle comesinto the nucleationarea( � �
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� ¬ z ?À ), it nucleatesandgrow aslong asit staysin thecondensationarea( � � L ).
The more it grows, the more it falls. Onceoutsidethe condensationarea,the

particlestartssublimating.If it sublimatesmorequickly thanit falls, it doesnot

precipitateto thegroundandcompletelysublimatesin theatmosphere.

Fig. 5 SameasFig. 2 andFig. 3 but with amorerealisticmicrophysicalparam-

eterization: fastgrowth scenario,� Hà W Ö � d L Ý kg � � , � ¬ z &À � d L %. TheGaussian

troughparametersareH=0.5kmandL=7km. Left panel(a) : backgroundflow= #?>@' � = �
, [ #1>�' �ý[ � , scalefor thewind : c Ì/à 2 � d ½ m.s� � , gûÌ/à 2 � d m.s� � .

Right panel(b): backgroundflow
= #1>@' � = � , [ #?>@' �ú[ � , scalefor the wind :c Ì/à 2 �ó� ½^P � m.s� � , gûÌ�à 2 � d PÇ½ m.s� � .

Fig. 6 Differentstagesof thewave cloud formation. This simulationwasper-

formedwith aconstantwind profile
= � � d L m.s� � andthe [ � temperatureprofile,

for � Hà W Ö � d L Ý kg � � , � ¬ z &À � d L %, andfor the fastgrowth scenario.Shaded

contoursrepresentCO� iceparticleradius( Á m). Contourplotsrepresentsupersat-

urationandsubsaturation(planeanddashedline). Blackcrossesarethesimulated

cloudMOLA echoes.Thewind blowsfrom theleft to theright.

Fig. 7 SameasFig. 6 with � ¬ z &À � ¸ � %.
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Fig. 8 ComparisonbetweenMOLA observations(Pass260,PettengillandFord

2000)(top)andwave cloudsimulation(bottom)performedwith a largescaleflat

topographyfor the following backgroundconditions:
= � � d L m.s� � , [ý��[ ?® ¬��

( [ � ), andmicrophysicalparameters:� Hà W Ö � d L Ý kg � � , � ¬ z &À � d L %, fastgrowth,

after 2 hoursof integration. ShadedcontoursrepresentCO� ice particle radius

( Á m). The black crossesarethe simulatedcloud echoes.The wind blows from

theleft to theright.

Fig. 9 ComparisonbetweenMOLA observation(Pass222,Ivanov 2000)(top)

andwave cloudsimulation(bottom)performedwith a largescaleupslopetopog-

raphyfor the following backgroundconditions:
= � � d L m.s� � , [î��[ &® ¬�� , and

microphysicalparameters:� Hà W Ö � � P d L Ý kg � � , � ¬ z &À � ¸ � %, fastgrowth, after4

hoursof integration. The topographyprofile is taken from Pass425,which was

not obscuredby cloudsandliesadjacentto thetrack222.Shadedcontoursrepre-

sentCO� iceparticleradiusÅ Hà W Ö ( Á m). Theblackcrossesarethesimulatedcloud

echoes.The right panelsshow a fine detail of the left panels. The wind blows

from theleft to theright.

Fig. 10 ComparisonbetweenMOLA observations(Pass207, Pettengilland

Ford2000)(top)andwavecloudsimulation(bottom)performedwith a largescale

downslopetopographyfor thefollowing backgroundconditions:
= � � d L m.s� � ,
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[M�	[ &® ¬6� , andmicrophysicalparameters:� Hà W Ö � � P d L Ý kg � � , � ¬ z ?À � d L %, fast

growth, after5 hoursof integration. ShadedcontoursrepresentCO� ice particle

radius( Á m). Theblackcrossesarethesimulatedcloudechoes.Thewind blows

from theleft to theright.
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(a) (b) (c)

Figure1:
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(a) (b)
Temperatureanomaly(K) Temperatureanomaly(K)

Figure2:
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(a) (b)
Temperatureanomaly(K) Temperatureanomaly(K)

Figure3:
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(a) (b)
Temperatureanomaly(K) Temperatureanomaly(K)

Figure5:
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(a) after 50 minutes (b) after 100 minutes

(c) after 150 minutes (d) after 200 minutes

Figure6:
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(a) after 50 minutes (b) after 100 minutes

(c) after 150 minutes (d) after 200 minutes

Figure7:
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Figure8:
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