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Abstract

This is the DetailedDesignDocumentfor version3.0 of the Mars Climate
DatabasgMCD) andreplacesprevious versionswhich describedversion1.0,
2.0and2.3. Version3.00f theMCD incorporateseveralimprovementsputlined
in this document.This documenteproducegndupdatesmaterialfrom Collins
andLewis (1997b),whereit is still relevant, aswell asaddingsectionson the
new features The MCD UserManual(Lewis etal., 2001a)shouldbe consulted
for moreinformationon how to compileandusethe softwaresuppliedwith the
databas¢o accesshedata.
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1 Intr oduction

The Mars Climate Databas€MCD) is a databas®f atmospherictatisticscompiled
from state-of-the-arGeneralCirculation Model (GCM) simulationsof the Martian
atmosphereThemodelsusedto compilethe statisticshave beenextensively validated
usingavailableobsenationaldataandrepresenthecurrentoestknowledgeof thestate
of the Martianatmosphergiventhe obsenationsandthe physicallaws which govern
theatmosphericirculationandsurfaceconditionson the planet.

This documentprovidesthe userof the MCD with a detaileddescriptionof the
databasetructureand of the accessoftware. Descriptionsof the modelsand of the
validationprocedureareavailablein otherdocumentselatingto the project.

TheMCD canalsobe accesseth avariety of dataformatsusingthe World Wide
Webathttp: //www. | nd. jussieu. fr/mars. htn .

2 DifferenceBetweenVersion 3.0 and Previous Versionsof
the MCD

e Themaindifferencedetweenversion3.0 and2.3 arerelatedto the contentof
the databasédiles asa resultin particularof improvementsmadein the models
usedto compilethedatabase

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

2. The modelsuseimproved surfacepropertiesdatafrom the Mars Global
Suneyor spacecraftncludingtheaccuratéopographyfrom the MarsOb-
sener LaserAltimeter andthe new thermalinertiamapfrom the Thermal
EmissionSpectrometer

3. The databaséncludesa morerealisticdustscenarioto describethe dis-
tribution of airbornedustin the atmospheréasedon recentobsenations
from Mars Global Suneyor.

4. The databasenow includessolarandthermalinfrared radiative fluxes at
thesurfaceandatthetop of theatmosphere.

5. Thehorizontalresolutionof the databaséaschangedo 5° x 5°.

e Themaindifferencebetweerversion2.3and2.0wastheuseof themainsubrou-
tine ATMEMCD which computesneteorologicalariablesfrom Mars Climate
Databas€MCD). This new subroutinehasbeenespeciallydesignedor atmo-
spheridrajectorycomputationandis usefulfor otherpurposes.

e The principal differencebetweenversion2.0 and 1.0 of the MCD was that
thelarge-scalevariability modelnow makesuseof two-dimensionalmultivari-
ateEmpirical OrthogonalFunctions(EOFs),which describecorrelationsn the
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modelvariability asa function of both heightandlongitude(ratherthansolely
of heightasin version1.0). Thesearedescribedn the DetailedDesignDocu-
mentwhich accompaniethis report. The 2-D EOFsallow realisticvariability
to bemodelledfor trajectoriesvhich spanarangeof longitudes.As in version
1.0,EOFsarestoredfor arangeof latitudebands put insteadof retaining6 1-D
EOFsat eachhorizontallocationfor eachof 12 seasonspow 72 2-D EOFsare
storedfor eachlatitudebandandtheiramplitudeis modelledby a setof princi-
pal componentsatulatedonceperday (669times)throughouthe modelMars
year This procedurds no morecostly to the end-useiin termsof eitherdisk
storageor CPU time, but givesa muchimproved descriptionof the variability
asafunctionof both spaceandtime anda largervariancecapture.

Therehave alsobeennumeroussmallimprovementsanderror correctiongo the
climate database@ccesssoftwaresinceversion1.0 wasreleasedwhich arenow all
incorporatednto version3.0.

3 DatabaseStructure

3.1 The DataRetrieval and Storage(DRS) System

The datain the MCD arewritten usingthe DataRetriezal and Storagg(DRS) library
developedor theProgranfor (Terrestrial)ClimateModel Diagnosisandintercompar
ison (PCMDI). Thelibrary, availablefrom the LawrenceLivermoreNationalLabora-
tory World WideWebsener(ht t p: / / ww pcrdi . | | nl . gov/ drach/ DRS. ht ml )
is providedon CDROM#1 alongwith thedatabase.

