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Mars Orbiter Laser Altimeter: Experiment summary
after the first year of global mapping of Mars
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Abstract. The MarsOrbiter LaserAltimeter (MOLA), aninstrumenton the Mars
Global Surnweyor spacecrafthasmeasuredhe topographysurfaceroughnessand
1.064um reflectvity of Mars andthe heightsof volatile anddustclouds. This
paperdiscusseshe function of the MOLA instrumentandthe acquisition,pro-
cessingandcorrectionof obsenationsto produceglobaldatasets.The altimeter
measurementsave beencorvertedto bothgriddedandsphericaharmonicmodels
for thetopographyandshapeof Marsthat have verticalandradial accuracie®f
~1 m with respecto the planets centerof mass.The currentglobaltopographic
grid hasa resolutionof 1/64 in latitude x 1/32 in longitude(1 x 2 km? atthe
equator).Reconstructiorof the locationsof incidentlaserpulseson the Martian
surfaceappeargo be at the 100-mspatialaccurag level andresultsin 2 orders

of magnitudeamprovementin the global geodeticgrid of Mars. Global mapsof
optical pulsewidth indicative of 100-m-scalesurfaceroughnesand 1.0644:m
reflectvity with anaccurag of 5% have alsobeenobtained.
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1. Intr oduction and InvestigationObjectives

The Mars Global Surneyor (MGS) spacecraftlaunched
November7, 1996, by the National Aeronauticsand Space
Administration(NASA) andthe JetPropulsionLaboratory
(JPL) of the California Institute of Technologyincludesin
its payloadan optical remotesensingnstrumentthe Mars
Orbiter Laser Altimeter (MOLA 2) [Zuber et al., 1992].
The primary objectives of the MOLA investigationare to
mapglobally the topographyof Mars at a level suitablefor
geophysicalgeologicalandatmosphericirculationstudies
of Mars. Secondaryobjectvesareto measurehe heights
of atmosphericreflectionsto better understandhe three-
dimensionastructureof the Martianatmospheretp measure
100-m-scalesurfaceroughnessf Marsto contributeto geo-
logical characterizationf thesurfaceandto assisin assess-
mentof future potentiallandingsites;to measurehe 1.064-
pm surfacereflectvity of Marsto contribute to knowledge
of surfacecompositiorandseasonathangesandto attempt
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to measur¢hetime-varyingtopographyof the Martianpolar
capsto contrituteto understandingeasonatycles.

With datacollectedin the captureorbit, aerobrakindia-
tus, sciencephasing andthefirst 15 monthsof mappingor-
bits of the Mars Global Surveyor mission[Albeeet al., this
issue],all MOLA objectives,with theexceptionof thosere-
lating to temporalchangeshave beenfully met,while those
relating to temporalchangesare currently being pursued.
Thisreportdescribeshefunctionof theMOLA instrument,
the measuremertypes,andthe correctionsandprocessing
approachemployedto producethe dataproducts. In addi-
tion, the statusand major accomplishmentsf the MOLA
investigatiorarereviewedasof Junel, 2000,atwhichtime
theinstrumentvasturnedoff for a2-monthperiodsurround-
ing solarconjunction.

2. Pre-MGS Obselrvations

2.1. Martian Topography

Knowledge of the topographyof Mars prior to Mars
Global Surweyor was basedon measurementebtainedby
theearlyMarinerandViking spacecrafandon Earth-based
radarmeasurementslhesemodelsandtheir errorsaredis-
cussedin previous work [Davies et al., 1992b; Esposito
etal., 1992;Zuberetal., 1992;SmithandZuber, 1996]. The
mostwidely usedglobaltopographidield prior to MGS was
adigital elevationmodel(DEM) producedy theU.S. Geo-
logical Suney [WU, 1991]thatwasbaseduponEarth-based
radar[e.g., Pettengilletal., 1971;Rothetal., 1980;Downs
et al., 1982], Mariner9 and Viking 1 and2 radio occulta-
tions [e.g., Kliore et al., 1965,1972; Lindal et al., 1979],
stereoand photoclinometricobsenations from Mariner 9
andViking imagery[SoderblomandWenner, 1978;Wu and
Peltier, 1984], and the Mariner 9 ultraviolet and infrared
spectrometerfge.g.,Hord, 1972;Conrathetal., 1973]. The
USGSDEM wasreferencedo an areoidderived from fit-
ting atmospheripressuresbtainedirom Mariner9 occul-
tations[e.g.,Kliore etal., 1972,1973]to a degree4 gravity
model[Lorell etal., 1973]. The DEM hasa spatialresolu-
tion of 1/64° x 1/64° andis typically characterizethy ran-
domly distributedvertical errorsof ~1 km, thoughin some
placesdeviationsof over 5 km areobsered[Smithand Zu-
ber, 1998;Zuberetal., 1998b;Smithetal., 1999b].

As discussedater, the USGSDEM did poorly in match-
ing the relative elevationsof the Viking landersitesdeter
mined from atmospherigpressuremeasurements.Conse-
guently mary pre-MGSMars atmospherictudies particu-
larly dynamicalanalyseghatusedgeneralirculationmod-
els with topographyas a lower boundarycondition| e.g.,
Pollack et al., 1990], insteadutilized the Mars Consortium
topographienodel[Kieffer etal., 1981],whichwasbasedn

SMITHETAL.

orbital spectradatale.g.,Hord, 1972;Conrathetal., 1973].
The Consortiumdatasetwas more successfuln matching
the landerelevationsbut suffered from a global-scalesys-
tematicerror. In the ConsortiumModelthenorthpoleis ~1

km higherthan the southpole with respecto the gravita-

tional equipotentialwhereasMOLA datahave now shavn

thatthe southpoleis 6 km higherthanthe north pole (see
laterdiscussion)Thisbias,alongwith othererrorsatshorter
wavelengths affected somepastdynamicalsimulationsof

thecirculationof the Martianatmosphere.

Smithand Zuber[1996] reanalyzedviking and Mariner
9 occultationmeasurement® developatopographianodel
of Mars that had poorerspatialresolution(~1300km) but
significantlyimprovedverticalaccurag (~500m) thanthe
USGSDEM andin additionlackedthe systematicrrorsof
the ConsortiumModel. The uncertaintyof the occultation
measurementsf Smithand Zuber[1996] wasdueto com-
bined uncertaintiesn orbital reconstruction(~400 m), at-
mospheriaefraction(~300m), timing errorsin occultation
measurementgndplanetaryephemeris.

Earth-basedadarrangedatahave yieldedregional mea-
surement®f elevationwith a spatialresolutionof ~ 8 x 80
km? in the approximatelatitude range+25° during Mars
opposition periods [Pettengill et al., 1969, 1971, 1973,
Goldsteinet al., 1970; Ragers et al., 1970; Downset al.,
1975,1978; Roth et al., 1980; Downset al., 1971,1982;
Harmon et al., 1982; Harmon and Ostio, 1985; Esposito
etal., 1992]. Radarangesaresubjectto ephemerigrrorsas
well aserrorsdueto solarplasmaeffects,for a total uncer
tainty of ~300m in recentepochs.Selectedadarobsena-
tionsin thevicinity of the Pathfindedandingsiteyieldedan
uncertaintyof 100-200m [Golombelket al., 1997a]. Com-
parisonof radii from occultationswhich tendto measure
topographichighs, and radarreturns,which preferentially
reflectfrom valley floors, yields a systematidifferenceof
~730m [SmithandZuber, 1996].

2.2. GeodeticGrid

Prior to Mars Global Suneyor, knowledge of locations
onMarsona planet-widescalewasbasedn spatial[ Davies
etal., 1978; Daviesand Katayama 1983] andvertical [VWu
andSdaefer 1984]controlnetworksderivedfrom avariety
of Mariner9 andViking Orbiterobsenations.While spatial
errorswere estimatedo be <3 km [Davieset al., 1992b],
actualerrorsin excessof 15 km were commonlyobsened
[Smithet al., 1999b;Duxkury, 2000]. Vertical errorswere
at a level comparableo the USGSDEM [Wu, 1991] (see
above).

The bestknown positionson Mars are the Viking and
Pathfindedandingsites,becauseadiotrackinghasresulted
in preciseabsolutepositioningwith respecto Mars’ center
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of mass. While the position of Pathfinderbasedon radio
trackingis known to a few tensof meters[Folkner et al.,
1997], reconstructegositionsof the landing site with re-
spectto imagesdiffer by 5 km [Duxkury, 1995; Zeitler and
Obeist, 1999].

2.3. MacroscaleSurface Roughness

Previousmeasurementsf surfaceroughnessf Marsare
limited to Earth-basedielay Dopplerdataat a spatialscale
of severaltensof kilometers[Ragers etal., 1970;Pettengill
etal., 1973;Downsetal., 1975,1978;Harmonetal., 1982;
Harmon and Ostmo, 1985; Simpsonet al., 1992]. There
wereno measurements surfaceroughnesst 100-mspatial
scalegpriorto MGS.

2.4. Near-IR Reflectivity

BeforeMarsGlobal Sureyor, knowledgeof theabsolute
reflectivity of the Martian surfacein the 1-ym part of the
spectrunmwaspoorly known [ Soderblom1992],with space-
basedbsenationslimited to Phobo ISM datafor equato-
rial latitudes[Bibring etal., 1990;Mustad etal., 1993]and
HubbleSpaceTelescop@bsenationson anearglobalscale
with a spatialresolutionof ~1° pixel~! [Bell etal., 1999].

Theseobsenationsindicatedabimodaldistribution of re-
flectivity, with typical bright and dark valuesof 0.36 and
0.18, respectiely [Bell et al., 1999], and with noticable
changesccurringduring the past20 yearsowing to vari-
ability in the atmospheref Mars associatedvith the sea-
sonaltransporof dust.

3. Instrument Description and Operation

3.1. Background and Components

TheMarsOrbiterLaserAltimeter (Platel) wasdesigned
by the LaserRemoteSensingBranchof the Laboratoryfor
TerrestrialPhysicsof NASA's GoddardSpace-light Center
with supportfrom Goddards EngineeringSystemsAnalysis
Branch. The designatiorMOLA 2 refersto the instrument
flown on Mars Global Suneyor, which is a descendanof
theMOLA linstrumen{Zuberetal., 1992]thatwascarried
aboardheill-f atedMars Obsener spacecraft.

Key instrumentparameter®f MOLA 2 aregivenin Ta-
ble 1. Thelasertransmittemwasbuilt by McDonnell-Douglas
SpaceSystemdDivision, andits detaileddesignand func-
tion arediscussedby Afzal[1994]. The transmitterconsists
of a Q-switched chromium-andneodymium-dopegittrium
aluminumgarnet(Cr:Nd: YAG) oscillatorthatis pumpedby
a 36-barlaserdiodearray Eachbar consistsof ~80 alu-
minum,galliumarsenidg¢AlGaAs)laserdiodes.Thelaseris
pulsedat a 10-Hzratecontrolledby the Q-switchandemits

Plate 1. The Mars Orbiter LaserAltimeter (MOLA). The
laseris situatedbeneattthe 0.5-mtelescopeandthe elec-
tronicsandflight computerarein the blackbox on theleft.

pulseswith ~8-nsfull width athalf themaximumamplitude
(FWHM).

