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Abstract

This is the DetailedDesignDocumentfor version3.0 of the Mars Climate
Database(MCD) andreplacesprevious versionswhich describedversion1.0,
2.0and2.3.Version3.0of theMCD incorporatesseveralimprovements,outlined
in this document.This documentreproducesandupdatesmaterialfrom Collins
andLewis (1997b),whereit is still relevant,aswell asaddingsectionson the
new features.TheMCD UserManual(Lewis et al., 2001a)shouldbeconsulted
for moreinformationon how to compileandusethesoftwaresuppliedwith the
databaseto accessthedata.
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1 Intr oduction

The Mars ClimateDatabase(MCD) is a databaseof atmosphericstatisticscompiled
from state-of-the-artGeneralCirculationModel (GCM) simulationsof the Martian
atmosphere.Themodelsusedto compilethestatisticshavebeenextensively validated
usingavailableobservationaldataandrepresentthecurrentbestknowledgeof thestate
of theMartianatmospheregiventheobservationsandthephysicallawswhich govern
theatmosphericcirculationandsurfaceconditionson theplanet.

This documentprovides the userof the MCD with a detaileddescriptionof the
databasestructureandof theaccesssoftware.Descriptionsof themodelsandof the
validationprocedureareavailablein otherdocumentsrelatingto theproject.

TheMCD canalsobeaccessedin a varietyof dataformatsusingtheWorld Wide
Webathttp://www.lmd.jussieu.fr/mars.html.

2 Differ encesBetweenVersion 3.0and PreviousVersionsof
the MCD� Themaindifferencesbetweenversion3.0 and2.3 arerelatedto the contentof
thedatabasefiles asa resultin particularof improvementsmadein themodels
usedto compilethedatabase:

1. Themodelsandthederiveddatabasecoveragreaterrangeof altitude,from
0 to 120km, with 32 layersin thevertical.

2. The modelsuseimproved surfacepropertiesdatafrom the Mars Global
Surveyor spacecraft,includingtheaccuratetopographyfrom theMarsOb-
server LaserAltimeter andthenew thermalinertiamapfrom theThermal
EmissionSpectrometer.

3. The databaseincludesa morerealisticdustscenarioto describethe dis-
tribution of airbornedustin theatmospherebasedon recentobservations
from MarsGlobalSurveyor.

4. The databasenow includessolarandthermalinfraredradiative fluxesat
thesurfaceandat thetopof theatmosphere.

5. Thehorizontalresolutionof thedatabasehaschangedto
���������

.� Themaindifferencebetweenversion2.3and2.0wastheuseof themainsubrou-
tine ATMEMCD which computesmeteorologicalvariablesfrom MarsClimate
Database(MCD). This new subroutinehasbeenespeciallydesignedfor atmo-
spherictrajectorycomputation,andis usefulfor otherpurposes.� The principal differencebetweenversion2.0 and 1.0 of the MCD was that
thelarge-scalevariability modelnow makesuseof two-dimensional,multivari-
ateEmpiricalOrthogonalFunctions(EOFs),which describecorrelationsin the
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modelvariability asa functionof bothheightandlongitude(ratherthansolely
of heightasin version1.0). Thesearedescribedin theDetailedDesignDocu-
mentwhich accompaniesthis report. The 2-D EOFsallow realisticvariability
to bemodelledfor trajectorieswhich spana rangeof longitudes.As in version
1.0,EOFsarestoredfor a rangeof latitudebands,but insteadof retaining6 1-D
EOFsat eachhorizontallocationfor eachof 12 seasons,now 722-D EOFsare
storedfor eachlatitudebandandtheir amplitudeis modelledby a setof princi-
pal componentstabulatedonceperday(669times)throughoutthemodelMars
year. This procedureis no morecostly to the end-userin termsof eitherdisk
storageor CPU time, but givesa muchimproveddescriptionof thevariability
asa functionof bothspaceandtimeanda largervariancecapture.

Therehave alsobeennumeroussmall improvementsanderror correctionsto the
climatedatabaseaccesssoftwaresinceversion1.0 wasreleased,which arenow all
incorporatedinto version3.0.

3 DatabaseStructur e

3.1 The Data Retrieval and Storage(DRS) System

Thedatain theMCD arewritten usingtheDataRetrieval andStorage(DRS) library
developedfor theProgramfor (Terrestrial)ClimateModelDiagnosisandIntercompar-
ison(PCMDI). Thelibrary, availablefrom theLawrenceLivermoreNationalLabora-
toryWorldWideWebserver(http://www-pcmdi.llnl.gov/drach/DRS.html)
is providedonCDROM#1alongwith thedatabase.

DRS wasdevelopedas part of the AtmosphericModel IntercomparisonProject
(AMIP) to facilitatethe transferof databetweenplatformswhich mayhave different
representationsof floatingpoint numbers.It alsohasa numberof featuresto enable
easyupdatingof modelhistoryfilesbothin termsof temporalextensionandin thead-
dition of new diagnosticvariables.It canbereadby many datahandlingandgraphical
packagessuchasGrADS.

