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Mars Orbiter Laser Altimeter: Experiment summary
after the first year of global mapping of Mars
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Abstract. TheMarsOrbiterLaserAltimeter (MOLA), aninstrumenton theMars
GlobalSurveyor spacecraft,hasmeasuredthetopography, surfaceroughness,and
1.064-� m reflectivity of Mars andthe heightsof volatile anddustclouds. This
paperdiscussesthe functionof the MOLA instrumentandthe acquisition,pro-
cessing,andcorrectionof observationsto produceglobaldatasets.Thealtimeter
measurementshavebeenconvertedto bothgriddedandsphericalharmonicmodels
for the topographyandshapeof Mars thathave verticalandradialaccuraciesof� 1 m with respectto theplanet’s centerof mass.Thecurrentglobal topographic
grid hasa resolutionof 1/64� in latitude � 1/32� in longitude(1 � 2 km

�
at the

equator).Reconstructionof the locationsof incidentlaserpulseson theMartian
surfaceappearsto beat the100-mspatialaccuracy level andresultsin 2 orders
of magnitudeimprovementin theglobalgeodeticgrid of Mars. Globalmapsof
optical pulsewidth indicative of 100-m-scalesurfaceroughnessand1.064-� m
reflectivity with anaccuracy of 5%havealsobeenobtained.
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1. Intr oduction and InvestigationObjectives

The Mars Global Surveyor (MGS) spacecraft,launched
November7, 1996,by theNationalAeronauticsandSpace
Administration(NASA) andthe JetPropulsionLaboratory
(JPL) of the California Instituteof Technology, includesin
its payloadan optical remotesensinginstrument,the Mars
Orbiter Laser Altimeter (MOLA 2) [Zuber et al., 1992].
The primary objectives of the MOLA investigationare to
mapglobally the topographyof Marsat a level suitablefor
geophysical,geological,andatmosphericcirculationstudies
of Mars. Secondaryobjectivesare to measurethe heights
of atmosphericreflectionsto better understandthe three-
dimensionalstructureof theMartianatmosphere;tomeasure�! " 

-m-scalesurfaceroughnessof Marsto contributeto geo-
logicalcharacterizationof thesurfaceandto assistin assess-
mentof futurepotentiallandingsites;to measurethe1.064-# m surfacereflectivity of Mars to contribute to knowledge
of surfacecompositionandseasonalchanges;andto attempt
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to measurethetime-varyingtopographyof theMartianpolar
capsto contributeto understandingseasonalcycles.

With datacollectedin thecaptureorbit, aerobrakinghia-
tus,sciencephasing,andthefirst 15monthsof mappingor-
bits of theMarsGlobalSurveyor mission[Albeeet al., this
issue],all MOLA objectives,with theexceptionof thosere-
lating to temporalchanges,havebeenfully met,while those
relating to temporalchangesare currently being pursued.
This reportdescribesthefunctionof theMOLA instrument,
the measurementtypes,andthe correctionsandprocessing
approachemployed to producethe dataproducts. In addi-
tion, the statusand major accomplishmentsof the MOLA
investigationarereviewedasof June1, 2000,at which time
theinstrumentwasturnedoff for a2-monthperiodsurround-
ing solarconjunction.

2. Pre-MGSObservations

2.1. Martian Topography

Knowledge of the topographyof Mars prior to Mars
Global Surveyor was basedon measurementsobtainedby
theearlyMarinerandViking spacecraftandonEarth-based
radarmeasurements.Thesemodelsandtheir errorsaredis-
cussedin previous work [Davies et al., 1992b; Esposito
etal., 1992;Zuberetal., 1992;SmithandZuber, 1996].The
mostwidely usedglobaltopographicfield prior to MGSwas
a digital elevationmodel(DEM) producedby theU.S.Geo-
logical Survey [Wu, 1991]thatwasbaseduponEarth-based
radar[e.g.,Pettengillet al., 1971;Rothet al., 1980;Downs
et al., 1982], Mariner 9 andViking 1 and2 radio occulta-
tions [e.g., Kliore et al., 1965,1972; Lindal et al., 1979],
stereoand photoclinometricobservations from Mariner 9
andViking imagery[SoderblomandWenner, 1978;Wu and
Peltier, 1984], and the Mariner 9 ultraviolet and infrared
spectrometers[ e.g.,Hord, 1972;Conrathetal., 1973].The
USGSDEM wasreferencedto an areoidderived from fit-
ting atmosphericpressuresobtainedfrom Mariner9 occul-
tations[e.g.,Kliore et al., 1972,1973]to a degree4 gravity
model[Lorell et al., 1973]. TheDEM hasa spatialresolu-
tion of