DRS was developedas part of the AtmosphericModel IntercomparisorProject
(AMIP) to facilitate the transferof databetweerplatformswhich may have different
representationef floating point numbers.It alsohasa numberof featuresto enable
easyupdatingof modelhistoryfiles bothin termsof temporalextensionandin thead-
dition of new diagnosticvariables.It canbereadby mary datahandlingandgraphical
packagesuchasGrADS.

Oneof theadwantagesf theDRSdataformatwhichhasbeenusedor thedatabase
is thattheactualbyteorderingof the data(oftencalled“big endian”)is independendf
the type of machinethatis usedto readandwrite the data,provided the DRS library
routinesareused.Hencethe binary databaséiles areportableandcanbereadon ary
type of machinewith programswhich makeuseof DRS subroutines.Whenaccess-
ing the DRSfiles usingGrADS from a “big endian”machine(suchasa Sunor HP)
this alsopresentso problem.However, if GrADS s runon a“little endian”’machine
(suchasa DEC or IBM PC)it is still straightforwarcdo readthe databasdiles ow-
ing to the presencef arecord,opt i ons bi g_endi an, neartheheadof the. ct |
file correspondingo the. dat file which is beingread. This recordcause<GrADS
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Figurel: Thedatabaséorizontalgrid 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
Climate Databasare portablebetweenary type of computey whatever the detailsof
byte ordering,providedthatoneof the threeaccessnethodgthe MCDGM interface,
programsubroutinegallingthe DRSlibrary, or GrADSwith the. ct | filessupplied)
describedn the UserManualis adopted Filesendingin . dat canbetransferrete-
tweenmachinesn binaryformatandfilesendingin . ct | canbetransferredasplain
text; nofurthercornversionis necessary

3.2 DatabaseGrid Structure
3.2.1 Horizontal Structure

Variablesin the databaskarewritten on an equallyspacechorizontalgrid of 72 lon-
gitude points numberedrom 0° to 355° Eastin stepsof 5° and 36 latitude points
numberedrom -87.5 to 87.5 in stepsof 5° (latitudesSouthof the equatorareindi-
catedby negative numbers) SeeFiguresl and?2.

1The generalcirculationmodelsusedto compile the databasavere run with a higherresolutionof
3.75° x 3.75° (grid 96x 48). For simplicity andto reducethesizeof thedatabasehe dataarestoredon
5% x 5° grid.
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Figure 2: “Satellite” view (aborve latitude 60N) of the databasegyrid illustrating the
higherdensitytowardthepoles

3.2.2 Vertical Structure

Thedatabaseerticalcoordinatas definedas

o =L (1)
Ps
wherep is the atmospheri@ressurendp; is the surfacepressureThuse is 1 atthe
surface 0 atinfinite heightandthe o levelsfollow the modelorography The sigma
levelsarearrangedasin Tablel andillustratedin Figure3.



Layer | o Approximate Height for mean| pseudo-heighih nane_a. ct| files
Marsatmospheréemperatureg (basedon—101n(o) )
1 0.999500 5m 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°3 54 km 58.90km
20 1.3834910°° 60 km 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°° 87 km 100.56km
26 2.1419410°° 92km 107.51km
27 1.0690710°° 97km 114.46km
28 5.3359010°¢ 101km 121.41km
29 2.6632010°° 106km 128.36km
30 1.3292010°¢ 110km 135.31km
31 6.6340010°7 114km 142.26km
32 2.2090010°7 120km 153.26km

Tablel: Database levelsandapproximateéheightsabove thelocal surface Notethat
the pseudo-heighis basedn a 10kmscaleheightandis particularlyinaccuratén the
upperatmospherabose 80 km becausef thelow temperatureandsmallscaleheight

there.
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Figure 3: The databaser levels modulatedby the orographyat 120°W. The height
shavn herewereobtainedrom the hydrostaticequatiorassuminga constantverage
temperatur@rofile.

3.2.3 Temporal Structure

Data are storedin the databasel2 times per Martian day using universaltime (or
“prime meridiantime” : localtime at0° longitude), notlocal time. At databaséime
level 1 the universaltime is 12pm= Oam (given that the Martian day is 24 “hours”
long). Henceat 9C° longitudethe local time is 6am,at 180 it is 12ametc. At time
level 2 thelocaltimeat0° is 2am,etc.. All timesareTrueSolarTimes,notMeanSolar
Time.