The designandfunction of MOLA recever components
arediscussecelsavhere[Sunetal., 1992;Ramos-lzquiafo
et al.,, 1994; Abshie et al., 2000]. The optical system
containsa 0.5-m-diametergold-coatedberyllium telescope
built by the Optical Corporationof America. The opti-
cal train includesa 2.0-nm FWHM optical bandpasdil-
ter that rejects solar backgroundand a silicon avalanche
photodiode(SiAPD) detector The recever also contains
a time intenal unit (TIU), which is a binary counterthat
recordghenumberof clock cyclesfrom thethresholdcross-
ings of the transmittedandreturnedpulses. The clock is a
temperature-controllequartz crystal oscillator with a fre-
gueny of 99.996 MHz. A chage-to-timecorverter and
a timer measurethe pulse area(enegy) betweenthe two
thresholdcrossingpoints. A similar circuit measureshe
pulsewidth at the thresholdcrossings. To improve range
resolution,the timing electronicsincludesinterpolatorsfor
thetransmittedandreturnedpulses.Theseallow determina-
tion of thresholdcrossingimesto one-quarteof each10-ns
clock cycle, yielding the effective 2.5-nstiming resolution.
An 80C86microprocessois usedto executethe flight soft-
ware.

3.2. RangingFunction

MOLA measuresheround-triptime of flight of individ-
ual laserpulsesbetweerthe MGS nadir deckandthe Mar-
tian surfaceor atmospheridayers. Whenthe laserfires, a
smallfractionof the outputlaserenegy is coupledto a PIN
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Table 2. MOLA MatchedFilter Characteristics

Parameter Specification Characteristic 1 2 3 4
Mass 23.8 kg Description smooth moderate rough clouds
Powerconsumptiof 34.2W Channelwidth, 20 60 180 540
ns
Transmitter Terrainheight 3 9 27 81
Lasertype diodepumped, Vvariationwithin
Q-switched, footprint, m
Cr:Nd:YAG Footprint-scale 1.0 2.9 8.6 24.2
Wavelength 1.064 pm surfaceslope,
Pulserate 10 Hz deg
Enegy’ 48mJpulse!
Laserdivergence 420 prad
Pulselength 8ns
Receiver The backscatteredaser pulse is only detectedand
Mirror 50-cm parabolic fecordedwithin a rangegate, within which the surfacere-
Detector silicon avalanchdurn is expected. The purposeof the rangegateis to mini-
photodiode mize the effect of noisedueto backscatteredolarphotons
Field of view 850 prad at the laserwavelength. The width of the rangegateis ad-
justablebetween20 and 80 km via an onboardalgorithm
Electionics andreducedo its minimumoncethe instrumentocks onto
Microprocessor 80C86 the surface. Thetelescopesenesasa photonbucket for the
TIU frequeng 99.996MHz laserpulsesscattereddy terrainor clouds. The SIAPD de-
Filter channelwidths 20, 60,180,540 ri§ctoroutputsa voltageproportionafto the rateof returning
Datarate 618bitss—! contipiiigasthathave beenbackscatterettom the Martian sur
faceor atmosphere Whenthis voltageexceedsthe detec-
Resolution tion threshold,the TIU is stoppedand the round-triptime
Maximumrangingdistancé 787km of flight is recorded.A separateircuit measureshe pulse
Rangeresolution 37.5cm width that canbe usedto correctfor rangewalk associated
Verticalaccurag? im with theleadingedgetiming.
Surfacespotsize 168 m After passingthroughthe SIAPD detector MOLA's re-
Along-trackshotspacing 300m turnedsignalis amplifiedand subsequentlypassedhrough
Across-trackshotspacing 4 km a parallel bank of four five-pole Besselfilters (Table 2).

?Includesreplacemenhteatfor temperatureontrol.
bAt arrival at Mars; degradeswith time.
¢Hardwarelimited.

¢Includesradial orbit error.

€In 400-km-eleationmappingorhbit.

f Averageatequatoryarieswith cos(latitude).

photodiodehrougha multimodeoptical fiber andstartsthe
TIU. Every 14 s, thelasertriggerpulseis time stampedvith
respectto the MGS spacecraftime so that the location of
the laserspoton the Martian surfacecan be reconstructed.
Thetime stampshave aresolutionof 1/256s.

Thesefilters increasehe probability of detectionby match-
ing returnedpulseshathave beenspreadn time by surface
roughnessvithin the sampledfootprint or scatteringoy at-
mosphericparticulates. The filter whoseimpulseresponse
providesthe closesimatchto thereceved pulseshapegives
the highestoutputsignalto noiseratio. However, theinstru-
mentrecordshelaserpulsetime of flight from thefilter that
exceedghedetectiorthresholdandhastheshortespropaga-
tiondelay(i.e.,thenarrovestimpulserespons@ulsewidth).
Sothefilter thattriggersneednotbethatbestmatchedo the
rangespreadroducedy RMS surfaceroughnessneasured
by MOLA's pulsewidth (seenext section).
Thedetectiorthresholdn thereceverelectronicss con-
tinuously adjustedby software, such that the false alarm
ratewithin therangegateinterval is at or below the desired
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level of 1% [McGarry etal., 1991]. As in aradarreceier,
thisdetectiorschemanaximizegheprobabilityof detection
while keepingthefalsealarmrateunderanacceptabléevel.
The probability of makinga successfutangemeasurement
(Pmeas) isexpressedZuberetal., 1992;Abshieetal., 2000]

@)

where Py is the probability of detectionand P, is the
probability of a falsealarm. The recever designandflight
software that enabledautonomoughresholdadjustmenin
MOLA are in contrastto the designsof the Clementine
[Smithet al., 1997] and Near Earth Asteroid Rendezwous
(NEAR) Shoemakr [Cole et al., 1997] laserranging de-
vices,in whichthresholdsettingsequireacommandipload
for adjustment.

By interpolatingthe spacecraforbital trajectoryto the
time of the laser measurementthe distancebetweenthe
spacecrafandthe Martian centerof massis obtained.The
rangeZuars from MGS to the Martian surfaceis relatedto
thetime of flight ¢, of theopticalpulseby

Pmeas:Pdet(l_Pfa)a

Ctopt

ot @

wherec is thevacuumspeedf light. Thevectordifference
betweerthe radial distanceto the spacecraffrom the plan-
etary centerof massandthe rangeto the surfaceprovides
the radiusof Mars at the location of the laserspoton the
surface. Equation(2) negglectsthe effect of the atmospheric
pathdelay whichis only afew centimeteron Marsdueto
thethin Martianatmosphereln the MGS mappingorbit the
instruments samplingratecombinedwith thelaserbeamdi-
vergence(cf. Tablel) resultsin asurfacespotsizeof ~168
m with shot-to-shospacingsof ~300m. The precisionof
MOLA rangemeasurementpproachethelimiting resolu-
tion of 37.5cm on smoothlevel surfacesandmay increase
toasmuchas~10mon 30° slopeq Gardner, 1992;Abshie
etal., 2000].

ZMars =

3.3. Footprint-Scale Slopesand Surface Roughness

The width of MOLA's backscatteredaserpulse, mea-
suredat detectionthresholdcrossings providesa measure
of the target heightvarianceor relief. The pulsespreading
containscontributionsfrom both footprint-scaleslopesand
root-mean-squar€RMS) roughnessvithin the footprint. If
it is assumedhatpulsespreadings solelya consequencef
footprint-scaleslope,f, thentherelationshipbetweerslope
andtheRMS width, .., of thebackscatteregdulseis [Gard-
ner, 1982]

2

. 4d .
o2 = (o2 + g}%)+$ [tan® v + tan® ytan® 6], (3)

5

wherego, is the transmittedaserpulsewidth, o is the re-
ceiverimpulseresponseand- is thelaserdivergenceangle
(i.e., the half angleat the 1/e!/? intensity point). The first
terminsidethebracletsin (3) accountsor theeffectof laser
beamcurvatureandcanoftenbe neglectedsincey < 6.

In mostareasof Mars, the spreadingpf the optical pulse
is dominatedby roughnessatherthanlocal slope[Garvin
etal., 1999]. In suchcaseshe width of the backscattered
pulsescanbe usedto derive roughnes$y correctingthere-
turnedpulsefor local slopesdeterminedrom MOLA rang-
ing [Garvin et al., 1999]. This approachhasbeenverified
from study of returnedpulse widths measuredor terres-
trial desertsurfacesby the Shuttle LaserAltimeter (SLA)
[Garvin et al., 1998], which hasa recever designnearly
identicalto thatof MOLA. Notethatbecauséhepulsewidth
parametelis an RMS valueit doesnot fully representhe
possiblelocal extremesof small-scalegoughness.

During the initial monthsof the MGS global mapping
mission (March 1999to late June1999) the receved sig-
nal wasunexpectedlystrong,which causedaturationn the
measuregbulsewidth andarea.As aconsequenceesulting
measurementsf pulsewidth and pulseenengy (discussed
later)wereunusablalueto corruptionof theirabsolutenag-
nitudes. By raisingthe thresholdsettingfor channell (the
channelwith theshortespropagatiordelay)onJuly 2, 1999,
the percentageof saturatedshotsdecreaseénd more ro-
bust measurementsf pulsewidth becamepossible. Since
thattime, the behaior of the calibratedoptical pulsewidth
parametehasbeentracked andis reproducibleat the 10%
to 20% level in placeswheretherearealundantcrosseers,
suchasin high-latituderegions.

3.4. Clouds

MOLA alsohasfunctionedasanatmospherididar, pro-
viding the first quantitatie characterizatiorof the three-
dimensionaldistribution of cloud fronts on Mars [Zuber
et al., 1998c; Pettengill and Ford, 2000, G.A. Neumann
et al., Cloudsdetectedby the Mars Orbiter LaserAltime-
ter after one Mars year submittedto Journal of Geophys-
ical Reseath, 2001, hereafterreferredto as Neumannet
al.,submittedmanuscript2001]. Cloudsarediffusetamgets,
but MOLA’s matchedfilters (Table 2) andthe instrument$
adaptve detectiorthresholdenhancéheir probability of de-
tection.

For eachpulse,MOLA's leadingedgedetectowill trig-
ger only once. If an atmospheriaeflectorwith sufficient
opacity and backscattecrosssectiotis encounteredvithin
MOLA's rangegate,an atmospherigeflectionwill register
In MOLA's nominaloperatingmode,only cloudswithin the
minimumrangegatewidth (20 km) of the surfacewill trig-
ger. The centerpoint of the rangegateis determinedau-
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tonomouslyonthebasisof thelast14 sworthof laseranges
[McGarryetal., 1991]. For particularlydenseclouds,such
asthe polarhoodsover the winter pole, theinstrumentwill
sometimedoselock on the surfaceandtrack clouds[Neu-
mannetal., submittedmanuscript2001].

MOLA rangedataare classifiedsemiautomaticallynto
ground and nongroundreturnsusing a stochastidracking
algorithm followedby manualediting[Neumanretal., sub-
mitted manuscript2001]. If threeor morenongroundtrig-
gershave occurredwithin a 0.5-swindow, or 6 or morein
a 6-s window (~20 km on the ground),a nongroundtrig-
geris deemedo beareflectve "cloud,” sincethe probabil-
ity of suchgroupsoccurringby chancedueto noisealone
is 0.001%. Nonreflectve cloudsalsooccurandarecharac-
terizedby groupsof 2 or more shotsin a 2-s window that
do not trigger on ary channel,or by averagereflectiity-
transmittanc@roduct(asdescribedn section3.5)beingless
than0.02for the samewindow. Reflectve cloudson chan-
nels1 and2, with photonsarriving within 20 or 60 ns (Ta-
ble 2), are dense while returnsfrom channels3 and4 are
diffuse. Densecloud fronts have mainly beenobsened on
theflanksof thesoutherrpolarcap[Neumanretal., submit-
tedmanuscript2001].