�%$'&'(*),+-�.$.&'(/)
andis typically characterizedby ran-

domly distributedverticalerrorsof 0 1 km, thoughin some
placesdeviationsof over 5 km areobserved[SmithandZu-
ber, 1998;Zuberetal., 1998b;Smithetal., 1999b].

As discussedlater, theUSGSDEM did poorly in match-
ing the relative elevationsof the Viking landersitesdeter-
mined from atmosphericpressuremeasurements.Conse-
quently, many pre-MGSMarsatmosphericstudies,particu-
larly dynamicalanalysesthatusedgeneralcirculationmod-
els with topographyas a lower boundarycondition [ e.g.,
Pollack et al., 1990], insteadutilized the Mars Consortium
topographicmodel[Kiefferetal., 1981],whichwasbasedon

orbitalspectraldata[e.g.,Hord, 1972;Conrathetal., 1973].
The Consortiumdatasetwasmoresuccessfulin matching
the landerelevationsbut suffered from a global-scalesys-
tematicerror. In theConsortiumModel thenorthpoleis 0 1
km higher than the southpole with respectto the gravita-
tional equipotential,whereasMOLA datahave now shown
that the southpole is 6 km higherthanthe north pole (see
laterdiscussion).Thisbias,alongwith othererrorsatshorter
wavelengths,affectedsomepastdynamicalsimulationsof
thecirculationof theMartianatmosphere.

Smithand Zuber [1996] reanalyzedViking andMariner
9 occultationmeasurementsto developa topographicmodel
of Mars that hadpoorerspatialresolution( 0 1300km) but
significantlyimprovedverticalaccuracy ( 0 500m) thanthe
USGSDEM andin additionlackedthesystematicerrorsof
the ConsortiumModel. The uncertaintyof the occultation
measurementsof SmithandZuber [1996] wasdueto com-
bineduncertaintiesin orbital reconstruction( 0 400 m), at-
mosphericrefraction( 0 300m), timing errorsin occultation
measurements,andplanetaryephemeris.

Earth-basedradarrangedatahave yieldedregionalmea-
surementsof elevationwith a spatialresolutionof 021 + 1  
km3 in the approximatelatitude range 46587 ) during Mars
opposition periods [Pettengill et al., 1969, 1971, 1973;
Goldsteinet al., 1970; Rogers et al., 1970; Downset al.,
1975,1978; Roth et al., 1980; Downset al., 1971,1982;
Harmon et al., 1982; Harmon and Ostro, 1985; Esposito
etal., 1992].Radarrangesaresubjectto ephemeriserrorsas
well aserrorsdueto solarplasmaeffects,for a total uncer-
tainty of 0 300m in recentepochs.Selectedradarobserva-
tionsin thevicinity of thePathfinderlandingsiteyieldedan
uncertaintyof 100-200m [Golombeket al., 1997a]. Com-
parisonof radii from occultations,which tend to measure
topographichighs, and radarreturns,which preferentially
reflectfrom valley floors, yields a systematicdifferenceof0 730m [SmithandZuber, 1996].

2.2. GeodeticGrid

Prior to Mars Global Surveyor, knowledgeof locations
onMarsonaplanet-widescalewasbasedonspatial[Davies
et al., 1978;DaviesandKatayama, 1983]andvertical [Wu
andSchaefer, 1984]controlnetworksderivedfrom avariety
of Mariner9 andViking Orbiterobservations.While spatial
errorswereestimatedto be 9 3 km [Davieset al., 1992b],
actualerrorsin excessof 15 km werecommonlyobserved
[Smithet al., 1999b;Duxbury, 2000]. Vertical errorswere
at a level comparableto the USGSDEM [Wu, 1991] (see
above).