Databaseime level (i ut =1,2,... 12) canbe computedrom local time (0...24.)
andEastlongitude(deg) usingthefollowing FORTRAN command:

i ut =rmod(ni nt(-1ongitude/30.+l ocaltinme/2.+12.),12)+1



3.3 DatabaseFile Structure

3.3.1 DocumentationFiles

In thedocs directory thefollowing documentatiorfrilesareavailable:

e UserManual(user _manual . ps or. pdf ) of thedatabas&/3.0

e DetailedDesignDocument{det ai | ed_desi gn. ps or. pdf ) of thedatabase
V3.0

e Programmesguidefor theat mentd FORTRAN subrouting pr ogr amgui de. ps,
. pdf or. doc)

e Postscripor pdf versionsof the scientificreferencearticlesLewis etal. (1999)
and Forget et al. (1999) describingthe Mars climate databasé/1.0 and the
GeneralCirculationmodelsusedto compileit arealsoprovided.

3.3.2 Software Files

e entd This containsFORTRAN sourcecodefor the ATMEMCD subroutine,
the MCDGM interfaceand a test program(seeReadMe file in the directory
andthe UserManualand ProgrammingGuide) Also includedis sub-directory
t est case containinga simpletool to testthe resultsfrom the softwareafter
installation.

e dr s Thiscontainghe DRSlibrary (with somedocumentationyisedto readthe
databaséles.

e grads SomesampleGrADS scriptswhich plot MCD data(seelLewis et al.,
2001a).Descriptionof the scriptsaregivenin the UserManual.

Thefiles providedinclude:

animtsurf.gs map_w ndt . gs section_lat.gs zonal _tuv.gs
map_ps. gs profile.gs zonal _sdtuv.gs

3.3.3 DataFiles

The MCD dataarestoredin variousfilesin a centraldatadirectoryncd/ dat a.

Thefile namingcorventionis asfollows:

e Thefirst 3 characterslenotethe dustscenario. The variousscenariosare ex-
plainedin anappendixo thisdocument.
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— ngs indicatesMars Global Suneyor scenariaata(mostrealistic)
— ds2 indicatesa duststormwith opticaldepth2.

— ds5 indicatesa duststormwith opticaldepth5.

— | owindicatedow dustdata.

— vi k indicatesViking scenarialata(relatively dusty)

e The next 3 charactersndicatethe seasomumber The northernhemisphere
springequinoxis at Ls = 0°, with northernsummersolsticeat Ls = 90°,
autumnequinoxat s = 180° andwintersolsticeat s = 270°.

— s0lisseasorl, Lg = 0° — 30°.

— s02 isseasor®, Lg = 30° — 60°.

— s03isseasorB, Lg = 60° — 90°.

— s04 isseaso®, Lg = 90° — 120°.

— s05isseasord, Lg = 120° — 150°.

— s06 isseasorb, Lg = 150° — 180°.

— s07 isseasorv, Lg = 180° — 210°.

— s08 isseasor8, Lg = 210° — 240°.

— s09 isseasom®, Lg = 240° — 270°.

— s10isseasorlO, Lg = 270° — 300°.

— sllisseasorll, Lg = 300° — 330°.

— sl2isseasorl2, Ls = 330° — 360°.

— al | indicateghatthefile containsdatafor thewholeyear e.g.the Empir-
ical OrthogonaFunction(EOF)datafor the large-scalevariability model.

e Thenext 2 characterindicatethetype of datain thefile.

— e indicatesmeandata.
— sd indicatesstandarddeviation data.
— eo indicatesEOF data.

e Thelast4 charactergthefilenameextension)indicatethetype of file.

. dat isaDRSdatafile.
. di c isaDRSdictionaryfile.