3.5. SurfaceReflectivity

Thereflectvity of Mars,r\a.rs, atthelaserwavelengthis
determinedrom theratio of receivedto transmittedaseren-
erngy, correctedfor distanceandthe Lambertreflectionlaw.
The enegy of the outgoingpulse, Fians, IS Sampledwith
a PIN photodiode a chaige-to-timecorverter and an 8-bit
counter The enegy of thereceved pulse, Ei., is derived
from the measuregbulsewidth andareaunderthe curve be-
tweentwo thresholdcrossings.

The relationshipbetweenrya,s andthe ratio of the re-
ceived/transmitteghulseenegiesis expressedyy rearrang-
ing thelaserlink equationas[Abshite etal., 2000]

2
Erec WZMars

T'Mars =

(4)

5 >
Eirans Tr tatm Ar

wheret.;., is theone-way atmospheri¢ransmissiity, 7, is

the opticaltransmissiorof the recever, and A4.,. is the aper

ture areaof the receving telescope. The accurag of the
reflectvity measuremersfter calibrationis ~5%. In prac-
tice, rmars CONtaingcontributionsfrom thereflectity of the
terrain,re.r, andthe opacityof theatmospherelf indepen-
dentatmospheriopacity informationis available, suchas
from the MGS ThermalEmissionSpectrometefTES)|[e.g.,
Smithetal., 2000],thenthereflectvity of thesurfacecanbe
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obtainedusingBeerslaw

TMarseszm

Tterr = —Op , (5)

whereO,, is thereturnedsignalenhancemerdueto the op-
position effect [Hapke et al., 1998]. In using TES dataa
scalingfactormustbe appliedto correctthe TES 9-um dust
opacityto the MOLA wavelengthof 1.064m. The scaling
of dustopacityin theinfraredto the MOLA wavelengthmay
contrituteup to 20%of theerrorin themeasuredurfacere-
flectivity [lvanov and Muhleman1998].

3.6. Atmospheric Opacity

If thereis anindependengstimateof the reflectiity of
terrainin areaswhereMOLA hasranged,thenthe MOLA
reflectivity measuremertanbe usedto provide anestimate
of the 1.064m opacity 7w, Of the Martian atmosphere.
Theopacitycanbeexpressedlvanov andMuhleman 1998]

1 :
Tatm = =5 In ("Ma ) . (6)

Tterr

In a proof of conceptstudyduring the MGS sciencephas-
ing orbits, radiometricallycalibratedViking color MDIMs

[Eliasonetal., 1992]wereusedto correctfor thereflectiity

of the Martian surface. Sincethe wavelengthof the Viking

red filter is 0.55to 0.70 um, a scalingfactor was usedto

convertto 1.064um [lvanos and Muhleman 1998].

3.7. Data Products

Data from MOLA are transmittedfrom MGS to sta-
tions of the NASA DeepSpaceNetwork, after which they
are transmittedto NASA GSFC,whereall processingoc-
curs. Rav MOLA ExperimentData Records(EDRs) are
processethto PrecisiorExperimenDataRecord{PEDRS)
that contain profiles of all MOLA’s measuredand derived
parametersaswell asthe value of the areoid[Smithetal.,
1999a]at eachshotlocationand a flag to indicateground
returns.

The profile dataareassembledhto ExperimentGridded
DataProduct{EGDRs)of aresolutionthatdepend®n data
densityanddistribution. The MOLA teamis contractually
obligatedto submitfor archiing gridsdevelopedfrom data
in handafter30daysof globalmappingandattheendof the
MGS mission. However, theteamhasso far submittedand
intendsto continueto submitto the NASA PlanetaryData
System(PDS) grids of progressiely increasingresolution
andverticalaccurag ona3-monthschedule.

3.8. DifferencesBetweenMOLA 1 and MOLA 2

In rekuilding the instrument(MOLA 2) for MGS, minor
changesvereimplementedn orderto reducerisk, severalof
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which coincidentallyalsoincreasegerformanceThelaser
power-on sequencavas modifiedin order mitigate a turn-
on transientandprotectoptical coatingsfrom damage.lm-

provementsn thelaserdiodefabricationprocessllowedse-
lectionof diodesthat provided maximumpulseenegy over
a broadertemperatureangethanMOLA 1. The sampling
of the start pulseenegy was redesignedn orderto mea-
sure95% cross-sectionareaof the outputlaserbeam.This
changeenabledthe 1.064-um measureof surfacereflectiv-

ity to improve from 20% in MOLA 1 to ~5% in MOLA

2. A trailing-edgedetectorwas addedso that the returned
pulsewidth couldbemeasurednorereliably andwith much
finer resolutionthanwith matchedilters (Table2). Finally,

threedelaylineswereaddedo the TIU sothataclock cycle
could be encodedat quartercycle intervals. This addition
improvedtherangeresolutionfrom 1.5 mto 37.5 cm.

4. GeodeticCorrections

4.1. Orbit Determination

Subtractionof the rangeto the surface from the MGS
orbit, allowing for off-nadir pointing, yields measurements
of theradiusof Mars, Ru.rs, in acenterof-massreference
frame. The surfacetopography hyars, With respecto the
gravitationalgeopotentiaht the laserbeamfootprint canbe
obtainedfrom

hMars = RMars - Rareoida (7)
wheretheradiusis measureavith respecto Mars’ centerof
massasdeterminedrom MOLA, and R.0iq iS theradius

of theareoiddeterminedrom the gravity field [Smithetal.,
1999a].

Precisionspacecraftorbits were determinedusing the
NASA GSFC GEODYN/SOLVE orbit determinationand
parameteestimationsystemof programgRowlandset al.,
1993; McCarthy et al., 1994]. GEODYN numericallyin-
tegratesthe spacecrafCartesiarstateandforce-modelpar
tial derivativesby employing a high orderCowell predictor
correctormodel. The force modelingincludesa spherical
harmonicrepresentationf the Martiangravity field, aswell
as point massrepresentationfor the Sun and other plan-
ets (except Pluto). Solar radiationpressuremeasurement
andtiming biasesandtrackingstationcoordinatesanalso
be alsoestimated. The accuray of the laserspotlocation
in latitudeandlongitudeis limited by the knowledgeof the
spacecrafpointingatanominallevel of 1 to 3 mrad(400to
2000m onthesurface,dependingnthespacecrafaltitude)
and absolutespacecrafposition uncertaintief order100
m.

4.2. Altimetric Crosswers

Errorsin the gravity field modelusedin the computation
of spacecraforbits causegeographicallycorrelatederrors
[Tapley and Rosboough 1985]in spacecrafpositionthat
cannotbe removed by including additionaltracking data.
Sucherrorshave beenobseredfor Earth-orbitingspacecraft
aswell asfor MGS [Lemoineet al., 1999]. In the caseof
MGS, high-precisiorgravity modelsdevelopedat both JPL
andNASA/GSFC[Smithet al., 1999a;Lemoineet al., this
issue;Yuanetal., thisissue]shav internalaccuracie$or the
radial positionof MGS at the submetetevel. However, or-
bit overlapestimateglo nottake into accounsystematier
rors. Comparisorof theseDoppleronly orbitswith MOLA
rangesatover 24 million altimetercrosseerlocationsshav
radialerrorsatthe 3- to 5-mlevel.

Orbital cross@er analysisis a methodfor usingaltime-
try as an obsenation type for nontopographigurposes.
Crossweers are locationson the surfaceof a planetwhere
thegroundtrackof anorbit crosse®ver a previoustrack. At
theselocationsa measureof the radiusof the planetis ob-
tainablefrom both orbits. The cross@er obsenrationsare
sensitve to orbital errorsand canthereforebe usedas an
obsenation of the spacecraftadial positionin the orbit de-
terminationprocesg Shumet al., 1990]. Thuscrosseers
canbecombinedwith the Dopplertrackingof the spacecraft
to improve knowledgeof the orbit andlaserbeampointing
angleand,simultaneouslyto estimatechanges$n thetopog-
raphyor shapeof the planetdueto seasonaiassedistritu-
tion betweerthepolarcapsandatmospherejdes,andother
effects.

Experiencavith theuseof crosseersin satellitegeodesy
includes Earth-orbiting radar altimeter satellites, such as
TOPEX [Marshall et al., 1995]. Crosseers have been
usedfor the first time on a planetaryspacecraffor MGS
andhave resultedin demonstratedmprovementsn radial,
along-track,and across-traclorbit component§ Rowlands
etal., 1999;Neumanretal., thisissue].

4.3. GeodeticConventions

MarsGlobal Suneyor utilizesa spacecraft-figd (XY Z)
coordinatesystemalongwhoseaxesthe spacecraftnertial
Measuremeritnits (IMU) arealignedto measurehespace-
craft attitude,and thus the inertial pointing of the science
instruments. An instrumentcoordinatesystemis usedto
definethe mountingof the instrumentwith respectto the
spacecraft-figd system.The EarthMeanEquatorand Ver-
nal Equinox2000 (i.e., J2000) is usedasthe standardn-
ertial referencesystemto describethe spacecraftrajectory
planetarybody ephemeridesstar positions,inertial orien-
tationsof planetarybody-fixed coordinatesystemsjnertial
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spacecrafattitude,andinertial instrumentpointing. A se-
ries of matrix transformationgelate the instrument-fied
coordinatego inertial J2000 coordinates.All calculations
for topographyaredonein a mass-centere@reocentrico-

ordinatereferencesystem,with longitude definedas posi-
tive eastvard with the prime meridiandefinedaccordingto

Davieset al. [1992a]. Geodeticconstantsassumedn the
MOLA investigationarebasedon the IAU91 referencesys-
tem [Davieset al., 1992a]and are givenin Table3. The

gravity field of Marsis beingcontinuouslyrefinedthrough
the efforts of the MGS Radio ScienceTeam|[Tyler et al.,

this issue]. The areoidin this analysisis basedon gravity

model mgm0964c204Lemoineet al., 1999; Smithet al.,

1999a;Zuberetal., 2000a],while orbits have recentlybeen
recomputedvith anupdatedsersionof thefield, mgm1004d
[Lemoineetal., thisissue].

4.4. ReferenceSurface

Zero elevation on Mars from MOLA is definedas the
equipotentialsurface (gravitational plus rotational) whose
averagevalueattheequatoiis equalto themearradiusasde-
terminedby MOLA (cf. Table4). Theplanetaryradiusand
a gravity modelderived from MGS Dopplertracking data
[Lemoineet al., this issue]with the IAU91 coordinatesys-
temparametergor Mars[Davieset al., 1992a]collectively
providedthe geopotentiabf Mars’ meanequatorialradius.
This equipotentiaburfacewasthenextendedo all latitudes
asthezero-level referencdor topography

5. Instrument Calibration

5.1. PrelaunchLaser PulseEnergy Characterization

MOLA 2 was calibratedprior to its launchon MGS by
characterizingts performanceover the completerangeof
anticipatedoperatingconditions. The calibrationalso in-
cludeda full flow-throughsystemtestwith rangingto atar
getinside the cleanroom. The amountof enegy emitted
by the laseris a function of temperaturdcf. Byer, 1988],
soanimportantaspecbf prelaunchestingwasthe charac-
terizationof the temperaturedependencef the laserout-
put enegy. Laserenegiesmeasuredlirectly by the bench
checkequipmentverecomparedo pulseenegiesmeasured
by MOLA.