Oneof theadvantagesof theDRSdataformatwhichhasbeenusedfor thedatabase
is thattheactualbyteorderingof thedata(oftencalled“big endian”)is independentof
the typeof machinethat is usedto readandwrite thedata,provided theDRSlibrary
routinesareused.Hencethebinarydatabasefilesareportableandcanbereadonany
type of machinewith programswhich makeuseof DRS subroutines.Whenaccess-
ing the DRSfiles usingGrADS from a “big endian”machine(suchasa Sunor HP)
thisalsopresentsnoproblem.However, if GrADS is runon a “little endian”machine
(suchasa DEC or IBM PC) it is still straightforwardto readthe databasefiles ow-
ing to thepresenceof a record,options big endian, neartheheadof the.ctl
file correspondingto the.dat file which is beingread. This recordcausesGrADS
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Figure1: Thedatabasehorizontalgrid of 72 longitudeand36 latitudepoints.

to swapthe byte orderif the dataarereadon a “little endian”machinebut is effec-
tively ignoredon a “big endian”machine.Hence,the binary datafiles for the Mars
ClimateDatabaseareportablebetweenany typeof computer, whatever thedetailsof
byteordering,providedthatoneof thethreeaccessmethods(theMCDGM interface,
programsubroutinescallingtheDRSlibrary, or GrADSwith the.ctl filessupplied)
describedin theUserManualis adopted.Filesendingin .dat canbetransferredbe-
tweenmachinesin binaryformatandfilesendingin .ctl canbetransferredasplain
text; no furtherconversionis necessary.

3.2 DatabaseGrid Structur e

3.2.1 Horizontal Structure

Variablesin thedatabase1 arewritten on anequallyspacedhorizontalgrid of 72 lon-
gitudepointsnumberedfrom 0

�
to 355.

�
Eastin stepsof

���
and36 latitudepoints

numberedfrom -87.5
�

to 87.5
�

in stepsof 5
�

(latitudesSouthof theequatorareindi-
catedby negativenumbers).SeeFigures1 and2.

1The generalcirculationmodelsusedto compilethedatabasewererun with a higherresolutionof�� �����������������
(grid 96

�
48). For simplicity andto reducethesizeof thedatabase,thedataarestoredon� � ��� �

grid.
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Figure2: “Satellite” view (above latitude60N) of the databasegrid illustrating the
higherdensitytowardthepoles

3.2.2 Vertical Structure

Thedatabaseverticalcoordinateis definedas��� ���� (1)

where� is theatmosphericpressureand ��� is thesurfacepressure.Thus � is 1 at the
surface,0 at infinite heightandthe � levels follow the modelorography. Thesigma
levelsarearrangedasin Table1 andillustratedin Figure3.
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Layer � ApproximateHeight for mean pseudo-heightin name a.ctl files
Marsatmospheretemperatures (basedon  "!�#%$'&�( �*) )

1 0.999500 5 m 5.00m
2 0.998001 20m 20.0m
3 0.995013 50m 50.0m
4 0.989086 115m 109.7m
5 0.977443 240m 228.15m
6 0.955004 490m 460.40m
7 0.913289 980m 907.03m
8 0.840606 1.8km 1.736km
9 0.726845 3.4km 3.190km
10 0.574642 7 km 5.540km
11 0.407472 9.6km 8.978km
12 0.258882 14.2km 13.51km
13 0.150070 19.5km 18.97km
14 0.081573 25km 25.06km
15 0.042627 31km 31.55km
16 0.021789 37km 38.26km
17 0.011008 43km 45.09km
18 5.5281210+-, 48km 51.98km
19 2.7676410+-, 54km 58.90km
20 1.3834910+-, 60km 65.83km
21 6.9104210+-. 65km 72.77km
22 3.4503810+-. 71km 79.72km
23 1.7224510+-. 77km 86.67km
24 8.5977310+�/ 82km 93.61km
25 4.2914210+�/ 87km 100.56km
26 2.1419410+�/ 92km 107.51km
27 1.0690710+�/ 97km 114.46km
28 5.3359010+-0 101km 121.41km
29 2.6632010+-0 106km 128.36km
30 1.3292010+-0 110km 135.31km
31 6.6340010+�1 114km 142.26km
32 2.2090010+�1 120km 153.26km

Table1: Database� levelsandapproximateheightsabove thelocal surface.Notethat
thepseudo-heightis basedona 10kmscaleheightandis particularlyinaccuratein the
upperatmosphereabove80km becauseof thelow temperaturesandsmallscaleheight
there.
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Database Sigma Levels (over smoothed orography at 1202 oW)
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Figure3: The database� levels modulatedby the orographyat 1209 W. The height
shown herewereobtainedfrom thehydrostaticequationassuminga constantaverage
temperatureprofile.