The bestknown positionson Mars are the Viking and
Pathfinderlandingsites,becauseradiotrackinghasresulted
in preciseabsolutepositioningwith respectto Mars’ center
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of mass. While the position of Pathfinderbasedon radio
tracking is known to a few tensof meters[Folkner et al.,
1997], reconstructedpositionsof the landing site with re-
spectto imagesdiffer by 7 km [Duxbury, 1995;Zeitler and
Oberst, 1999].

2.3. MacroscaleSurfaceRoughness

Previousmeasurementsof surfaceroughnessof Marsare
limited to Earth-baseddelayDopplerdataat a spatialscale
of several tensof kilometers[Rogers et al., 1970;Pettengill
et al., 1973;Downsetal., 1975,1978;Harmonetal., 1982;
Harmon and Ostro, 1985; Simpsonet al., 1992]. There
werenomeasurementsof surfaceroughnessat100-mspatial
scalesprior to MGS.

2.4. Near-IR Reflectivity

BeforeMarsGlobalSurveyor, knowledgeof theabsolute
reflectivity of the Martian surfacein the 1-# m part of the
spectrumwaspoorlyknown [Soderblom, 1992],with space-
basedobservationslimited to Phobos2 ISM datafor equato-
rial latitudes[Bibring etal., 1990;Mustard etal., 1993]and
HubbleSpaceTelescopeobservationsonanear-globalscale
with a spatialresolutionof 0 1

)
pixel :<; [Bell et al., 1999].

Theseobservationsindicatedabimodaldistributionof re-
flectivity, with typical bright and dark valuesof 0.36 and
0.18, respectively [Bell et al., 1999], and with noticable
changesoccurringduring the past20 yearsowing to vari-
ability in the atmosphereof Mars associatedwith the sea-
sonaltransportof dust.

3. Instrument Description and Operation

3.1. Background and Components

TheMarsOrbiterLaserAltimeter(Plate1) wasdesigned
by theLaserRemoteSensingBranchof theLaboratoryfor
TerrestrialPhysicsof NASA’sGoddardSpaceFlight Center,
with supportfrom Goddard’sEngineeringSystemsAnalysis
Branch. ThedesignationMOLA 2 refersto the instrument
flown on Mars Global Surveyor, which is a descendantof
theMOLA 1 instrument[Zuberetal., 1992]thatwascarried
aboardtheill-f atedMarsObserverspacecraft.

Key instrumentparametersof MOLA 2 aregiven in Ta-
ble1. Thelasertransmitterwasbuilt byMcDonnell-Douglas
SpaceSystemsDivision, and its detaileddesignand func-
tion arediscussedby Afzal [1994]. Thetransmitterconsists
of a Q-switched,chromium-andneodymium-dopedyttrium
aluminumgarnet(Cr:Nd:YAG) oscillatorthatis pumpedby
a 36-barlaserdiodearray. Eachbar consistsof 0 80 alu-
minum,galliumarsenide(AlGaAs)laserdiodes.Thelaseris
pulsedat a 10-Hzratecontrolledby theQ-switchandemits

Plate 1. The Mars Orbiter LaserAltimeter (MOLA). The
laseris situatedbeneaththe 0.5-mtelescope,andthe elec-
tronicsandflight computerarein theblackboxon theleft.

pulseswith 0 8-nsfull width athalf themaximumamplitude
(FWHM).