5.2. Timing and RangeDrift

During flight the MOLA 2 clock frequeng is compared
regularly with the MGS spacecraftlock, which is moni-
toredfrom Earththroughthe spacecrafRF transmittercar
rier frequeng. The MOLA clock frequeng is recalculated
andupdatedor every 24-hourperiodduringthegrounddata

SMITHETAL.

Table 4. MOLA GeodeticParameters

Parameter Value/Uncertainty

GeodeticShape

3389508+ 3 m
3396200+ 160m
3376189+ 50m
3382580+ 50m

Meanradius
Meanequatoriaradius
North polarradius
Southpolarradius

Triaxial ellipsoid

a 3398627m
b 3393760m
c 3376200m
1/flattening 169.8+ 1.0
Directionsof principal axes

a 1.°N, 72.45E
b 0.0°N, 324.4E
c 89.C°N, 252.4#E

Ellipsoid offsetof COF fromCOM
Az -233m
Ay -1428m
Az -2986m

99.99626 10
N 99.99624 muk ) e Lo g
= T ST o
- 99.99622 : - £
= ‘ ” 51100
$ 99.99620 o S S
g " .-
L 99.99618 - 20
99.99616 \ \ -30
0 2000 4000

Mapping Orbit Number

Figurel. MOLA oscillatorfrequeng andrangedrift during
the MGS mappingorbit throughMay 2000.

processingndtheaccurag of theresultantlock frequeny
shouldbelessthan5x 10~8 (<2 cmoverthe400-kmmea-
surementange).Figurel showvsthatduringthe MGS map-
ping orbit throughMay 2000,theclock frequeng drifted 23
cm in equialentrange. By performingthis comparisonin
combinationwith spacecrafpointing informationprovided
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Table 3. MarsConstantdJsedby MOLA

Parameter/Model Value Units Referencé Comments
Referencesystem 1 IAU91
Pole,2000RA 5.54457944683162E+00 radians 1 J2000
Pole,2000Dec 9.23034842783985E-01 radians 1 J2000
Rotationrate 7.08821808125292E-05 radianss—! 1 constant
Origin, Q, 176.868+350.894830*d degrees 1
Gravity model mgm0964c20 2 areoid

mgm1004cd 3 MGS orbit
GM 0.4282837130086E+14 m3sec? 3 mgm0964c20a
0.4282837190184E+14 m3sec? 3 mgm1004d
Meanequatoriakradius 3396000 m 4 topographymodel
3397000 m 3 gravity models
Planetaryephemeris DE403 5

Coordinatesystem planetocentric

eastpositive

?Referencesl, Daviesetal. [1992a];2, Smithetal. [1999a];3, Smithetal. [1999b];4, Lemoineet al. [this issue];5,

Standistetal. [1995].

by the quaternionsit is possibleto improve knowledgeof
the along-trackpositionof eachlaserfootprint on the Mar-
tiansurface.

5.3. Laser Performance

The postlaunctperformanceof the MOLA laseris con-
sistent with the most optimistic expectationsbasedon
prelaunchtesting. The performances particularly signifi-
cantconsideringhattheinstrumentwasoperatedn anun-
intendedfashion,outsideits nominaloperatingtemperature
range andswitchedon andoff ratherthanrun continuously
duringthe MGS aerobrakindhiatusandsciencephasingor-
bit periods[Albeeet al., this issue]. When MOLA-2 was
turnedoff prior to Marssolarconjunctionin June2000,the
laser had accumulatedbver 390 million pulses,of which
99% resultedin valid rangemeasurement® the surfaceor
atmospheremakingit by far thelongest-lvedlaserranging
instrumentthat hasso far flown in space.By comparison,
the Clementindaseraccumulate®47,000pulsesof which
81% of the returnswere noise hits) [Smithet al., 1997],
and the Shuttle Laser Altimeter, an Earth-orbitinginstru-
mentbuilt with MOLA sparesgxpended~3 million pulses
in two shuttleflights[Garvinetal., 1998]. TheNEAR Shoe-
malker LaserRangefindefZuberet al., 1997]accumulated
~11 million pulsesduring the 1-yearmappingmission of
asteroidd33Eros[Zuberetal., 2000b].

Evenin the absenceof mechanicalnd electricalprob-

50
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]

|
.

;
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Laser Energy, mJ
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300
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Figure 2. Daily averageof MOLA laserenegy duringthe
MGS mappingorbit. Time is givenasday of 1999,andval-
uesgreatethan365 correspondo theyear2000.

lems and with nominal operatingconditions, lasersof all

kinds experiencea degradationin performancewith time.
For solid-statdaserdik e thatin MOLA, laserenegy is ex-

pectedto decreaseavith usagedueto failure of laserdiodes
[Afzal 1994]. As illustratedin Figure2, the MOLA laser
hasexperiencedseveral discretedecreases the outputen-
ergy duringits operationin Martianorbit. Decreasindaser
enegy wasanticipatedandfactoredin to MOLA’s design,
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thoughprior to MOLA 2 it wasexpectedthatenegy would
fall off asa smoothexponentialfashionratherthanin dis-
cretestepqZuberetal., 1992;Afzal 1994]. Thelaserenegy
dropshave occurredon ~60-dayintervals during MOLA'’s
continuousoperationin the mappingorbit. Themostlikely
causeof the enegy decreasess the failure of individual
diode bars,resultingin an ~4-mJenegy drop per failure.
Monotonicincreasesnddecreasem enegy aredueto tem-
peraturevariationsassociatedvith the changingdistanceof
Marsto the Sunduringthe Martianyeatr

On day 432 of 1999 (March 7, 2000)the MOLA laser
briefly experiencedan unusualvariationin enegy output
dueto significantunexpectedvariationsn thetemperaturef
theMGS nadirdeck. Theseemperatur@xcursionsvereas-
sociatedwith thefirst executionof the fixed high-gainmap-
pingsequencéAlbeeetal., thisissuelthatwasimplemented
to allow occultationmeasurementuringa periodwhenthe
MGS high-gainantennaobstructionpreventedcontinuous
mappingof theMartiansurface.Subsequertb this eventthe
MGS mappingsequencavasmodifiedto preventfurtheroc-
currencesf this kind. Undernormaloperatingconditions,
MOLA 2 is expectedo performwith full capabilityaslong
asperformancexceedslO mJin daytimeand5 mJat night-
time.

6. MGS Mission Phasesand MOLA Data
Collection

Mars Global Surweyor successfullynsertednto Martian
orbit on Septemberll, 1997. The captureorbit was el-
liptical andnearpolarin inclination, with an initial period
of 45 hours. The captureorbit was changednto a circu-
lar mappingorbit by aerobrakingutilizing repeatechasses
throughthe upperatmospheref Mars nearorbital periap-
sisto remove enegy from the spacecraforbit via dragon
the solarpanels. Aerobrakingreduceghe apoapsiseight,
eccentricity andperiod. MOLA wasunableto rangeto the
surfacewhile the MGS spacecraftvasin aerobrakingcon-
figuration. On Septembed5, 1999, prior to the initiation
of aerobraking periapse3 of the captureorbit was desig-
natedasa periodof instrumentcheckout. During this or-
bit, MOLA collectedits first datafrom Mars. The instru-
mentsampledthe Martian surfacefor a total of 21 min as
the spacecrafpassedhroughaltitudeslessthan 787 km,
MOLA'shardware-definednaximumdistanceranginglimit.
The rangingsuccessate during Pass3 was 99.8% [Smith
etal., 1998]; therewereno missedshotsandonly ~20false
detections.

From October14 to November6, 1997, the periapsis
heightof MGS wasraisedout of theatmospheréo 175km.
Aerobrakingwassuspendetb analyzethe effect of the dy-
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namic pressuregxperiencedduring atmospherigasse®n
one of the solar panelsthat was damagedvhen deployed
shortlyafterlaunch.During theseaerobrakinghiatusorbits,
17 more MOLA profiles were collected[cf. Smithet al.,
1998]. The orbital period of the aerobrakinghiatusorbits
was~35hoursandthelengthof therangingpassvas~22.5
min.

MGS implementedhe sciencephasingorbits (SPO)be-
tweenApril andSeptemberl998[Albeeetal., 1998]. These
sciencedata-collectingorbits wereundertalen to allow the
originally planned0200/1400UT equatofcrossingtimesto
be achieved in the MGS circular mappingorbit. The SPO
hada periodof 11 hours37 min andanapproximateperiap-
sisaltitudeof 170km thatallowed~25 min of laserranging
eachorbit. During SPO1 and 2, with the numberscorre-
spondingrespectiely, to periodsbeforeandaftersolarcon-
junction, MOLA collectedover two million elevationmea-
surementof Mars’ northernhemisphere. The SPOorbits
lasteduntil mid-Septembet998,but MOLA wasturnedoff
on Augustl to avoid excessve power cycling of the laser
an operationmodethat had not beenplannedfor in thein-
strumentdesign.

MOLA begancontinuousmappingof Marsin the near
polar, circular MGS mappingorbit on February28, 1999.
Theinstrumenthasrangedcontinuouslyto Marsata 10-Hz
rate until June,1999 exceptfor a 2-weekperiodin April
1999 when all instrumentswere shut off to investigatean
obstructionof the MGS High Gain Antenna.ln Junel999,
MOLA wasshutoff for a2 monthperiodaroundsolarcon-
junction,whenthe solarplasmainduceda level of noisein
the MGS X-bandtrackingdatathat translatedo unaccept-
able errorsin the spacecraforbit andhenceMOLA topo-
graphicaccurag.

7. Global Topographic Model

7.1. Data and Resolution

The topographicmodel, shavn in Plate 2, is basedon
333,689,830MOLA surfacemeasurementdatawerecor
rectedfor spacecrafattitude,andfor pointing angles< 6°
exceptwhereoff-nadir rangingwas performedto cover the
north and south polesin areasnot routinely sampleddue
to the 92.8 inclination of the MGS orbit. To derive loca-
tion coordinatesand medianheights,all surface measure-
mentswere projectedand binned on a 1/64° latitude x
1/32 longitudeglobal grid. The resolutionof the global
grid is currently~1 x 2 km? at the equatoy with longitu-
dinal spacingdecreasingvith the cosineof latitude. More
thanhalf of the bins containedat leastoneobsenation,and
usuallymorethanthree,while the remaindemereinterpo-
latedby minimum-cunature-umertensionf Smithand Wes-
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Topography [m]

Plate 2. The topographyof Mars from MOLA. The resolutionof the modelis 1/64° in latitude x1/32° in longitude(~
1 x 2 km? at the equator). Topographyis shavn as colorcodedelevation drapedover shadedrelief. Major featuresare
labeledin white. The projectionat mid-latitudesis Mercatorandat high latitudesis polar stereographic Coordinatesare
areocentriavith aneastpositive longitudeconvention.On Mars 1° is ~59 km.

sel 1990]. Planetaryradii were then projectedand simi- masscenteredadii, Ry, COnvertedto geopotentiakleva-
larly binned,anda sphericalharmonicexpansionwas sub-
sequenthyfit to thedata. Thesphericaharmonicsolutionof
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Figure 3. Histogramof orbit residualsat over 48 million
altimetric crosseer points. The leastmedianof squares
(LMS) misfit of 0.96m is a measuref the accurayg of the
globaltopographicmodelin Plate2. No attempthasbeen
madehereto remove ary time-varying heighteffect dueto
sublimationanddepositionof CO, onthepolarcaps.

tion, hyars, By €equation(7), takestheform

N 1
Itars(6,0) =D Y Pm(sing) -
=1 m=0
[Cl,m cos(mA) + Sp,m sin(mA)]  (8)

where¢ and \ arethe areocentridatitudeandlongitudeof
the surface, B, ,,, are the normalizedassociated_egendre
functionsof degreel andazimuthalorderm, Cy,,,, andsSy
arethenormalizedsphericaharmoniacoeficientswith units
givenin metersandN is themaximumdegreerepresenting
thesize(or resolution)of thefield. TheC andS coeficients
provideinformationonthedistribution of globaltopography
Thecurrentsphericaharmonicmodelis to degreeandorder
1152andhasa spatialresolutionof ~9 km.