3.2.3 Temporal Structure

Data are storedin the database12 times per Martian day using universaltime (or
“prime meridiantime” : local time at 0

�
longitude), not local time. At databasetime

level 1 the universaltime is 12pm= 0am(given that the Martian day is 24 “hours”
long). Henceat 90

�
longitudethe local time is 6am,at 180

�
it is 12ametc. At time

level 2 thelocal timeat0
�

is 2am,etc..All timesareTrueSolarTimes,notMeanSolar
Time.

Databasetime level (iut = 1,2,... 12) canbecomputedfrom local time (0...24.)
andEastlongitude(deg) usingthefollowing FORTRAN command:

iut=mod(nint(-longitude/30.+localtime/2.+12.),12)+1
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3.3 DatabaseFile Structur e

3.3.1 DocumentationFiles

In thedocs directory, thefollowing documentationFilesareavailable:� UserManual(user manual.ps or .pdf ) of thedatabaseV3.0� DetailedDesignDocument(detailed design.ps or.pdf) of thedatabase
V3.0� Programmer’sguidefor theatmemcd FORTRAN subroutine( program guide.ps,
.pdf or .doc)� Postscriptor pdf versionsof thescientificreferencearticlesLewis et al. (1999)
and Forget et al. (1999) describingthe Mars climate databaseV1.0 and the
GeneralCirculationmodelsusedto compileit arealsoprovided.

3.3.2 Software Files� emcd This containsFORTRAN sourcecodefor the ATMEMCD subroutine,
the MCDGM interfaceand a test program(seeReadMe file in the directory
andthe UserManualandProgrammingGuide)Also includedis sub-directory
testcase containinga simpletool to testthe resultsfrom the softwareafter
installation.� drs ThiscontainstheDRSlibrary (with somedocumentation)usedto readthe
databasefiles.� grads SomesampleGrADS scriptswhich plot MCD data(seeLewis et al.,
2001a).Descriptionsof thescriptsaregivenin theUserManual.

Thefilesprovidedinclude:

anim_tsurf.gs map_windt.gs section_lat.gs zonal_tuv.gs
map_ps.gs profile.gs zonal_sdtuv.gs

3.3.3 Data Files

TheMCD dataarestoredin variousfiles in a centraldatadirectorymcd/data.

Thefile namingconventionis asfollows:� The first 3 charactersdenotethe dustscenario.The variousscenariosareex-
plainedin anappendixto thisdocument.
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– mgs indicatesMarsGlobalSurveyor scenariodata(mostrealistic)

– ds2 indicatesaduststormwith opticaldepth2.

– ds5 indicatesaduststormwith opticaldepth5.

– low indicateslow dustdata.

– vik indicatesViking scenariodata(relatively dusty)� The next 3 charactersindicatethe seasonnumber. The northernhemisphere
springequinoxis at :<; � # � , with northernsummersolsticeat :<; �>= # � ,
autumnequinoxat :?; � !�@�# � andwintersolsticeat :?; �BA�C # � .

– s01 is season1, :?; � # �  EDF# � .
– s02 is season2, :?; � D�# �  EG�# � .
– s03 is season3, :?; � G�# �  = # � .
– s04 is season4, :?; �B= # �  H! A # � .
– s05 is season5, : ; � ! A # �  I! � # � .
– s06 is season6, :?; � ! � # �  I!�@�# � .
– s07 is season7, :?; � !�@F# �  A !�# � .
– s08 is season8, :?; �BA !# �  AKJ # � .
– s09 is season9, :?; �BAKJ # �  A�C # � .
– s10 is season10, :<; �BAFC # �  LD�#�# � .
– s11 is season11, :<; � DF#�# �  LD�D�# � .
– s12 is season12, :<; � DFD�# �  LD�G�# � .
– all indicatesthatthefile containsdatafor thewholeyear, e.g.theEmpir-

ical OrthogonalFunction(EOF)datafor thelarge-scalevariability model.� Thenext 2 charactersindicatethetypeof datain thefile.

– me indicatesmeandata.

– sd indicatesstandarddeviationdata.

– eo indicatesEOFdata.� Thelast4 characters(thefilenameextension)indicatethetypeof file.

– .dat is aDRSdatafile.

– .dic is aDRSdictionaryfile.