Thedesignandfunctionof MOLA receiver components
arediscussedelsewhere[Sunet al., 1992;Ramos-Izquierdo
et al., 1994; Abshire et al., 2000]. The optical system
containsa 0.5-m-diameter, gold-coatedberyllium telescope
built by the Optical Corporationof America. The opti-
cal train includesa 2.0-nm FWHM optical bandpassfil-
ter that rejectssolar backgroundand a silicon avalanche
photodiode(SiAPD) detector. The receiver also contains
a time interval unit (TIU), which is a binary counterthat
recordsthenumberof clockcyclesfrom thethresholdcross-
ings of the transmittedandreturnedpulses.The clock is a
temperature-controlledquartzcrystal oscillator with a fre-
quency of 99.996MHz. A charge-to-timeconverter and
a timer measurethe pulsearea(energy) betweenthe two
thresholdcrossingpoints. A similar circuit measuresthe
pulsewidth at the thresholdcrossings. To improve range
resolution,the timing electronicsincludesinterpolatorsfor
thetransmittedandreturnedpulses.Theseallow determina-
tion of thresholdcrossingtimesto one-quarterof each10-ns
clock cycle, yielding the effective 2.5-nstiming resolution.
An 80C86microprocessoris usedto executetheflight soft-
ware.

3.2. RangingFunction

MOLA measurestheround-triptime of flight of individ-
ual laserpulsesbetweentheMGS nadirdeckandtheMar-
tian surfaceor atmosphericlayers. Whenthe laserfires, a
smallfractionof theoutputlaserenergy is coupledto a PIN
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Table1. MOLA InstrumentSpecifications

Parameter Specification

Mass 5'=?> 1 kg
Powerconsumption@ = ( >�5 W

Transmitter
Lasertype diodepumped,

Q-switched,
Cr:Nd:YAG

Wavelength
� >  "&'( # m

Pulserate
�! 

Hz
Energy A 48mJpulse:<;
Laserdivergence

( 5  # rad
Pulselength 1 ns

Receiver
Mirror 7  -cmparabolic
Detector siliconavalanche

photodiode
Fieldof view 187  # rad

Electronics
Microprocessor 80C86
TIU frequency 99.996MHz
Filter channelwidths 20,60,180,540ns
Datarate 618bitss:<; continuous

Resolution
MaximumrangingdistanceB 787km
Rangeresolution 37.5cm
Verticalaccuracy C 1 m
SurfacespotsizeD �!& 1 m
Along-trackshotspacing 300m
Across-trackshotspacingE (

km@ Includesreplacementheatfor temperaturecontrol.A At arrival atMars;degradeswith time.B Hardwarelimited.C Includesradialorbit error.D In 400-km-elevationmappingorbit.E Averageatequator;varieswith FHG*IKJMLON.PRQSPRTVUXW%Y .
photodiodethrougha multimodeopticalfiber andstartsthe
TIU. Every14s,thelasertriggerpulseis timestampedwith
respectto the MGS spacecrafttime so that the locationof
the laserspoton the Martian surfacecanbe reconstructed.
Thetimestampshavea resolutionof 1/256s.

Table2. MOLA MatchedFilter Characteristics

Characteristic 1 2 3 4

Description smooth moderate rough clouds
Channelwidth, 20 60 180 540
ns
Terrainheight 3 9 27 81
variationwithin
footprint,m
Footprint-scale 1.0 2.9 8.6 24.2
surfaceslope,
deg

The backscatteredlaser pulse is only detectedand
recordedwithin a rangegate,within which the surfacere-
turn is expected.Thepurposeof the rangegateis to mini-
mize the effect of noisedueto backscatteredsolarphotons
at the laserwavelength.The width of the rangegateis ad-
justablebetween20 and 80 km via an onboardalgorithm
andreducesto its minimumoncethe instrumentlocksonto
thesurface.Thetelescopeservesasa photonbucket for the
laserpulsesscatteredby terrainor clouds. The SiAPD de-
tectoroutputsa voltageproportionalto therateof returning
photonsthathave beenbackscatteredfrom theMartiansur-
faceor atmosphere.Whenthis voltageexceedsthe detec-
tion threshold,the TIU is stoppedand the round-trip time
of flight is recorded.A separatecircuit measuresthe pulse
width thatcanbeusedto correctfor rangewalk associated
with theleadingedgetiming.