The estimateof global topographicaccurag includes
contritutionsfromradialorbit error(0.85m RMS)[Lemoine
et al., this issue], instrumenterror (3 m RMS) [Abshie
etal., 2000],andareoiderror (£5 m RMS) [Lemoineetal.,
1999, thisissue;Smithetal., 1999a].Figure3 demonstrates
that inclusion of MOLA altimetric crosseershasreduced
the misfit of topographyat crosseer locationsto +0.96 m
[Neumanretal., thisissue],andto first orderthis misfit rep-
resentshe accuray of thetopographianodel.
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Figure 4. Hypsogramsf surfaceelevationwith respecto
Mars’ centerof mass(solid line) andto the centerof figure
(dottedline).

7.2. Fundamental Parametersof Shape

Basic parameter®f the shapeof Mars aregivenin Ta-
ble 4. Mars hasa meanradiuswith respectto its center
of massof 3389508+ 3 m, but the global distribution of
radii shavs considerableariability. The differenceof ~20
km betweerthe polarandequatorialradii indicatesthatthe
largestcontrikution to the shapeis the planetaryflattening,
which is due primarily to the rotation of Mars. Thereis a
~5% contribtution [Folkner et al., 1997; Zuberand Smith
1997]to the flatteningfrom the Tharsisprovince, which is
situatednearthe equator The flatteningof 1/169.8 is sig-
nificantly lessthanthe valueof 1/154.4 [Bills and Ferrari,
1978]andslightly lessthantheellipsoidalvalueof 1/166.53
[Smithand Zuber, 1996] that have beenusedin previous
geophysicahnalyses.

Subtractingthe gravitational potential or areoid [Smith
etal., 1999a;Lemoineetal., thisissue]from planetaryradii
measurementgives elevationsin termsof geopotentiato-
pographywhich eliminatesthe contribution dueto rotation
and accentuatesther long-wavelengthcomponentof the
shapeFigure4 andTable5 illustratethatthedynamicrange
of geopotentiatopographyon Marsis 29.5km, the largest
of theterrestrialplanets.The majortopographiaexcursions
aredueto large impactbasinsandshieldvolcanoes.Mars’
thick elasticlithospherd Turcotteetal., 1981;Banedtetal.,
1982;Comeretal., 1985;SleepandPhillips, 1985;Banedt
etal., 1992]allows suchlargesurfaceloadsto bemaintained
(seebelaw).
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7.3. BestFit Ellipsoid

A commonlyusedmeasuref the planetaryshapeis the
referencesllipsoid. Parameter®f the bestfit ellipsoid, cal-
culatedwith respectto a coordinatesystemwith origin at
Mars’ centerof mass(COM), aregivenin Table4. Theel-
lipsoid is displacedfrom the COM by -2986 m alongthe
z axis, andrepresentsn offset betweenthe COM andthe
planets geometriccenter(centerof figure; COF)alongthe
polaraxis. Thesignof theoffsetindicateghatthesouthpole
hasa higherelevationthanthe north pole (by ~6.4 km, in-
cludingrelief of theice caps).Theellipsoidis alsodisplaced
by ~1428m alongthey axisin the directionof the Tharsis
topographiaise.

7.4. GeodeticGrid

MOLA datahave beenusedto redefinethe geodetiagrid
of Marsandhave providedup to 2 ordersof magnitudem-
provementn knowledgeof theabsolutdocationsof latitude
and longitude and 3 ordersof magnitudeimprovementin
knowledgeof radiusoverall previouscontrolpointnetworks
[e.g., Davieset al., 1992b]. Using geolocatedpositionsof
MOLA spotsonthe Martiansurface[Rowland<stal., 1999;
Smithet al., 1999b], the locationssampledby MOLA are
now known to oneMOLA footprintor approximately+100
m with respectto Mars’ centerof mass. Vertical positions
areknown to theaccuray of the globaltopographianodel,
or~1m.

Effort is currently undervay [Duxbury, 2000] to relo-
cateinto the MOLA coordinatesystemthe Mars Medium-
resolution(231-mpixel~!) Mosaicked Digital ImageMod-
els(MDIMs) [Daviesetal., 1992b]derivedfrom Viking im-
ages.ThisprocesatilizesMOLA GeodeticAltimetry (MO-
GAL) files [Duxkury, 2000]in which MDIM’ s are brought
into alignmentwith control point features,suchas craters,
sampledn MOLA PEDRs.

7.5. Relationship of Topography to Atmospheric
Pressue

The relationshipbetweensurfacetopographyand atmo-
spherigpressur@rovidesa measuref themassof theatmo-
sphericcolumnabove a particularlocation,which is critical
in theassessmeif potentialfuturelandingsites| Golombek
etal., 1997ap]. Theaverageatmospheripressuren Mars
is ~6.1 mbars,which is closeto the triple point of water
Earlytopographianodelsof Mars[e.g.,Wu, 1991]wereref-
erencedo this atmospherigressuresurface. The useof a
pressureurfaceasareferencentroducecconsiderablerror
into estimate®f elevationbecaus®f temporalvariability in
the heightof the pressuresurfacedueto seasonabariations

in CO, contentand dynamicalmotionsof the atmosphere.
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Becausef theimportanceof understandingurfacepressure
for modelsof circulationof the Martianatmospherandfor
landing-siteassessmenkIOLA elevations,which arerefer
encedto a staticareoid,have beenrelatedto the 6.1-mbar
atmospherigpressuresurface.

To relatesurfacetopographyto atmospherigressureit
is necessaryo first compareplanetaryradii obtainedfrom
spacecrafbccultationsto thosederived from MOLA. The
occultationsyield a measureof both planetaryradiusand
atmospherigpressureandtherebyprovide a uniquelinkage
betweenthesequantitieg[Kliore et al., 1973;Lindal et al.,
1979; Hinsonet al., 1999]. MOLA radii, which are con-
siderablymoreaccuratehanradii obtainedby occultations,
canthenberelatedto occultation-denedsurfacepressures.
By comparingMOLA radii to Viking andMariner9 occul-
tations,Smithand Zuber[1998] shaved thatthe zeropoint
of MOLA topographycorrespondso an atmospheriqres-
sureof ~5.2mbarsat L,=0°. (L, is the seasongbarameter
on Mars andrunsfrom 0° to 360° over the courseof the
Martian year; L;=0° correspondso the vernal equinoxin
the northernhemisphere.)The 6.1-mbarpressurdevel oc-
cursatapproximately-1600m relative to the zeroreference
of MOLA topographyfor L,=0°. However, the height of
the6.1-mbarsurfaceneedso beadjusteddependingn the
date.Seasonalariationsin atmospheripressuressociated
with theexchangeof CO, betweertheatmospherandpolar
capsis expectedto producevertical variationsin the height
of the6.1-mbarsurfaceof 1.5to 2.5km overthe courseof a
Martianyear[ Smithand Zuber, 1998].

7.6. Comparisonto Landing Site Elevations

TheViking andPathfindedanderscontainedsensorshat
measuredaitmospherigressuradirectly and thus provided
local estimate®f surfaceelevation. A pre-MGScomparison
of Viking landersiteelevationswith correspondingpcations
ontheUSGSDEM showvstheheightsto disagredy ~2 km,
with the DEM locationsin thewrongrelative directionwith
respecto eachotherascomparedo thelandersites[Kieffer
etal., 1992]. In contrasta comparisorof MOLA altimetry
with the locationsof the landing sites shovs good agree-
ment(Table 6), consideringthe spatialdifferencesn sam-
pling. The differenceshetweenMOLA andlanderderived
elevationsof thelandingsitesarelikely dueto actualRMS
variationsof local topographyand(for MOLA) errorsin the
geoidof Marsthataredecreasingsgravity modelsarecon-
tinually refined.

7.7. Power Spectrum

The power spectrurmfor Martiantopographyis obtained
from the degreevarianceof sphericaharmoniccoeficients
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Table 5. Major TopographidExcursionon Mars
Parameter Latitude,deg Longitude,°E Elevation,m
Regional Highs
OlympusMons® 17.3495 226.31 21287.4
AscraeuMons 11.7082 255.177 18219.0
ArsiaMons -9.12736 238.261 17780.7
ElysiumMons 24,7478 146.437 14126.6
PavonisMons” -0.06261 246.674 14057.4
HecatesTholus 31.8125 149.875 4853.26
Albor Tholus 18.6562 149.875 3925.49
Regional Lows

Hellas’ -32.8132 62.0172 -8180.
Argyre? -44.8192 315.088 -5240.7
Utopia 39.5 110.2 -5050
Lyot® 28.9277 50.6031 -7036.
VallesMarineris -14.2969 301.969 -5679.47

2Rim of smallcrateron southflank.

bSouthrim.

¢Smallcrater

YHooke crater

¢Deepesbasinin northernhemisphere.

Table 6. Comparisorof MOLA to LandingSite Elevations
MOLA MOLA Elevation
LandingSite Latitude?® Longitude? Radius, Elevation? MOLA - Lander
deg °E m m m

Viking Landerl 22.2692 311.8113 3389373 -3627. 45
Viking Lander2 47.6680 134.0430 3381857 -4505. 0
Pathfinder 19.0949 326.5092 3389807 -3682. 94

¢l andingsite coordinatesare taken from Folkner et al. [1997]. All locationsare givenin the IAU1991 reference

system Daviesetal., 1992a].

"MOLA radiusminus50th degreeandorderareoidof Lemoineetal. [this issue].

[e.g.,Bills andFerrari, 1985]. Figure5 shavs avariancgV)
spectrumto degreeandorder1152,which correspond$o a
spatialscaleof 9 km. A power law of

V = 8.2815 1719346 k2 (9)

providesa bestfit to the spectrum.Figure5 indicatesthat
Martiantopographyhaslesspowerthanthe powerlaw from

degrees10-25 (spatialscales~ 10° km), due probablyto
theflat northernhemispherddiscussedater). Theincrease
in power betweendegrees100and1000is thoughtto arise
fromthecrateredsoutherrhighlands At 10-kmspatialscale
(degree1000),a 10-n? RMS varianceof topographyis ob-
sened. Thepowerlaw cannotsimply beextrapolatedo esti-
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Figure 5. Power spectrunof Martiantopographyto degree
andorder 1152 (maximumresolution9 km). The left axis
plots degreevariancenormalizedby the squareof the plan-
etaryradius,andtheright axis plotsunnormalizedsariance.
Thedashedine is abestfit powerlaw (equation(9)).