– .ctl is aGrADS descriptorfile in �M� ��N�� � coordinate

– a.ctl is a GrADSdescriptorfile in pseudo-altitudeO �  "!#%$'&*( ��N�� � )
Hencethefile mcd/data/viks04me.dat containsmeandatafor theViking dust
scenariofor season4.
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Meanvariable symbol units 2-D or 3-D
COP icecover co2ice kg m+ P 2-D
Surfaceemissivity emis none 2-D
Surfacetemperature tsurf K 2-D
Surfacepressure ps Pa 2-D
LW (thermalIR) radiativeflux to surface fluxsurf lw W m+ P 2-D
SW (solar)radiativeflux to surface fluxsurf sw W m+ P 2-D
LW (thermalIR) radiativeflux to space fluxtop lw W m+ P 2-D
SW (solar)radiativeflux to space fluxtop sw W m+ P 2-D
Atmospherictemperature t K 3-D
Zonal(East-West)wind u m s+RQ 3-D
Meridional(North-South)wind v m s+RQ 3-D
Atmosphericdensity rho kg m+-, 3-D
Boundarylayereddykineticenergy q2 mP s+ P 3-D

Table2: Variablesstoredin databasemeandatafiles.

Standarddeviation symbol units 2-D or 3-D
COP icecover sdco2ice kg m+ P 2-D
Surfaceemissivity sdemis none 2-D
Surfacetemperature sdtsurf K 2-D
Surfacepressure sdps Pa 2-D
Atmospherictemperature sdt K 3-D
Zonal(East-West)wind sdu m s+RQ 3-D
Meridional(North-South)wind sdv m s+RQ 3-D
Atmosphericdensity sdrho kg m+-, 3-D

Table3: Variablesstoredin databasestandarddeviationdatafiles.
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Meandatafiles (me) contain12 seasonalmeanvalues(correspondingto 12 Solar
timesof day)for thevariablesshown in Table2 andstandarddeviationdatafiles (sd)
containseasonalstandarddeviationvaluesof thevariablesin Table3.

EOFdatafiles(eo) containnormalized,multi-dimensionalEOFsof density, zonal
wind, meridionalwind, temperatureandsurfacepressureaswell assomenormaliza-
tion factors,eigenvaluesand principal componentmodel coefficients. It is recom-
mendedthatyouusethesoftwaresuppliedto accessandexploit thedatain thesefiles.

In additiontherearethreefiles,mountain.ctl, mountain.dat andmoun-
tain.dic which containmapsof the topographicheighton Mars,smoothedto the
resolutionatwhichit is usedby themodel,andsub-gridscalestandarddeviationof the
topographicheight(usefulfor computinggravity waveperturbations).A finaldatafile,
cospar.dat, containsthe COSPAR referenceatmosphericprofile, usedfor some
outputfrom theMCDGM interface(seeFigure10).

4 Dust Distrib ution Scenariosin the MCD

This sectionoutlinesthe dust distribution scenariosusedfor the GCM integrations
which makeup the Mars ClimateDatabase.For the detailedrationalebehindthese
choices(except for the MGS scenariodeveloppedmore recently)summariesof ob-
servationalevidenceandmore referencesseeForget et al. (1999)andLewis et al.
(1999).

4.1 Dust vertical distrib ution analytical function

For all thescenarios,thevertical distributionof dustwascalculatedaccordingto the
formula, SSUT �WV�XZY�[ #-\]#�# C^[ !� E_a` Xcbed � T�Mfhg 1 Tji�kmlonqp�rts�uwv !�xzy{y (2)

with � thepressure,� T a standardpressure(700Pa),
S

and
SUT

thedustmixing ratioat
thepressurelevels � and � T , and O k%|j} thealtitudeof thetop of thedustlayer(where
thedustmixing ratio is onethousandthof its valueat � T ). This formulagivesa rapid
decayupto theheightof thetopof thedustlayerandalmosthomogeneousdustmixing
in thelowerregionsof theatmosphere.Thefunctionis illustratedfor severaldifferent
valuesof O k%|j} in Figure7.

In fact,Equation2 wasdevelopedfrom aslightly simplerform in commonusefor
Marsmodelling,namely, SS~T ��V�X-Y d��Md !� d � T�^f?f<f (3)
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Figure4: A typical temperatureprofileobservedby radio-occultation(thick solid line,
february1998, : � �BA�C !9 , !�!�\ C 9 S-! ��� 9 E, local time : 4:30)comparedto temperature
profilespredictedby the databaseat the sametime and location. Profilesfrom the
“MGS” scenarioareusuallyverycloseto theMGSobservations,whereasthe“Viking”
and“low dust” scenariosyield warmerandcoldertemperaturesprofilesin the lower
atmosphere,respectively.

where � is now a parameterwhich determinesthedustcut-off. This function is illus-
tratedin Figure8. Equation3 matchesEquation2 when O k%|�} ��C # km and � � #-\]#F# C ,
which wereroughlytheconditionsunderwhich Equation3 wasderivedto modelthe
distribution of dustat the time of the IRIS observationsfrom Mariner9. Thereason
for modifying the formulato theform in Equation2 wasthat it givesmuchmorede-
sirablepropertiesin termsof thetotaldustcontainedbelow thecut-off threshold(with
a broaderregion of homogeneity)andtheverticalgradientof thedustis not sosteep
nearthe surface,especiallywhenthedustis mostly low in the atmosphere,compare
Figure7 with Figure8 when O k%|j} �BA # km and � � !�\�# . While having thesedesirable
propertiesthe functionstill matchesthe limited availableobservationswhenthedust
is high in theatmosphere.
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Dust scenarios