After passingthroughthe SiAPD detector, MOLA’s re-
turnedsignalis amplifiedandsubsequentlypassedthrough
a parallel bank of four five-pole Besselfilters (Table 2).
Thesefilters increasetheprobabilityof detectionby match-
ing returnedpulsesthathave beenspreadin time by surface
roughnesswithin the sampledfootprint or scatteringby at-
mosphericparticulates.The filter whoseimpulseresponse
providestheclosestmatchto thereceivedpulseshapegives
thehighestoutputsignalto noiseratio. However, theinstru-
mentrecordsthelaserpulsetimeof flight from thefilter that
exceedsthedetectionthresholdandhastheshortestpropaga-
tion delay(i.e.,thenarrowestimpulseresponsepulsewidth).
Sothefilter thattriggersneednotbethatbestmatchedto the
rangespreadproducedby RMSsurfaceroughnessmeasured
by MOLA’spulsewidth (seenext section).

Thedetectionthresholdin thereceiverelectronicsis con-
tinuously adjustedby software, such that the false alarm
ratewithin therangegateinterval is at or below thedesired



MARS ORBITERLASERALTIMETER 5

level of 1Z [McGarry et al., 1991]. As in a radarreceiver,
thisdetectionschememaximizestheprobabilityof detection
while keepingthefalsealarmrateunderanacceptablelevel.
Theprobabilityof makinga successfulrangemeasurement
( []\_^�`Ra ) isexpressed[Zuberetal., 1992;Abshireetal., 2000][ \_^�`Racb [ed ^gf J �ih [<j ` Ylk (1)

where [ d ^gf is the probability of detectionand [ j ` is the
probabilityof a falsealarm. The receiver designandflight
software that enabledautonomousthresholdadjustmentin
MOLA are in contrastto the designsof the Clementine
[Smithet al., 1997] and Near Earth Asteroid Rendezvous
(NEAR) Shoemaker [Cole et al., 1997] laser rangingde-
vices,in whichthresholdsettingsrequireacommandupload
for adjustment.

By interpolatingthe spacecraftorbital trajectory to the
time of the laser measurement,the distancebetweenthe
spacecraftandtheMartiancenterof massis obtained.The
range m_n `RoMa from MGS to theMartiansurfaceis relatedto
thetimeof flight p�qRr f of theopticalpulsebymcn `soMacbut p qsr f5 k (2)

where t is thevacuumspeedof light. Thevectordifference
betweentheradialdistanceto thespacecraftfrom theplan-
etarycenterof massandthe rangeto the surfaceprovides
the radiusof Mars at the locationof the laserspoton the
surface.Equation(2) neglectstheeffect of theatmospheric
pathdelay, which is only a few centimeterson Marsdueto
thethin Martianatmosphere.In theMGSmappingorbit the
instrument’ssamplingratecombinedwith thelaserbeamdi-
vergence(cf. Table1) resultsin a surfacespotsizeof 0 168
m with shot-to-shotspacingsof 0 300m. Theprecisionof
MOLA rangemeasurementsapproachesthelimiting resolu-
tion of 37.5cm on smoothlevel surfacesandmay increase
to asmuchas 0 10m on30

)
slopes[Gardner, 1992;Abshire

etal., 2000].

3.3. Footprint-ScaleSlopesand SurfaceRoughness

The width of MOLA’s backscatteredlaserpulse, mea-
suredat detectionthresholdcrossings,providesa measure
of the targetheightvarianceor relief. Thepulsespreading
containscontributionsfrom both footprint-scaleslopesand
root-mean-square(RMS) roughnesswithin the footprint. If
it is assumedthatpulsespreadingis solelyaconsequenceof
footprint-scaleslope,v , thentherelationshipbetweenslope
andtheRMSwidth, wyx , of thebackscatteredpulseis [Gard-
ner, 1982]w 3x b{z w 3|~} w 3�/� } (8� 3n `so�at 3 � P�N'�X�<� } P�N'� 3 �,PRN'� 3 v.�_k (3)

where w | is the transmittedlaserpulsewidth, w � is the re-
ceiver impulseresponse,and � is thelaserdivergenceangle
(i.e., the half angleat the 1/� ;s�R3 intensitypoint). The first
terminsidethebracketsin (3) accountsfor theeffectof laser
beamcurvatureandcanoftenbeneglectedsince����v .