. ct | isaGrADS descriptoffile in o = p/ps coordinate

-a. ct| isaGrADS descriptoffile in pseudo-altitude = —101n(p/p;)

Hencethefile ncd/ dat a/ vi ksO4me. dat containsmeandatafor the Viking dust
scenaridor seasor.
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Meanvariable symbol units 2-Dor3-D
CQO, ice cover co2ice kg m~2 2-D
Surfaceemissvity emis none 2-D
Surfacetemperature tsurf K 2-D
Surfacepressure ps Pa 2-D
LW (thermallR) radiative flux to surface| fluxsurflw | W m~2 2-D
SW (solar)radiative flux to surface fluxsurfsw | W m—2 2-D
LW (thermallR) radiative flux to space | fluxtoplw | W m~2 2-D
SW (solar)radiative flux to space fluxtop.sw | W m~2 2-D
Atmospheridemperature t K 3-D
Zonal (East-Vest)wind u ms! 3-D
Meridional (North-South)wind v ms! 3-D
Atmospheriadensity rho kgm=3 3-D
Boundarylayereddykinetic enegy g2 m? s—2 3-D
Table2: Variablesstoredin databaseneandatafiles.
Standardieviation symbol | units 2-Dor3-D
CO, icecover sdco2ice| kgm=2 2-D
Surfaceemissvity sdemis | none 2-D
Surfacegemperature sdtsurf | K 2-D
Surfacepressure sdps Pa 2-D
Atmospheridemperature sdt K 3-D
Zonal(East-West)wind sdu ms! 3-D
Meridional (North-South)wind | sdv ms1 3-D
Atmospheriadensity sdrho kgm=3 3-D

Table3: Variablesstoredin databasstandardieviation datafiles.
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Meandatafiles (me) containl2 seasonaieanvalues(correspondingo 12 Solar
timesof day)for thevariablesshovn in Table2 andstandardieviation datafiles (sd)
containseasonastandardieviation valuesof thevariablesn Table3.

EOFdatafiles (eo) containnormalizedmulti-dimensionaEOFsof density zonal
wind, meridionalwind, temperaturendsurfacepressureaswell assomenormaliza-
tion factors, eigervaluesand principal componentmodel coeficients. It is recom-
mendedhatyou usethesoftwaresuppliedto accesandexploit the datain thesefiles.

In additiontherearethreefiles,mount ai n. ct I, mount ai n. dat andnoun-
t ai n. di ¢ which containmapsof the topographicheighton Mars, smoothedo the
resolutiomatwhichit is usedby themodel,andsub-gridscalestandardieviation of the
topographideight(usefulfor computinggravity wave perturbations)A final datafile,
cospar . dat, containsthe COSRAR referenceatmospheriqrofile, 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 Climate Database.For the detailedrationalebehindthese
choices(exceptfor the MGS scenariodeveloppedmore recently) summarieof ob-

senational evidenceand more referenceseeForget et al. (1999)and Lewis et al.

(1999).

4.1 Dustvertical distrib ution analytical function

For all the scenariosthe vertical distribution of dustwascalculatedaccordingto the

formula, Ok mes)
70km/zmax
% = exp (0.007 (1 — max l(%) , 1])) (2)

with p thepressurep, astandargressuré700R), ) and@), thedustmixing ratio at
the pressurdevelsp andpy, andz,,.x the altitudeof thetop of the dustlayer (where
the dustmixing ratio is onethousandtiof its valueat py). Thisformulagivesarapid
decayupto theheightof thetop of thedustlayerandalmosthomogeneougustmixing
in thelowerregionsof theatmosphereThefunctionis illustratedfor severaldifferent
valuesof z,.x in Figure?.

In fact, Equation2 wasdevelopedfrom aslightly simplerform in commonusefor
Marsmodelling,namely
s (- (%) @
Qo p
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Ls=271, lat=-11.7, lon=155, local time= 4.5 hrs
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Figure4: A typicaltemperaturg@rofile obseredby radio-occultatior{thick solid line,
february1998,L, = 271°, 11.7°S-155°E, localtime : 4:30)comparedo temperature
profiles predictedby the databaset the sametime and location. Profilesfrom the
“MGS” scenari@areusuallyvery closeto theMGSobsenations whereashe“Viking”
and*“low dust” scenariogield warmerand coldertemperaturegrofilesin the lower
atmosphereagspectiely.

wherev is now a parametewhich determineshe dustcut-off. Thisfunctionis illus-
tratedin Figure8. Equation3 matche€quation2 whenz,,,x = 70kmandrv = 0.007,
which wereroughly the conditionsunderwhich Equation3 wasderivedto modelthe
distribution of dustat the time of the IRIS obsenationsfrom Mariner9. Thereason
for modifying the formulato theform in Equation2 wasthatit givesmuchmorede-
sirablepropertiesn termsof thetotal dustcontainedelow the cut-off thresholdwith
a broaderregion of homogeneityandthe vertical gradientof the dustis not so steep
nearthe surface especiallywhenthe dustis mostly low in the atmospherecompare
Figure7 with Figure8 whenz,,, = 20km andv = 1.0. While having thesedesirable
propertieghe function still matcheghe limited available obsenationswhenthe dust
is highin theatmosphere.
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Dust scenarios