Plate 3. MOLA pole-to-poledownhill slicealonglongitude
0°E. The southpoleis on theright, andthe northpoleis on

theleft. Apparentis the quasi-monotonicecreasén eleva-

tion from southto north(apartfrom thenorthpolardeposits)
aswell asthedistinctive contrastin roughnesdetweerthe
southerrhighlandsandnorthernplains.

matethe RMS varianceof surfaceroughnesstlanding-site
scales.Ona 100-mspatialscaleonly centimetersf rough-
nesswould beexpectedrom extrapolationof the powerlaw
(Figureb).
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8. Scientific Accomplishments

8.1. Global Physiography

8.1.1. COM/COF offset and the pole-to-pole slope.
The 3-km offsetalongthe z axis betweenMars’ COM and
COF (cf. Table4) resultsin a non-zeroCy o termin the
sphericalkexpansionof topography(equation(8)). Similarly,
the 1.4-kmoffsetin the directionof Tharsisis reflectedin
the (', andS; ; termsin the harmonicexpansion.In prac-
tice, the termis sinusoidalin latituderatherthanlinear, so
thehemispheric-scalelevationchangeas morecomplicated
thana constantinearfunction. If the offsetalongthe polar
axis is interpretedin termsof a long-wavelengthtilt, then
it correspondso an averageglobal-scalesouth-to-nortHilt
of 0.036 directedalong lines of longitude [Smithet al.,
1999h]. As illustratedin Plate3, the progressie decrease
in elevation from southto northis bestobsened at longi-
tudesnear0°E, away from theinfluenceof TharsisandHel-
las. While this zonal elevation changeis complicatedby
bothlarge-andregional-scaldopographideaturesit is ap-
parentthat this fundamentabspectof Martian topography
hascontrolledthe surfaceand subsuréceflow of volatiles
andsedimentghroughoutmuchof Martian history. As dis-
cussednorebelaw, the global-scaleslevation changeasso-
ciatedwith the C ¢ term of the topographyfield resulted
in thenorthernhemispherdecominga global-scalesink for
transportednaterial. As discussedby Zuberet al. [1998b],
the COM/COFoffsetin thedirectionof Tharsisalsocauses
atilt in theeast-westlirection,thoughdeflectionsassociated
with the membraneesponseo Tharsisloadingcomplicate
the pattern[Phillips etal., 2001].

8.1.2. Hemispheric dichotomy. The striking difference
in global physiographybetweenthe northernand southern
hemispheress termedthe hemispheriadichotomy[Mutch
etal., 1976;Carr, 1981]. The southerrhemispherés heav-
ily crateredandolder, whereashe northernhemispherds
morelightly crateredandyounger andwasprobablyresur
facedby volcanism[Scottand Tanaka 1986; Greelgy and
Guest 1987]andsedimentatiorfZuberet al., 2000a]early
in Martian history. Much of the northernlowlandsis com-
posedof the Late Hesperian-ageWastitasBorealisForma-
tion andAmazonian-agedrcadiaFormation[ Tanakaetal.,
1992],which aretilted subtlynorthandaresmoothat scales
rangingfrom ~100m (Plate5) to baselineof hundredsof
kilometers[Kreslavslk and Head 1999; Ahamnsonet al.,
this issue]. In the southernhemisphere Noachian-aged
ridgedplainsform locally flat intercraterdepositswhereas
youngerHesperian-ageddgedplainsdominatein somere-
gions. The boundarybetweenthe northernand southern
hemispherem mary placess characterizedy complecter
rain[Sharpetal., 1971;Sharp 1973],aswell asregionalel-
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evationchange®»f upto 4 km overdistance®f 300to 1300
km [Frey etal., 1998]. Regionswherethe elevationchange
is relatively steep(e.g.,longitudeslOC® to 220°; seePlate2),

comprisethedichotomyboundaryscarp.

Thedichotomyis characterizethy bothan elevation dif-
ference(Plate2) aswell asa differencein surfacegeology
and macroscaleoughnesgPlate5), but it is not yet clear
if thesefeaturessharethe samemechanisnmof formation.
Hypothesedo explain the hemispheridichotomyhave in-
cludedthinning of the northernhemispherecrustby man-
tle cornvection[Lingenfelterand Schubert 1973;Wseetal.,
1979ab], anearly periodof tectonicplateregycling [Sleep
1994], and a massi¥e impact or impactsin the northern
hemisphergWlhelmsand Squyes 1984;Frey and Scultz,
1988]. The global distribution of elevationsfrom MOLA
hassomebearingon the natureof thehemispherielevation
difference.Figure4 shavs global hypsogram®f elevation
with respecto the COM and COF. In a mass-centeredo-
ordinatesystenthe elevationdifferencebetweerthe south-
ern highlandsandnorthernlowlandsis apparentwhile in a
figure-centeredystemthe distribution of elevationsis uni-
modal. A planet-scaldlistribution of topographythat con-
tainsa discreteelevationcontrasin a mass-centereslystem
may; in principle, appeamunimodalwhenreferencedo the
COF[Ahamnsonetal., thisissue].However, on Earth,with
elevatedcontinentsand deepoceanbasins,the hypsogram
of topographyis bimodal whetherviewed from mass-or
figure-centeredystems.This comparisorindicatesthatthe
dichotomyboundaryscarpcontrituteslessto the COM/COF
offseton Marsthanthecontinental-oceanicrustaltransition
doeson Earth[Aharonsonetal., thisissue].

It hasnow beenestablishedhatboththetopographiex-
pression[Smithet al., 1999b]and crustalthicknessdistri-
bution [Zuberet al., 2000a]of the dichotomyboundaryare
noncircular andthereis no evidencepresered that would
supportahemispheric-scakgingleimpactsuchaspreviously
proposedWlhelmsand Squyes 1984]. Formationof the
elevation differenceby multiple smallerimpactshas also
beensuggestedFrey and Scultz, 1988]. Beyond Utopia,
however, no circular structuresof comparablescaleare ap-
parentin thetopographyof thenorthernplainsor from grav-
ity [Smithet al., 1999a], althoughit is possiblethat such
structurescould have beenmasled by processeshat oc-
curredsubsequertb formation.In any caseaproces®r pro-
cessestherthanimpactmustbeinvokedto explainthe pre-
senedphysiographidaifferencebetweerthe hemispheres.

8.1.3. The northern lowlands and evidencefor a pos-
sible ancientocean.Thenorthernlowlandsdisplaya lower
craterdensitythanthesoutherrhighlandgcf. Plate2) dueto
hemispheric-scaleesurfcingthat, prior to MGS, hadgen-
erally beenviewedasmainly volcanic[Greeley and Spudis
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Plate4. MOLA Pass31,whichtraversesAmazonisPlanitia,
shaws the flat northernhemispheref Mars. The line con-
nectsrangereturnsand the dots shav the topographythat
wouldbeobtainedwvithouttheinstrumentstiming interpola-
tor. This plate,in which heightis in metersandlatitudeis in

degreesdemonstratethe submeteperformanceof MOLA

2 overgentlyslopingsurfaces.

1981; Greeley and Guest 1987; Scottand Tanakag 1986;
McEwenretal., 1999],with athin sedimentargoverin some
areas. Analysisof MGS gravity andtopographynow sug-
gestsa significantsedimentarycomponento the northern
hemisphereesuraicing[Zuberet al., 2000a]. The northern
latitudesoutsideof the Tharsisrisearenow known to beex-
tremely flat, sloping gently downward to the north [Smith
etal., 1998; Zuberet al., 1998b; Smithet al., 1999b] (cf.
Plate3). Theflatnessof the upperlatitudesof the northern
hemispherextendsacrossall longitudesandfor over 2000
km in north-southextent. In the northernlowlandsthe to-
pographyvariesby only + 50 m to + 400 m abouta mean
sloping surface [Ahamnsonet al., 1998]. The flatnessis
obsenedover arangeof topographidaseline§Aharonson
etal., 1998, this issue;Kreslavslig and Head 1999,2000],
and flatnessis documentediown to the 100-m scale(dis-
cussedlater). Of particularinterestis AmazonisPlanitia
(Plate4), westof the Tharsisrise, thathasbeenestablished
astheflattestlarge-scalesurfacein thesolarsysteni Aharon-
sonetal., 1998]. AmazonisexhibitsanRMS varianceof ~2
m over scalesup to 10° km andis comparablén smooth-
nessto the Earth’s oceanicabyssaplains[Ahamonsonetal.,
1998].

Prior to MGS, the northernlowlandswere proposedo
have beenthe site of anancientoceanwith two geological
contacts("1” and”2") hypothesizedn the basisof analy-
sesof Viking imagesas possibleshorelineqParker et al.,
1993]. MOLA datawereusedto testthe predictionsof the
hypothesif standingbodiesof waterin the northernlow-
lands[Headetal., 1998a,1999;Hiesinger andHead 2000;
Garvin et al., 2000a]. Evidencein supportof the hypoth-
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esisincludesthe following: the correspondencef Contact
2 with anapproximatesquipotentiaburface(the ~-3700m

elevation contour); enhancedopographicsmoothnessand
distinctive simplecraterpropertiesnsideContact?; terraces
in thevicinity of Contact2 thatin placesareorientednear

parallelto thecontact;andavolumewithin Contact2 (~100

m global equivalentlayer) consistentwith estimateof the

amountof waterthatconcevably could have beenavailable
on earlyMars[Carr, 1996]. An ocearthatfilled to Contact
2 would have hadanaveragedepthof 570m but would have

achiezeda depthof over 3 km within Utopia.

While the evidencefrom MOLA datais consistenwith
a paststandingbody of water noneyet reporteduniquely
requiressucha genesis.Complicatingfactorsinclude: ob-
senationsof Contact2 by the Mars Orbiter Camerahatdo
not shov evidencefor paleoshorelinegMalin and Edgett,
1999]; tectonicridge-like morphologyof proposedshore-
line terracefeatureshorthof Alba Pateraandthedeviation of
thesestructurefrom an equipotentiakurface[Montesiand
Zuber, 2001;WthersandNeumann2001]; statisticalanaly-
sisof topographythatshavs thatAmazonisandothernorth-
ernlowlandregionscannotbe derivedfrom simply smooth-
ing heavily craterederrain[Ahamonsoretal., thisissue];and
the apparentabsencef surficial carbonatdan the northern
plainsnotedby theMGS TESinstrumen{Christensertal.,
thisissuel].

8.1.4. Tharsis. Plate2 shows the vastvolcano-tectonic
Tharsisprovinceto consisiof arisethatextendsfrom 220°E
to 30C°E andfrom 50°S to 10°N, andspans~10" km? by
area. The comple structureof the province revealedby
MOLA indicatesthat mostof Tharsiswasformed by vol-
canic construction[Solomonand Head 1981], with likely
contritutionsfrom both extrusive andintrusive magmatism.
The topographicmap also shows that Tharsisconsistsof a
main rise that containscontainsthe TharsisMontes (As-
craeus,Pavonis, and Arsia) and a northernrise that essen-
tially compriseshe Alba Pateravolcanic structureand its
surroundingsThe possiblecontritutionto Tharsistopogra-
phy from structuraluplift, whosesignaturecould concev-
ably have beenmasled by subsequentolcanismhasyetto
be quantitatvely assessed.

Unlike all previous topographymodels,OlympusMons
is not associatedvith Tharsisproperbut ratheris situated
off thewesternedgel Smithetal., 1999b].However, thevol-
canicconstructikely hasa geneticrelationshipto Tharsis.