Baselinemulti-annualmodel integrationswerecarriedout for the databaseundera
total of five scenarios:1) A “best guess”thoughtto representthe moderatelydusty
planetMars asobserved by Mars Global Surveyor (MGS) without the duststorms.
This scenariois recommendedfor thosewho seekONE annualscenarioto represent
Mars meanclimate. 2) a very clearyearwith low dust opacityand3) a relatively
dustyyearmadeby generalizingthe Viking Landerdustopacityobservationsto the
entireplanet,but with the large duststormsremoved. Thesetwo additionalannual
scenariosareprovided to bracketthe possibleglobal conditionson Mars (Figure4)
outsideglobalduststormswhich arethoughtbehighly variablelocally andfrom year
to year. Last,4) a moderateglobal dust storm and5) an intenseglobal dust storm
areprovided only during the periodduring which suchglobal eventsareknown to
occur.

Thedetailsof thescenariosfollow.� mgs This is a new, standardscenariowith dataprovidedfor all twelve seasons
from multiannualexperiments.The dustopticaldepthvariedasa function of
time ( : � ) andlatitude( � ) to matchthetemperatureprofiles(observedby radio
occultationor by invertingthe ThermalEmissionSpectrometerdata)available
in september2000.Thisscenarioisdescribedby3 varyingvaluescorresponding
to (1) thelow latitudeequatorialregion (between459 N and459 S) (2) theSouth
Polarregion ( � J � 9 S) (3) TheNorth Polarregion ( � J � 9 N). TheSouthernand
equatorialregionsareaffectedby the increaseof dustduring perihelion(dust
devils, localduststorms),but not theNorthernregions:

����� (t: � )�� #-\ Ah� (t#-\ �  �#-\ A�) (�������(�(t: �  A � # � ) N A�)j) Q�. (4)� ;*(t: � )�� #-\'! � (t#-\ �  �#-\'! ) (t���K�z(j(t:?�< A � # � ) N A�)j) Q�. (5)��� (t: � )�� #-\'! (6)

Fromthis, hereferenceopticaldepth � (at 700Pa) on any point of theplanetis
theninterpolatedusinganhyperbolictangenttransition:

� (t� v :?� )%� ����� ( ���q�  ����) T�  / (o! ��¡ `�&-¢*(j( J � �  E� ) N !# )j) (£���¤# ) (7)� (t� v :?� )%� ¥§¦�¨�©ª� ( �����  � ; ) T�  / (o! �«¡ `�&-¢*(j( J � � � � ) N !�# )j) (£���¤# ) (8)

where� is thelatitudeand : � theSolarlongitudeof Mars.

Thecut-off of thedustin theverticalalsovariedasa functionof bothtime and
latitude:O k%|j} (£: � v � )�� G�# � !�@�¬^ ¤(tD A�� !@�¬ ) �j'&*(t� ) .  L@�¬a®<��¯q°%(t� ) / (9)
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Figure5: Variationof thereferenceopticaldepth � at 700Pa andthecut-off altitude
of the dustdistribution (seeEq. 2) asa function of season(solar longitude : � ) and
latitudein theMGS scenario.

where ¬ � �j'&*(t: �  �!�G�# � ) . Thespatialandtemporalevolution of � and O k%|j}
arerepresentedonFigure5.� vik The standardViking scenariowith dataprovided for all twelve seasons
from multiannualexperiments. This is the scenarioorginally provided since
DatabaseVersion1.0. It is still providedherefor continuity, andto provide an
”upper limit” scenariofor thedustcontentin the Martianatmosphere(outside
greatduststorms)The total dustoptical depthfor the Viking casevariedasa
functionof time to fit the Viking Landerobservationswith peaksrepresenting
duststormsremoved, � (t:<; )%� #-\ Ch� #-\�D%������(t:<; � @�# � ) (10)

where � is the opticaldepthand :<; the Solar longitudeof Mars. The optical
depthwasuniform in thehorizontalfor theViking baselinerun. However, the
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Figure6: Variationof thereferenceopticaldepth � at 700Pa andthecut-off altitude
of the dustdistribution (seeEq. 2) asa function of season(solar longitude : � ) and
latitudein theViking scenario.

cut-off of thedustin theverticalvariedasa functionof bothtimeandlatitude,O k%|j} (t:?; v � )%�²± G�# � !�@³�j'&*(t:<;´ I! � @ � )  A�A �j'& P �¶µ�·�_ (11)

where � is the latitude. O k%|j} variesbetween78km at the equatorduring the
dustyseasonsand20km at the pole during the clearseasons.The spatialand
temporalevolutionof � and O k%|�} arerepresentedonFigure6.� low Thelow dustscenariowith dataprovidedfor all twelveseasonsfrom mul-
tiannualexperiments.Thelow dustcasewasconductedwith a dustdistribution
which was invariant in latitude, longitudeand time, with an optical depthof�¸� #-\'! andacut-off at O k%|�} � D�# km altitude.� ds2 A duststormwith maximumopticaldepth2. Datafrom theserunsareonly
providedfor theseasonswhenduststormsaremostlikely to occur;seasons8,
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Figure7: The variationof dustmixing ratio with heightfor differentvaluesof O k%|j}
accordingto theformula(Equation2) usedto compiletheMarsClimateDatabase.