In mostareasof Mars,thespreadingof theopticalpulse
is dominatedby roughnessratherthan local slope[Garvin
et al., 1999]. In suchcasesthe width of the backscattered
pulsescanbeusedto derive roughnessby correctingthere-
turnedpulsefor local slopesdeterminedfrom MOLA rang-
ing [Garvin et al., 1999]. This approachhasbeenverified
from study of returnedpulsewidths measuredfor terres-
trial desertsurfacesby the ShuttleLaserAltimeter (SLA)
[Garvin et al., 1998], which hasa receiver designnearly
identicalto thatof MOLA. Notethatbecausethepulsewidth
parameteris an RMS value it doesnot fully representthe
possiblelocalextremesof small-scaleroughness.

During the initial monthsof the MGS global mapping
mission(March 1999 to late June1999) the received sig-
nal wasunexpectedlystrong,whichcausedsaturationin the
measuredpulsewidth andarea.As aconsequence,resulting
measurementsof pulsewidth and pulseenergy (discussed
later)wereunusabledueto corruptionof theirabsolutemag-
nitudes.By raisingthe thresholdsettingfor channel1 (the
channelwith theshortestpropagationdelay)onJuly2,1999,
the percentageof saturatedshotsdecreasedand more ro-
bust measurementsof pulsewidth becamepossible. Since
that time, thebehavior of thecalibratedopticalpulsewidth
parameterhasbeentrackedandis reproducibleat the 10Z
to 20Z level in placeswherethereareabundantcrossovers,
suchasin high-latituderegions.

3.4. Clouds

MOLA alsohasfunctionedasanatmosphericlidar, pro-
viding the first quantitative characterizationof 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 oneMars year, submittedto Journal of Geophys-
ical Research, 2001, hereafterreferredto as Neumannet
al.,submittedmanuscript,2001]. Cloudsarediffusetargets,
but MOLA’s matchedfilters (Table2) andthe instrument’s
adaptivedetectionthresholdenhancetheirprobabilityof de-
tection.

For eachpulse,MOLA’s leadingedgedetectorwill trig-
ger only once. If an atmosphericreflectorwith sufficient
opacityandbackscattercrosssectionis encounteredwithin
MOLA’s rangegate,anatmosphericreflectionwill register.
In MOLA’snominaloperatingmode,only cloudswithin the
minimumrangegatewidth (20 km) of thesurfacewill trig-
ger. The centerpoint of the rangegateis determinedau-
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tonomouslyonthebasisof thelast14sworthof laserranges
[McGarry et al., 1991]. For particularlydenseclouds,such
asthepolarhoodsover thewinter pole, the instrumentwill
sometimesloselock on the surfaceandtrack clouds[Neu-
mannetal., submittedmanuscript,2001].

MOLA rangedataareclassifiedsemiautomaticallyinto
groundand nongroundreturnsusing a stochastictracking
algorithm,followedby manualediting[Neumannetal., sub-
mittedmanuscript,2001]. If threeor morenongroundtrig-
gershave occurredwithin a 0.5-swindow, or 6 or morein
a 6-s window ( 0 20 km on the ground),a nongroundtrig-
ger is deemedto bea reflective ”cloud,” sincetheprobabil-
ity of suchgroupsoccurringby chancedueto noisealone
is 0.001%.Nonreflective cloudsalsooccurandarecharac-
terizedby groupsof 2 or moreshotsin a 2-s window that
do not trigger on any channel,or by averagereflectivity-
transmittanceproduct(asdescribedin section3.5)beingless
than0.02for thesamewindow. Reflective cloudson chan-
nels1 and2, with photonsarriving within 20 or 60 ns (Ta-
ble 2), aredense,while returnsfrom channels3 and4 are
diffuse. Densecloud fronts have mainly beenobservedon
theflanksof thesouthernpolarcap[Neumannetal., submit-
tedmanuscript,2001].