Baselinemulti-annualmodel integrationswere carriedout for the databaseindera
total of five scenarios:1) A “bestguess”thoughtto representhe moderatelydusty
planetMars as obsened by Mars Global Suneyor (MGS) without the duststorms.
This scenarids recommendedbr thosewho seekONE annualscenarido represent
Mars meanclimate. 2) a very clearyearwith low dust opacityand 3) a relatively
dustyyearmadeby generalizinghe Viking Landerdustopacity obsenationsto the
entire planet,but with the large duststormsremoved. Thesetwo additionalannual
scenariosare pravided to bracketthe possibleglobal conditionson Mars (Figure 4)
outsideglobalduststormswhich arethoughtbe highly variablelocally andfrom year
to year Last,4) amoderate global dust storm and5) anintenseglobal dust storm
are provided only during the period during which suchglobal eventsare known to
occur

Thedetailsof thescenariosollow.

e ngs Thisis a new, standardscenariovith dataprovidedfor all twelve seasons
from multiannualexperiments. The dustoptical depthvariedasa function of
time (L) andlatitude(¢) to matchthe temperaturgrofiles(obsenedby radio
occultationor by invertingthe ThermalEmissionSpectrometedata)available
in septembe2000. Thisscenarids describedy 3 varyingvaluescorresponding
to (1) thelow latitudeequatoriaregion (betweerd5°’N and45°S) (2) the South
Polarregion (< 45°S) (3) TheNorth Polarregion (> 45°N). The Southerrand
equatorialregions are affectedby the increaseof dustduring perihelion(dust
devils, local duststorms) but not the Northernregions:

Teg(Ls) = 0.24 (0.5 - 0.2)(cos((Ls — 250°)/2))** (4)
7s(Ls) = 0.14 (0.5~ 0.1)(cos((Ls — 250°)/2))** (5)
™~(Ls) = 0.1 (6)

Fromthis, he referenceoptical depthr (at 700Ra) on ary point of the planetis
theninterpolatedusinganhyperbolictangentransition:

(¢, Ls) = 7N + (Teq — ™) % (1 + tanh((45° — ¢)/10)) (¢ > 0)(7)
7(¢,Ls) = tauS + (1eg — 75)%°(1 + tanh((45° 4+ ¢)/10)) (¢ < 0)(8)

whereg¢ is thelatitudeand I ; the Solarlongitudeof Mars.

The cut-off of thedustin the verticalalsovariedasa function of bothtime and
latitude:

Zmax(Ls, @) = 60 + 18f — (32 + 18f) sin(¢)* — 8f x sin(¢)®  (9)
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Tau(700 Pa) : "MGS scenario"
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Figure5: Variationof thereferenceopticaldepthr at 700 Pa andthe cut-off altitude
of the dustdistribution (seeEg. 2) asa function of seasor(solarlongitude ;) and
latitudein the MGS scenario.

wheref = sin(L; — 160°). The spatialandtemporalevolution of 7 and zyax
arerepresentedn Figure5.

e Vi k The standaradVviking scenariowith dataprovided for all twelve seasons
from multiannualexperiments. This is the scenarioorginally provided since
Databasé/ersion1.0. It is still provided herefor continuity, andto provide an
"upperlimit” scenaridfor the dustcontentin the Martian atmospherdgoutside
greatduststorms)The total dustoptical depthfor the Viking casevariedasa
function of time to fit the Viking Landerobsenationswith peaksrepresenting
duststormsremaoved,

7(Ls) = 0.7+ 0.3 cos(Ls + 80°) (10)
wherer is the optical depthand L s the Solarlongitudeof Mars. The optical
depthwasuniform in the horizontalfor the Viking baselinerun. However, the
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Tau(700 Pa) : "Viking scenario"
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Figure6: Variationof thereferenceopticaldepthr at 700 Pa andthe cut-off altitude
of the dustdistribution (seeEg. 2) asa function of seasor(solarlongitude ;) and
latitudein theViking scenario.