MOLA datashav thatthe Thaumasiaegion thatdefines
southernmosf harsisis not topographicallydistinct from
the main lobe of the Tharsisrise. High-standingridgesin
this region, proposedto be a consequencef lithospheric
folding [Schultzand Tanaka 1994],appearto have escaped
resurficingby youngerTharsisvolcanicflows dueto their
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high elevation. Theseelevatedancientterrainscanbea con-
sistentwith anorigin by eithervolcanicconstructioror uplift

andfurthermodelingandstructuralanalysiswill berequired
to distinguishthe two possibilities.

Previousmodelsfor theorigin of Tharsishasedngravity
andtopographyanalysesupportedy the spatialandtem-
poral distribution of tectonics[Banedt et al., 1982,1992;
Tanaka et al., 1991] are currently undegoing revision
[Banedt and Golombek 2000]. Contraryto previous con-
clusions basedon lower-resolution Viking data [Banedt
et al.,, 1982,1992], it is not necessaryo invoke a period
of purelyisostaticsupportin Tharsis’history. Nor is it nec-
essaryto resortto complex representationsf Tharsis’me-
chanicalstructure suchasanuppercrustdetachedrom the
upper mantle [Tanakaet al., 1991], though such a litho-
sphericconfigurationmay have once existed and may ex-
plain certainaspect®f Tharsistectonicssuchasdifferences
in ridge spacingbetweenHesperiarridged plains and the
northerdowlands[MontesiandZuber, 2001]. Insteadmod-
eling shaws that moststructuresaroundTharsiscanbe ex-
plainedby aflexuralloadingmodel[BanedtandGolombek
2000].

Phillips etal. [2001] shavedthatthemembrane&esponse
to Tharsidoadinghasaglobal-scaleffectthatcanexplaina
numberof salientfeatureson Mars. Thesencludethenega-
tive gravity ring aroundTharsig Smithetal., 1999a;Phillips
etal., 2001],theelevationof certainterrainsin ArabiaTerra,
andtheapparenasymmetryof the Utopiabasinrim.

8.2. Slopesand SurfaceRoughness

8.2.1. Slopes. MOLA datahave beenusedto calcu-
late surface slopeson baselinesfrom 300 m to 1000 km
[Kreslavsk and Head 1999, 2000; Aharonsonet al., this
issue]. With the high accurag of the global dataset,slopes
onhemispheric-scaleaseline§10® km) canbe measuredo
severalpartsin 10°. Onthe 100-kmbaselineghe predomi-
nanttilts aresouthto north[Ahamonsonretal., thisissueland
aregenerallyconsistentvith the mappedistribution of val-
ley networksandoutflow channelg§Wlliams, 2000;Phillips
etal., 2001].

A usefulmeasurds the RMS slope,which is generally
analogougo the RMS roughnesdrom radarobsenations
[Simpsonet al., 1992], thoughthe former measureis in-
fluencedby isolatedhigh slopesassociatedvith structures
suchascraterswithin thewindow. RMS slopesin a 35-km
runningwindow shav anaverageof 3°-10° in the southern
highlandsand 0.2°-0.8 in the northernlowlands[Aharon-
sonetal., thisissue]. Thereis a generalagreemenbetween
RMS slopesfrom MOLA with thosemeasurediy Earth-
basedradar [Christensen 1986; Christensenand Moore,
1992], thoughthereare significantdisagreements some
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Table 7. GlobalRoughnes&Jnits From Optical Pulse

Widths

RMS

Roughnessn  ExampleRegions

0.3to 1.1 northernplains,VastitisBorealis,
southerrhemispheréntercratemplains

1.3t01.7 northernvolcanicplains,
Amazonis Elysium,
SinaiandLunaePlanum

2.0 craterejectablankets,
innercratercavity walls

2.1t02.5 Tharsis,OlympiaPlanitia

>3.0 hemispheriaichotomyboundary

OlympusMonsaureole,
interior of VallesMarineris

regionssuchasAmazonisPlanitia,likely reflectingdifferent
RMS slopepropertiesat differentlengthscaleg Ahamonson
etal., thisissue].

Median slopesare likely more typical of the average
Martian surface,asthey arenot sensitve to window width
and outlierswithin a window. They are generallysmaller
than RMS slopes,reflectingthe contribution of local-scale
structure. For both RMS and medianslopesthe smoothest
units on Mars are AmazonisPlanitia and certain parts of
the polar caps, while the steepestareasare the walls of
VallesMarineris,the OlympusMonsaureolethedichotomy
boundaryeastof 30°E, andtherims of ArgyreandHellas.

8.2.2. Roughness. At shorterspatial scales,MOLA
optical pulsewidths provide a measureof the 100-m-scale
roughnessf Mars. Resultsshav ameanl00-m-scalglobal
roughnes®f 2.1+ 2.0m RMS [Garvinetal., 1999]. The
roughnesslistribution is bimodalwith the primary modeat
1.5m RMS. Lessthan 1% of all valuesoccurin excessof
10 m, andthesearerestrictedto the flanks of the uplands,
caryons,andsomelarger craterrims. The north andsouth
polarlatitudes(i.e.,areamorthor southof 65° latitude)dis-
play a meanroughnesof 2.0 m RMS, similar to that for
Marsasawhole.

Plate5, which plots slope-correctegbulsewidths, indi-
catesfive global roughnessainits [Garvin et al., 1999], ex-
amplesof which aregivenin Table7. The smoothesunits
include much of the Vastitis Borealisformation and some
parts of the northernpolar cap. The roughestareasare
clusteredn afew distinctive areasjncluding somepartsof
the hemispheriadichotomyboundarythe interior of Valles

SMITHETAL.

Plate 6. Orthographicprojection of Martian topography
centeren45°S, 65°E illustratestheannulamatureof high
terrain(in red) aroundthe Hellasimpactbasin(at center in
purple). Northis to thetop; the southpolarlayeredterrains
areatbottomcenter

Marineris,andthe OlympusMonsaureole.

An interestingaspecbf theglobalroughnesslistribution
is atransitionthatoccurswithin thenorthernliowlandplains.
Pulse-width-detied roughnesgorrelateswith the -3700m
elevation contour(Contact2) for 60% of the boundaryand
follows the crustaldichotomyboundaryequallywell. More
than50% of the lowermostroughneswalueson Mars fall
within the northernlowland plains, althoughoutcroppings
of this unit arealsoobsenedin southerrmid-latitudes.An-
other striking regional boundaryseparateshe crustal di-
chotomyregion from the lowland plainsto the north from
Arabiato DaedaliaPlanum.

Thereis possibleevidencefor atemporaldependenceo
surfaceroughness.The pulsewidth measurementssedin
Plate5 were obtainedduring southernwinter, andthe high
roughneswvalueson the southpolar capmay be at leastin
part due to the presenceof CO, frost or snav. However
we do not rule out dataissuessuchas might occurwhen
usingunsaturateghulsewidths but saturategulseenegies.
Furtheranalysiss undervay.

8.3. Impact Craters and Basins

8.3.1. Major basins. MOLA datahave establishedhe
Hellasimpactstructure(Plate 6) asthe deepesknown to-
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Corrected Pulse Width (m)

Plate 5. Verticalroughnes®f Marsin metersat the scaleof 100-mfrom MOLA's optical pulsewidth. Pulsewidths have
beencorrectedor the effect of local slopesasdescribedy Garvin etal. [1998]. Map projectionandotherattributesareas

for Plate2.

pographicdepressioiin the solarsystemywith relief of over
9 km (Table5). The basinis topographicallyasymmetric,
which to first orderis consistenith the suggestiorof an
obliqgueimpact[Wichmanand Scultz, 1989], but may also
reflectlocalizedsurfacemodification(Plate2). In termsof
size, morphology and topographicexpression,Hellas has
significantsimilaritiesto the SouthPole-Aitkenbasinonthe
farsideof theMoon[Spudisetal., 1994;Zuberetal., 1994;
Headetal., 1998d]. Thesampactstructurehave similar di-
ameterandvolumes,aswell asejectadistributions. Plate6
illustratestheconcentrimatureof materialaroundthebasin,
which hasan elevationabove its surroundingf 2 km and
accountdor asignificantamounif thehigh-standingopog-
raphyof the southerrhemisphere Material excavatedfrom
Hellasrepresenta majorredistritution of the Martiancrust
[Zuberetal., 2000a],contrituting in partto the surficial ex-
pressiorof topographyalongpartof the dichotomybound-
ary [Smithet al., 1999b]. Plate7 shaws the unusualdistri-
bution of macroscaleoughnessaroundHellas; the south-
westerrrim is muchsmoothethantherestof therim or the
surroundingsoutherrhemispherdighlands.This smoothed
region hasbeenproposedo be anareaof glaciationon the
basisof morphologyrevealedin imagegKargel and Strom,
1992]. Elevation datareveal that basinfloor deposits pre-

-10 0 km

Plate 7. Three-dimensionaliew of the Hellasimpactbasin
shaving the unusuallysmoothsouthwestim. The vertical
exaggerations 20:1. View is from the south.

viously proposedo be a consequencef fluvial, lacustrine,
or aeoliandepositiorie.g.,Wichmanand Sdultz 1989],are
volumetricallysignificant.

Precisetopographyalso permitsquantitatve characteri-
zation of both morphometryand unusualaspectsof other
major impactbasins. For example,the MOLA topography
now shavs a continuousflow routefrom the Argyre basin
to the Chryseoutflow region thatfollows the 0.036 slope,
thereforeconstrainingthe period in Martian history when
transporoccurredWlliams, 2000]. Isidis shovs acomple
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floor structurghathasno counterparin imagesandmayre-
flectdistinctive evolution associateavith the basins unique
positionat the geologicaldichotomyboundary[Frey et al.,

2000b].

8.3.2.Buried and degradedbasins.MOLA hasverified
the existenceof the Utopiabasin,buried beneattthe north-
ern plains. The basin,centeredat 45°N, 110°E (Plate2),
wasproposedriginally asanimpactfeatureon the basisof
geologicalevidence[McGill, 1989]but wasnot resohedin
earliertopographionapsof Mars. Utopia hasa similar di-
ameterto Hellas, but its depthis only 2.5 km. Sincebasin
depthscaleswith diameteytherelief of Utopiaindicateghat
the thicknessof resurficing of the northernhemispheren
the vicinity of Utopia, accountingfor uncertaintiesassoci-
atedwith settling,isostaticadjustmentandHellasfill, is 5
to 10 km.

MOLA'’s high-resolutionglobal grid hasalsoresohed a
numberof suble,degraded previously unrecognizedmpact
basingFrey etal., 1999,2000a]. Thereis no MOLA topo-
graphicexpression Smithet al., 1999b], however, nor evi-
dencefrom gravity [Smithet al., 1999a],for someimpacts
proposedorior to MGS to lie beneatmorthernhemisphere
plains[Frey and Schultz, 1988;SdultzandFrey, 1990].

8.3.3. Impact crater geometry MOLA obsenrations
have beenusedto constructhree-dimensionaligital eleva-
tion modelsof over 5000impactcraterdargerthan?7 kmin
diametemplanet/Garvinetal., 2000b]. Thesemeasurements
includeapparentraterdepth,asderivedfrom themearfloor
elevation andthe meanrelief of the rim. Additional mea-
surementéncludecratercavity andejectaslopesgcavity and
apparentejectavolumes,cavity shapesgcentraluplift vol-
umes,and mary otherparameters.The obsenationshave
relevanceto understandinghe role of targetproperties;n-
cludingvolatiles,in theimpactcrateringprocesge.g., Carr
etal., 1977;BarlowandBradley, 1990],aswell astheinflu-
enceof cratermodificationalprocessefMelosh 1989].