9 and10. Thedustopticaldepthwassetto doublethat in theViking scenario,
Equation10,andtheverticalcut-off for thedustwasmodelledasin theViking
scenario,Equation11.� ds5 A duststormwith maximumopticaldepth5. Datafrom theserunsareonly
providedfor theseasonswhenduststormsaremostlikely to occur;seasons8, 9
and10. Thedustopticaldepthwassetto five timesthatin theViking scenario,
Equation10,andtheverticalcut-off for thedustwasmodelledasin theViking
scenario,Equation11.

5 Variability Models

5.1 The Large-ScaleVariability Model

In the MCD, dataarestoredin 12 seasonalbinsandat 12 local timesof day within
eachseason.Although this capturesthe main seasonalanddiurnal componentsof
variability, any intra-seasonalor day-to-day(synoptic)variationsare averagedout.
Thusthereis aneedto simulatethisvariability, especiallyif theuserwishesto produce
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Figure8: Thevariationof dustmixing ratiowith heightaccordingto a formula(Equa-
tion 3)previouslyusedin many MarsGCMs,with the � parameteradjustedtogivedust
cut-offsatdifferentheights.Thisfunctionmatchesthatin Figure7 whenO k%|j} �BC # km
and � � #-\�#�# C .
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anensembleof realizationsof avariableataparticularseasonaldateandlocal timeof
daywhichcoversa realisticrangeof variability.

In version1.0of theMCD large-scalevariability in averticalprofileof ameteoro-
logicalvariable,¹c(tO ) , wasmodelledby addingaseriesof functionsto ameanvertical
profile, ¹c(tO ) , ¹c(tO )ª� ¹º(£O )»� �¼ ½'¾ Q � ½À¿�½ (tO ) (12)

wherethe functions

¿�½ (£O ) are eigenvectorsof the covariancematrix of all the pre-
averagedprofilesgeneratedby the GCM and � ½ arethe amplitudesof the functions.
Theeigenvectors,

¿z½
, areoftencalledEmpiricalOrthogonalFunctions(EOFs)andthe� ½ arereferredto asthePrincipalComponents(PCs)(see,e.g. North, 1984;Mo and

Ghil, 1987). Theset Á ¿z½qÂ form anoptimal linearbasissuchthat thevariancecapture
is highevenwhenthetruncationlimit is low.

5.1.1 Horizontal Correlations

In version1.0 only correlationsin altitudebetweenvariableswereconsideredwhen
calculatingthe covariancematrix. However, in orderto retaincross-correlationsbe-
tweendifferentvariables(zonalwind, meridionalwind, temperature,surfacepressure
anddensity)all werenormalizedandcombinedtogetherto form a setof multivari-
atefunctions.Dif ferentsetsof EOFswerecomputedfor eachof the12 seasonson a
low resolutiongrid (20

�
longitude

�
20
�

latitude)andtheseries(12)wastruncatedatÃ � G to reducethe demandson datastorage.Evenso, typically @�#´ = #�Ä of the
variancewasretainedin theversion1.0variability modelat this level of truncation.

In orderto improve themodelit is desirableto extendthespatialdimensionto in-
cludecorrelationsbetweenvariablesin boththehorizontalandthevertical.Ultimately
it would be desirableto includeall the longitude,latitudeandvertical grid-pointsin
theanalysis.A technicalpoint,however, mustbenotedhere.In computingtheEOFs,
theeigenvaluesandeigenvectorsof an

Ã � Ã
realsymmetricmatrix mustbefound.

The order,
Ã

, of the matrix dependson the numberof variablesandon the number
of spatialpoints.Sincethenumberof calculationsneededto performtheeigenvector
problemincreasesas

Ã , thereis a limit on thevalueof
Ã

thatcanbehandledpracti-
cally. TheestimatedCPUtimeandstoragerequirementsfor calculatingtheeigenvec-
torsof the full problem(evenon the low resolutiongrid with four three-dimensional
andonetwo-dimensionalvariables,for which

Ã � !�@ � = � ( J � A � � ! )%� !G�D�G A )
is prohibitive.