cut-off of thedustin theverticalvariedasa functionof bothtime andlatitude,
Zmax(Ls, ) = (60 +18sin(Ls — 158°) — 22sin? ¢) km  (11)

where¢ is the latitude. z,,x variesbetween78km at the equatorduring the
dusty seasonsnd 20km at the pole during the clear seasons.The spatialand
temporalevolution of 7 andz,. arerepresentedn Figure6.

e | owThelow dustscenariowith dataprovidedfor all twelve seasonfrom mul-
tiannualexperiments.Thelow dustcasewasconductedvith a dustdistribution
which was invariantin latitude, longitudeandtime, with an optical depth of
7 = 0.1 andacut-off at z,,,,, = 30km altitude.

e ds2 A duststormwith maximumopticaldepth2. Datafrom theserunsareonly
providedfor the seasonsvhenduststormsare mostlikely to occur;seasons$,
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Figure7: Thevariationof dustmixing ratio with heightfor differentvaluesof z,.x
accordingo the formula(Equation2) usedto compilethe Mars Climate Database.

9 and10. The dustoptical depthwassetto doublethatin the Viking scenario,
Equation10, andthevertical cut-off for the dustwasmodelledasin the Viking
scenarioEquationll.

e ds5 A duststormwith maximumopticaldepth5. Datafrom theserunsareonly
providedfor theseasonsvhenduststormsaremostlikely to occur;seasons, 9
and10. Thedustopticaldepthwassetto five timesthatin the Viking scenario,
Equation10, andthevertical cut-off for the dustwasmodelledasin the Viking
scenarioEquationll.

5 Variability Models

5.1 The Large-ScaleVariability Model

In the MCD, dataare storedin 12 seasonabinsandat 12 local timesof day within
eachseason. Although this capturesthe main seasonabnd diurnal componentsf
variability, ary intra-seasonabr day-to-day(synoptic)variationsare averagedout.
Thusthereis aneedto simulatethis variability, especiallyif theuserwishesto produce
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Figure8: Thevariationof dustmixing ratiowith heightaccordingo aformula(Equa-
tion 3) previouslyusedn mary MarsGCMs,with ther parameteadjustedo givedust
cut-offs atdifferentheights.Thisfunctionmatcheshatin Figure7 whenz,,,x = 70km

andyv = 0.007.
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anensemblef realizationsof avariableata particularseasonatiateandlocal time of
daywhich coversarealisticrangeof variability.

In versionl.0of the MCD large-scalevariability in avertical profile of ameteoro-
logicalvariable,D(z), wasmodelledby addinga seriesof functionsto amearwvertical
profile, D(z),

N
D) =D(:) + 3 weil?) (12)

wherethe functionse;(z) are eigervectorsof the covariancematrix of all the pre-
averagedprofilesgeneratedy the GCM and p; arethe amplitudesof the functions.
Theeigervectorsg;, areoftencalledEmpirical OrthogonaFunctiongd EOFs)andthe
p; arereferredto asthe PrincipalComponent¢PCs)(see,e.g. North, 1984; Mo and
Ghil, 1987). Theset{e; } form anoptimallinear basissuchthatthe variancecapture
is high evenwhenthetruncationlimit is low.

5.1.1 Horizontal Correlations

In version1.0 only correlationsin altitude betweenvariableswere consideredvhen
calculatingthe covariancematrix. However, in orderto retaincross-correlationbe-
tweendifferentvariablegzonalwind, meridionalwind, temperaturesurfacepressure
anddensity)all were normalizedand combinedtogetherto form a setof multivari-
atefunctions. Differentsetsof EOFswere computedor eachof the 12 season®n a
low resolutiongrid (20° longitudex 20° latitude)andthe serieg(12) wastruncatecht
N = 6 to reducethe demand®n datastorage.Even so, typically 80 — 90% of the
variancewasretainedn theversionl.0variability modelat this level of truncation.

In orderto improve the modelit is desirableto extendthe spatialdimensiorto in-
cludecorrelationdbetweervariablesn boththehorizontalandthevertical. Ultimately
it would be desirableto includeall the longitude,latitudeand vertical grid-pointsin
theanalysis.A technicalpoint, however, mustbe notedhere.In computingthe EOFs,
the eigervaluesandeigervectorsof an NV x N realsymmetricmatrix mustbe found.
The ordetr N, of the matrix dependon the numberof variablesand on the number
of spatialpoints. Sincethe numberof calculationsneededo performthe eigervector
problemincreasesis N2 thereis alimit onthevalueof N thatcanbe handledpracti-
cally. TheestimatedCPUtime andstorageequirementsor calculatingthe eigervec-
tors of the full problem(even on the low resolutiongrid with four three-dimensional
andonetwo-dimensionavlariablesfor which N = 18 x 9 x (4 x 25+ 1) = 16362)
is prohibitive.