A particularly useful geometricrelationshipis the ratio
of depth(d) to diameter(D), usually plottedfor morpho-
logically distinctcraterclasseshatscalewith size. Thepro-
gressie shoalingof depthrelative to diameterasthe latter
increaseseflectstheinfluenceof gravity andtargetstrength
in the crateringprocess For topographicallyfreshcomple
cratersin the diameterrange7 to 100 km, the weighted
power law function that bestfits the datais [Garvin et al.,
2000a]

d = 0.33D%%3+003, (10)

whered and D aremeasuredn kilometers. The behaior
of comple& cratersis similar, on a global basis,to results
reportedby Pike [2000] that were derived on the basisof
shadev measurementdgut thereare significantdifferences
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for mary individual craters. Theresultsuggestsubstantial
infilling aspartof themodificationstagewhichis consistent
with slumpingandothereffectsdocumentedy MarsOrbiter

CameramageqMalin and Edgett, 2000].

Equation(10) representa generakhoalingof apparently
freshimpactlandformswith increasingdiameterandhence
kinetic enegy. However, thereareexceptions,n particular
in the higherlatitudeson Marswherenonimpact-relateth-
filling processebave operated Garvin et al., 2000b]. The
MOLA datahave alsoestablishedh distinctive shoalingof
depthat the complex crater/basirtransition[Garvin et al.,
2000a],similarto thatobsenedfor the Moon from Clemen-
tine altimetry[Wlliams and Zuber, 1998].

Becausethe d/D ratio is sensitve to target properties,
it canalsobe usedasanindicatorof the shallav subsuréce
structure Garvinetal. [2000aJanalyzeccraterswithin Con-
tact2 [Parker etal., 1993]andshavedthatthed/ D relation-
shipfor simplecratersis statisticallydifferentfrom thatfor
the restof Mars, while that for complex cratersshavs no
notabledifferencefrom thatfor therestof Mars. This obser
vationsuggestshatshallov targetpropertiesvithin Contact
2 aredifferentfrom thoseoutsidethe contact.

8.4. Volcanism

MOLA data have provided accuratethree-dimensional
descriptionsof a wide rangeof volcanicedifices(cf. Fig-
ure 6) andflows [Head 1998; Smithet al., 1999b]. Mea-
surementsuchasabsoluteheights relief, andvolumes(cf.
Table5 andTable8) andthe distribution of flank slopesare
providing information on volcanic style, composition,and
sourcedepth[cf. Wlison and Head 1994]. Thesedataare
shaving evidencefor changesn the characteristicef ed-
ifices as a function of geologictime [Head et al., 1998c].
They also are revealing the unusualcharacteristicof ed-
ifices suchas Alba Patera,wheretectonic structureshave
beenshovn to be arrayedasymmetricallyaroundthe ed-
ifice, andthe edificesto extendto much greaterdistances
thanpreviously thought[e.g., Jager etal., 1999;McGovern
etal., thisissue]. MOLA dataalsoprovide importantinfor-
mationoncalderadepthsyolumesandcalderawvall structure
[Smithet al., 1998], shaving the relationshipbetweendif-
ferentmorphologicstylesand permitting an assessmeruf
their modeof formationandrelationto magmaresenoirs at
depth[e.g.,Headet al., 1998b]. Analysisof morphometry
hasled to the firm identificationof an edificeresemblinga
stratovolcanoin the Aeolis region andthe developmentof
criteria for the recognitionof degradedequivalentsin the
older heavily crateredterrainon Mars [Stevart and Head
thisissue].

Evenwith high-resolutiortopographyevidencefor flex-
ural loadingby volcanicconstructghatwould provide con-
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Table 8. ReliefandVolumesof Major Volcanoes

Volcano Latitude, Longitude, MaximumElevation, BasalElevation, Relief, EdificeVolume?
deg °E m m m x 108 km3
Alba Patera 40.5056 248.110. 6769.6 827. 5942.6 2.1
ArsiaMons -9.12736  238.261 17780.7 5823. 11957.7 15
AscraeusMons  11.7082 255.177 18219.0 3401. 14818.0 11
ElysiumMons 24.7478 146.437 14126.6 1793. 12333.6 0.2
OlympusMons  17.3495 226.31 21287.4 -378. 21665.4 2.7
PavonisMons  -0.0626096 246.674 14057.4 5807. 8250.4 0.4

2Volumeswerecalculatedy estimatinghe positionof the baseof the volcano(usuallya breakin topographicslope,
andincludingthe prominentflank eruptiondepositson the TharsisMontes)circumferentiallyaroundthe edifice,deter
mining the averageelevationof this surface,andcalculatingthe volumeabove this averageelevation. No correctionwas
madefor the influenceof lithosphericflexure or of infilling of flexural moatsby flows or slide material|[McGovernand
Solomon1993,1997].

Figure 6. MOLA topographydrapedover Viking MDIMs
for threevolcanicshields:(a) Alba Patera,(b) Arsia Mons,
and (c) OlympusMons. The vertical exaggerationn each
frameis 10:1.

straintson lithosphericthicknessandheatflow atthetime of

loadinghasbeenlargely ambiguoug Solomoretal., 1998].
Thelack of ary discernibleflexural signaturesroundmajor
structuressuchasArsia Mons and Alba Pateraimpliesthat
ary flexural depressionmustbefilled by somecombination
of volcanicflows and landslidematerialfrom the volcano
flanks.

Detailedmeasurementsf lava flow thicknessesrough-
nesseveecharacteristicsandregional slopesaresimilarly
yielding importantinformation on styles of emplacement
andrheologicalpropertiesof lava[Hulme 1974;Wlisonand
Head 1994]. Kreslavsk and Head[1999,2000] have used
MOLA datato characterizehe regional and global rough-
nesscharacteristicef lava flow unitsanddepositsandhave
founddistinctdifferencedbetweerunitsandtrendsin rough-
nes<characteristicwith time. Analysisof individualMOLA
profiles has beenundertalen as a tool for estimatingthe
rheologicalpropertiesandsilica contentof lava flows [e.g.,
ThomsorandHead 2000]. Analysisof the geometricprop-
ertiesof cratersat high latitude hasyieldedtopographicev-
idencefor geologicallyrecentvolcanismin the north polar
region[Garvinetal., 2000c].

8.5. Tectonics

8.5.1.VallesMarineris. MOLA topographyhasclarified
theregional context of the VallesMarineriscaryon system,
particularlyits relationshipto the Tharsisprovince. Valles
Marinerisis now shown to lack a regionaldome,which in-
dicateghatthecarnyon systemwasaconsequencef passie
rifting [Sengorand Burke, 1978] associatedvith stresses
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dueto theformationof the Tharsisrise[ Smithetal., 1999b],
ratherthan an actie rift formed above a localizedmantle
plume.Thecaryonsystendipsto theeastaway from Noctis
Labyrinthus,reachinga maximumdepthof ~11 km below
the surroundingHesperian-agegblains. The easternmost
segmentsof VallesMarineristilt westward andaresituated
a kilometerbelon Chryse,whereoutflov channelssuggest
waterfrom VallesMarinerisandothersoutherrhemisphere
regionsoncedebouched.The westward tilt initiates at the
intersectiorof the canyon with anoutcroppingof Noachian
materialsurroundingSolis Planumand predateghe forma-
tion of the caryon, suggestinghatthe westwardtilt hasex-
istedsincethe carnyonformed[Smithetal., 1999b]. Theto-
pographicconfigurationof the easterrcanyon couldbe con-
sistentwith the transportof significantquantitiesof water
in earlierperiods[Smithet al., 1999b]. The caryon walls
exhibit a duality of slopesfrom top to bottomsuchthatthe
upperwall sectionsaresteepethantheir lower counterparts
[Aharonsonetal., 1998]. Sucha slopedistributionindicates
extensize masswastingrelatedto the slumpinganderosion
of materialfrom theupperwalls.

8.5.2. Graben. MOLA profileshave beenusedto esti-
mateTharsis-relatedectonicextensionin the TempeTerra
region in easternTharsis. The results for extensionin
smallgraberaregenerallyconsistentvith earlierwork [e.g.,
Golombelet al., 1996]basedon scarpwidthsandassumed
scarpslopes. However, MOLA-derived extensionin large
rifts is less,becauseneasurealopesare now known to be
less[Harrington et al., 1999] than estimatedin previous
work.

8.5.3. Wrinkle ridges. MOLA profiles and gridded
datahave elucidatedhe natureof wrinkle ridges,arecom-
pressve structuresharacterizedly linear, asymmetrid¢opo-
graphichighsthatarepreferentiallyffoundin volcanicplains.
A long-standingyuestionhasbeenthe subsurécestructure
of theridges,their depthpenetrationandthe contributions
of faulting versusfolding in accommodatingstrain [e.g.,
Plesciaand Golombek 1986;Watters, 1993; Zuber, 1995].
MOLA topographyshows thatthe preponderancef ridges
exhibit an elevation offset [Golombeket al., this issue],a
result that appearamost consistentwith the presenceof a
subsurlcefault with significantdepthpenetrationa style
of faulting also termed”thick-skinned” deformation. The
topographyalsoshaws that, at leastin partsof the Tharsis
region, the elevatedside of groupedridgesis consistently
on the sameside, which may be a consequencef hetero-
geneitiesn the stresdield or lithosphericstructureof Thar
sisatthetime of ridgeformation[MontesiandZuber, 2001].

8.6. Inter nal Structure

8.6.1. Crustal structure. MOLA topographyin com-
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binationwith gravity [Smithet al., 1999a;Lemoineet al.,
this issue]from the MGS Radio Scienceexperiment[ Tyler
etal., 1992, this issue],haspermitteddeterminatiorof the
globalcrustanduppemantlestructureof Mars[Zuberetal.,
2000a; Zuber, 2001]. In inversionsfor crustal structure
basedon a uniform-densitycrust[Zuberet al., 2000a;Zu-
ber, 2001],theplanetdisplaystwo distinctcrustalzoneghat
donot, atleastin the presentlay, correlatein a globalsense
with the geologicexpressiorof the hemispheriaichotomy
Onecrustalprovince consistsof a region of crustthatthins
progressiely from the southpolar region toward the north,
andencompassasnuchof the southerrhighlandsand Thar
sis province. The secondprovince constitutesa region of
approximatelyuniform crustalthicknessthat includesthe
northernlowlandsand Arabia Terra. While the boundary
betweencrustal provinceslacks correspondenct the ge-
ological dichotomyboundary it doesshov somecorrela-
tion to distinctive global-scalecompositionalunits mapped
by the MGS TES instrumentBandfieldet al., 2000]. Ona
regionalscalethe modelshovs thinningof thecrustbeneath
majorimpactbasinsandacomple crustalstructurebeneath
Tharsigndicative of penasiveaccumulatiorof volcanicma-
terials. As for terrestrialrift zonesthe crustbeneathvalles
Marinerisis thinnedalongthecentralaxis. The Elysiumand
Solis Planumprovincesappearto be crustalplateauswith
crustalroots,while TempeTerrais a topographicdomethat
lacksaroot.

The m