We makethechoice,therefore,to calculateEOFsin thetwo-dimensional,height-
longitudeplanewhich givesamanageablesetof eigenvectorproblems.Thereis some
physicalbasisfor this choice,in thatmuchof thevariability themodelmustaccount
for is in theform of baroclinicwaveswhich, in general,propagateWestto Eastalong
linesof latitude.
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5.1.2 Statistical Stability and PC Modelling

In version1.0of theMCD wecalculatedseparatesetsof thevariability EOFsfor each
of the12seasons.However, dueto therelatively smallnumberof daysin eachseason
(50–70),this canleadto poorestimationof theEOFs.Greaterstatisticalstability can
beachievedby forming the covariancematrix over theentireannualcycle, although
thismeansthatmoreEOFsmustberetainedin theseries(12) in orderto still capturea
relatively high fractionof thevariance.Fortunatelythis is possibleasthereis thenno
needto storetheEOFsateachseason.In fact theseriescanbeextendedto include72
( � ! A � G ) EOFsratherthanjust6 perseasonwith no increasein theamountof space
neededto storetheMCD.

This also overcomesa problemwhich might occur with the version1.0 imple-
mentationof thePCmodelling. If a time seriesof a variablewascomputedacrossa
seasonalboundarytherecouldbea discontinuity at theboundarywherethequadratic
fit to the intra-seasonalor trendcomponentsdid not match. In the improvedversion
2.0of thevariability modelwe simply storea smoothversionof eachPCto represent
the seasonalcycle togetherwith a varianceto representsynopticactivity. This both
simplifiesandimprovesthealgorithm.

5.1.3 Calculation of EOFsand PCs

Considera time seriesof longitude-pressurevectorsof zonalwind, Å<(t� v � v ¥§) , merid-
ional wind, Æ�(t� v � v ¥§) , temperature,Ç»(t� v � v ¥§) , density, ÈÉ(t� v � v ¥o) andsurfacepressure��Ê (t� v ¥§) at Ë discretetime pointsandon : spatialpoints. We form a time seriesof
vectorsÌE( ¥§) , whereÌE( ¥§)�� (ÎÍÅ³(t� v � v ¥o) v ÍÆm(t� v � v ¥o) v ÍÇ´(t� v � v ¥§) v Í� Ê (t� v ¥o) v ÍÈ�(t� v � v ¥§)�) (13)

andthehatÍ denotesa removal of theseriesmeanandnormalizationof varianceoper-
ator, ¨Ï� !ËÐ:ÒÑ¼Ó ¾ QªÔ¼ Õ ¾ Q ¨ Ó

Õ
(14)Í¨ Ó Õ � ¨ Ó Õ  ¨Ö QÑ Ô

× ÑÓ ¾ Q × Ô
Õ ¾ Q ( ¨ Ó Õ  ¨¶)jP (15)

wherethe Ø denotestimeandthe Ù denotesspatialpoint. Hence,with thisnormaliza-
tion, thevarianceof theentiretimeseriesof ÌE( ¥§) is unity.

Wethenform the ( Ã � Ã ) covariancematrix, Ú , suchthatÚ � !ÃIÌMÌ^Û (16)

where
Ã � (numberof horizontalpoints)

�
(4
�

numberof verticalpoints+ 1), Ì is
the ( Ã � Ë ) matrixwhoserowsarethevectorsÌE( ¥o) andthesuperscriptÜ indicates
thetranspose.
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Thematrix Ú is realsymmetricandwe canfind theeigenvectorsandeigenvalues
and order them in decreasingeigenvalue magnitude. We note that if Ý ½ is the ¯ th
eigenvectorthen Þ Ý ½ Þ � ! (17)

where
ÞKßzÞ

is theEuclideanNorm,and�¼ ½à¾ QRá ½ � ! (18)

where á ½ is the ¯ th eigenvalue.

The ¯ th principalcomponent(PC)at time Ø , � Ó ½ is definedas� Ó ½ � �¼â ¾ Q ¹ Ó<âzã{â ½ � Ì ß Ý ½ (19)

andwenotetheresult !Ë Ã Ñ¼Ó ¾ Q ( � Ó ½ ) P � á ½ (20)

Eachprincipal componenthas669 valuesduring oneyear(oneper day). From
thePCswecalculatea30dayrunningmean,� � Ó ½ , anda variancedeparturefrom that
mean,�¶ä Ó ½ . ThemodelledPC, �-åÓ ½ , at time Ø is then� åÓ ½ � � � Ó ½ �Iæ ��ä Ó ½ (21)

whereæ is a normallydistributedrandomvariablewith unit standarddeviation.