We makethe choice,therefore o calculateEOFsin thetwo-dimensionalheight-
longitudeplanewhich givesamanageablsetof eigervectorproblems.Thereis some
physicalbasisfor this choice,in thatmuchof the variability the modelmustaccount
for isin theform of baroclinicwaveswhich, in generalpropagatéVestto Eastalong
linesof latitude.
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5.1.2 Statistical Stability and PC Modelling

In versionl.0of theMCD we calculatedseparatesetsof thevariability EOFsfor each
of the 12 seasonsHowever, dueto therelatively smallnumberof daysin eachseason
(50-70),this canleadto poorestimationof the EOFs. Greaterstatisticalstability can
be achieved by forming the covariancematrix over the entireannualcycle, although
thismeanghatmoreEOFsmustberetainedn theserieg12)in orderto still capturea
relatively high fractionof the variance.Fortunatelythis is possibleasthereis thenno
needto storethe EOFsateachseasonin factthe seriescanbeextendedto include72
(= 12 x 6) EOFsratherthanjust6 perseasormwith noincreasen theamountof space
neededo storetheMCD.

This also overcomesa problemwhich might occurwith the version1.0 imple-
mentationof the PC modelling. If atime seriesof a variablewascomputedacrossa
seasonaboundarytherecould be a discontinuiy atthe boundarywherethe quadratic
fit to theintra-seasonabr trendcomponentslid not match. In the improved version
2.0 of thevariability modelwe simply storea smoothversionof eachPCto represent
the seasonatycle togetherwith a varianceto represensynopticactiity. This both
simplifiesandimprovesthealgorithm.

5.1.3 Calculation of EOFsand PCs

Considera time seriesof longitude-pressureectorsof zonalwind, u(¢, p, t), merid-
ionalwind, v (¢, p, t), temperatureT (¢, p, t), density p(¢, p, t) andsurfacepressure
p*(¢,t) at M discretetime pointsandon L spatialpoints. We form a time seriesof
vectorsD (¢), where

D(t) = (a(¢,p,1),¥(¢,p, 1), T(¢,p, 1), p"(¢,1), p($,p, 1)) (13)

andthe hat”denotesaremoval of the seriesmeanandnormalizationof varianceoper
ator,

1
= ML ZZ: Uml (14)
m=1[=1

Uml — u

M L —
\/ﬁ 2om=1 =1 (Ul — W)
wherethe m denotedime andthe! denotespatialpoint. Hence with this normaliza-
tion, thevarianceof the entiretime seriesof D(¢) is unity.

(15)

TAlfml -

Wethenform the (N x N') covariancematrix, C, suchthat
1
C = —DD7 16
¥ (16)

whereN = (numberof horizontalpoints) x (4 x numberof verticalpoints+ 1), D is
the (V x M) matrixwhoserows arethevectorsD (¢) andthe superscripfl’ indicates
thetranspose.
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Thematrix C is realsymmetricandwe canfind the eigervectorsandeigervalues
and orderthemin decreasingeigervalue magnitude. We note that if E; is the ¢th
eigervectorthen

Eil =1 17)
where| - | is theEuclideanNorm,and

N
doai=1 (18)
=1

wherel; is the:th eigervalue.

The:th principalcomponen{PC)attime m, p,,; is definedas

N
n=1
andwe notetheresult
1M )
— mi). = A 20
UN mZI(p ) (20)

Eachprincipal componenhas669 valuesduring oneyear (one per day). From
the PCswe calculatea 30 dayrunningmean ps,,;, anda variancedeparturdrom that
meanpuv,,;. ThemodelledPC,p/ ., attimem is then

Prni = DSmi + Ppug; (21)

where® is a normallydistributedrandomvariablewith unit standardieviation.

5.1.4 Variance Capture

In versionl.0 of the variability modelonly 6 EOFsperlocationper seasorwerere-
tainedin the seriesin Equation12 to limit the amountof datastoragerequired. Be-

causejn theimprovedversion,asinglesetof EOFsarecalculatedor thewholeyear

72 EOFscanberetainedn the serieswith no greaterstorageoverhead}o give a po-

tentially greateroverall variancecapture Figure9 shovs the fraction of variancecap-
turedby retaining72, 36, 18 and9 EOFsat differentlatitudes.By retaining36 EOFs
approximately90% or greaterof the varianceis capturedand by retaining72 EOFs
approximately95%or greaterof thevarianceis capturedIncludingmoreEOFsgives
relatively little increasen variancecapturebut increaseshestoragaequirementson-
siderably Thus72 EOFsseemdo be a goodcompromisebetweervariancecapture
anddatastorage.
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18 EOFs(plussigns)and9 EOFs(diamondstdifferentlatitudesfor the Viking sce-
nariorun. 72 EOFscapturemorethan95% of the varianceat mostlatitudes.

5.1.5 Examplesof Cross-Sections

Densityis oneof the mostimportantvariablesusedby engineersn missionplanning
(e.g. whencalculatingentry trajectoriesor aerobrakingnanoeuvres)Hencethe nev
variability modelis illustratedusingthis field. Becausealensityvariesexponentially
with heightit is usefulto compareary densityprofile with some*standard’profile.
Figure10 shownsthenortherrhemispher€€ OSRAR standardatmospheridensitypro-
file from the surfaceto approximately90 km. All densityprofilesarereferencedo
this profile by expressinghe densityasa percentagelifference, from the COSRAR
profile.i.e.

d = 100 % PCOSPAR — P (22)

PCOSPAR

Figure 11 shows a selectionof instantaneousongitude-heighfields of density
(referencedo the COSAR profiles)takendirectly from theViking scenaricGCM run
atl.s =0° Lg =90° Lg =180° andLgs = 270°. Thevariability modelsimulations
of thesefieldsareshown in Figure12. On alarge scalethevariability modelcaptures
theseasonatycle of densityvariability well. SmalldifferencedbetweertheGCM and
the variability modelsimulatedfields are dueto the randomnatureof the PC model
(Equation21).
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Figure10: COSRAR northernhemisphereaneandensity(kgm~2) for Mars. Notethe
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5.2 The Small-ScaleVariability Model

The small-scalevariability modelsimulatesperturbation®f density temperatureand
wind dueto theupwardpropagatiorof small-scalegravity waves. Themodelis based
on the parameterizatioschemausedin the numericalmodelsthatsimulatedthe data
in the databaséseeCollins et. al, 1997).

Thesurfacestressxertedby avertically-propagatingstationarygravity wave can
bewritten
70 = KpoNo|vol|oo (23)

wherex is a characteristigravity wave horizontalwave numbey p, is the surface
density Ny is the surfaceBrunt Vaisala frequeny, vq is the surfacevectorwind and
oy IS ameasuref the orographicvariance.In this casewe choosehe modelsub-grid
scaleorographiovariance Thesurfacestressanberelatedto thegravity wave vertical
isentropicdisplacementi’, by

T0 = Hp0N0|V0|(Sh2. (24)

We thenassumeéhatthestressy, above thesurfacds equalto thatatthesurface.This
leadsto anexpressiorfor 6k, atheightz,

po;VolV()lO'O
§h = Ee0T0170 (25)
pN|v|

wherep, N andv arethedensity Brunt Vaisala frequeng andvectorwind at height
Z.
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Figurel3: A seriesof tenperturbationgeneratedby the smallscalevariability model
addedo meanprofilesof temperatur@anddensityfrom theMCD; thesecorrespondo
the Viking Landerl entrylocationandtime.

The gravity wave perturbatiornto a meteorologicalariableis calculatedoy con-
sideringverticaldisplacementsf theform

8z = Shsin <2”TZ + ¢0) (26)

where ) is a characteristiovertical wavelengthfor the gravity wave and ¢y is a ran-
domly generatedurfacephaseangle. Perturbationso temperaturegensityandwind
at height z arethenfound by usingthe valueat =z 4+ 4z on the backgroundprofile,
with the perturbationgo temperatur@nddensitycalculatedon theassumptiorof adi-
abaticmotionto thevalid height.A valuecanbechoserfor A to provide areasonable
comparisorwith theobseredViking entrytemperaturg@rofilesabose 50km; we take
A = 16 km. An exampleof severalsmallscaleperturbationss shovnin Figure13.
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