5.1.4 VarianceCapture

In version1.0 of thevariability modelonly 6 EOFsper locationperseasonwerere-
tainedin the seriesin Equation12 to limit the amountof datastoragerequired.Be-
cause,in theimprovedversion,asinglesetof EOFsarecalculatedfor thewholeyear,
72 EOFscanberetainedin theserieswith no greaterstorageoverhead,to give a po-
tentiallygreateroverall variancecapture.Figure9 showsthefractionof variancecap-
turedby retaining72,36, 18and9 EOFsat differentlatitudes.By retaining36EOFs
approximately90% or greaterof the varianceis capturedandby retaining72 EOFs
approximately95%or greaterof thevarianceis captured.IncludingmoreEOFsgives
relatively little increasein variancecapturebut increasesthestoragerequirementscon-
siderably. Thus72 EOFsseemsto bea goodcompromisebetweenvariancecapture
anddatastorage.
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Figure9: Thefractionof variancecapturedby 72EOFs(squares),36EOFs(triangles),
18EOFs(plussigns)and9 EOFs(diamonds)atdifferentlatitudesfor theViking sce-
nariorun. 72EOFscapturemorethan95%of thevarianceatmostlatitudes.

5.1.5 Examplesof Cross-Sections

Densityis oneof themostimportantvariablesusedby engineersin missionplanning
(e.g. whencalculatingentry trajectoriesor aerobrakingmanoeuvres).Hencethenew
variability model is illustratedusingthis field. Becausedensityvariesexponentially
with height it is usefulto compareany densityprofile with some‘standard’profile.
Figure10showsthenorthernhemisphereCOSPAR standardatmosphericdensitypro-
file from the surfaceto approximately90 km. All densityprofilesarereferencedto
thisprofileby expressingthedensityasa percentagedifference,ç , from theCOSPAR
profile. i.e. ç � !�#�# � ÈZè¶ém;KêRë¶ìE cÈÈ-è¶ém;KêRë�ì (22)

Figure 11 shows a selectionof instantaneouslongitude-height fields of density
(referencedto theCOSPAR profiles)takendirectlyfrom theViking scenarioGCM run
at :?; � # � , :<; �B= # � , :?; � !�@�# � and :<; �BAFC # � . Thevariability modelsimulations
of thesefieldsareshown in Figure12. On a largescalethevariability modelcaptures
theseasonalcycleof densityvariability well. SmalldifferencesbetweentheGCM and
the variability modelsimulatedfields aredueto the randomnatureof the PC model
(Equation21).
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Figure10: COSPAR northernhemispheremeandensity(kgm +Z, ) for Mars. Notethe
logarithmicscaleon theabscissa.

5.2 The Small-ScaleVariability Model

Thesmall-scalevariability modelsimulatesperturbationsof density, temperatureand
wind dueto theupwardpropagationof small-scalegravity waves.Themodelis based
on theparameterizationschemeusedin thenumericalmodelsthatsimulatedthedata
in thedatabase(seeCollinset. al, 1997).

Thesurfacestressexertedby avertically-propagating,stationarygravity wavecan
bewritten � T �îí È T Ã T Þ Æ*ï Þ � T (23)

where í is a characteristicgravity wave horizontalwave number, È T is the surface
density,

Ã T
is thesurfaceBrunt Väis̈alä frequency, Æðï is thesurfacevectorwind and� T is a measureof theorographicvariance.In thiscasewechoosethemodelsub-grid

scaleorographicvariance.Thesurfacestresscanberelatedto thegravity wavevertical
isentropicdisplacement,ñKò , by � T �óí È T Ã T Þ Æ ï Þ ñKò P \ (24)

Wethenassumethatthestress,� , above thesurfaceis equalto thatat thesurface.This
leadsto anexpressionfor ñKò , atheight O ,ñKò �Òô È T Ã T Þ Æ ï Þ � TÈ Ã Þ Æ Þ (25)

where È , Ã and Æ arethedensity, Brunt Väis̈alä frequency andvectorwind at heightO .
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Figure11: Longitude-heightcrosssectionsof densityat 57.5
�
N expressedasa devia-

tion from theCOSPAR northernhemispherereferenceprofileatseveralseasonaldates.
Thefieldsareinstantaneousandhavebeentakenfrom theViking scenarioGCM run.
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Figure12: Longitude-heightcrosssectionsof densityat 57.5
�
N simulatedusingthe

new variability modelandexpressedasadeviation from theCOSPAR northernhemi-
spherereferenceprofile.
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Figure13: A seriesof tenperturbationsgeneratedby thesmallscalevariability model
addedto meanprofilesof temperatureanddensityfrom theMCD; thesecorrespondto
theViking Lander1 entrylocationandtime.

The gravity wave perturbationto a meteorologicalvariableis calculatedby con-
sideringverticaldisplacementsof theformñeO � ñKò���à& d A�û Oá � � T f (26)

where á is a characteristicverticalwavelengthfor the gravity wave and � T is a ran-
domly generatedsurfacephaseangle.Perturbationsto temperature,densityandwind
at height O are then found by using the valueat O � ñeO on the backgroundprofile,
with theperturbationsto temperatureanddensitycalculatedontheassumptionof adi-
abaticmotionto thevalid height.A valuecanbechosenfor á to providea reasonable
comparisonwith theobservedViking entrytemperatureprofilesabove50km; wetakeá � !�G km. An exampleof severalsmallscaleperturbationsis shown in Figure13.
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