3.5. SurfaceReflectivity

Thereflectivity of Mars, �!n `RoMa , at thelaserwavelengthis
determinedfromtheratioof receivedto transmittedlaseren-
ergy, correctedfor distanceandtheLambertreflectionlaw.
The energy of the outgoingpulse, ��f�o�`s�!a , is sampledwith
a PIN photodiode,a charge-to-timeconverter, andan 8-bit
counter. Theenergy of the receivedpulse, �io�^�� , is derived
from themeasuredpulsewidth andareaunderthecurvebe-
tweentwo thresholdcrossings.

The relationshipbetween�!n `RoMa and the ratio of the re-
ceived/transmittedpulseenergiesis expressedby rearrang-
ing thelaserlink equationas[Abshireetal., 2000]

��n `so�acb � o�^����f�o�`s�!a � m 3n `RoMa� x p 3`sf�\i� x k (4)

where p�`sf�\ is theone-way atmospherictransmissivity, � x is
theoptical transmissionof thereceiver, and � x is theaper-
ture areaof the receiving telescope.The accuracy of the
reflectivity measurementafter calibrationis 0 5 Z . In prac-
tice, � n `soMa containscontributionsfrom thereflectivity of the
terrain, � f�^�o�o , andtheopacityof theatmosphere.If indepen-
dentatmosphericopacity information is available, suchas
from theMGSThermalEmissionSpectrometer(TES)[e.g.,
Smithetal., 2000],thenthereflectivity of thesurfacecanbe

obtainedusingBeer’s law� f�^�o�o_b �!n `RoMa �%3s��������i� k (5)

where
���

is thereturnedsignalenhancementdueto theop-
position effect [Hapke et al., 1998]. In using TES dataa
scalingfactormustbeappliedto correcttheTES9-# m dust
opacityto theMOLA wavelengthof 1.064 # m. Thescaling
of dustopacityin theinfraredto theMOLA wavelengthmay
contributeupto 20%of theerrorin themeasuredsurfacere-
flectivity [Ivanov andMuhleman, 1998].

3.6. Atmospheric Opacity

If thereis an independentestimateof the reflectivity of
terrainin areaswhereMOLA hasranged,thenthe MOLA
reflectivity measurementcanbeusedto provideanestimate
of the 1.064-# m opacity, � `�f�\ , of the Martian atmosphere.
Theopacitycanbeexpressed[Ivanov andMuhleman, 1998]� `�f�\�b h �5 L��-� ��n `soMa�Hf�^�oMo�� > (6)

In a proof of conceptstudyduring the MGS sciencephas-
ing orbits, radiometricallycalibratedViking color MDIMs
[Eliasonetal., 1992]wereusedto correctfor thereflectivity
of theMartiansurface.Sincethewavelengthof theViking
red filter is 0.55 to 0.70 # m, a scalingfactor was usedto
convert to 1.064# m [Ivanov andMuhleman, 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. Raw MOLA ExperimentData Records(EDRs) are
processedinto PrecisionExperimentDataRecords(PEDRs)
that containprofilesof all MOLA’s measuredandderived
parameters,aswell asthevalueof theareoid[Smithet al.,
1999a]at eachshot locationanda flag to indicateground
returns.

Theprofile dataareassembledinto ExperimentGridded
DataProducts(EGDRs)of aresolutionthatdependsondata
densityanddistribution. The MOLA teamis contractually
obligatedto submitfor archiving gridsdevelopedfrom data
in handafter30daysof globalmappingandat theendof the
MGS mission.However, theteamhassofar submittedand
intendsto continueto submit to the NASA PlanetaryData
System(PDS) grids of progressively increasingresolution
andverticalaccuracy ona 3-monthschedule.

3.8. Differ encesBetweenMOLA 1 and MOLA 2

In rebuilding theinstrument(MOLA 2) for MGS, minor
changeswereimplementedin orderto reducerisk, severalof
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which coincidentallyalsoincreasedperformance.Thelaser
power-on sequencewasmodified in ordermitigatea turn-
on transientandprotectopticalcoatingsfrom damage.Im-
provementsin thelaserdiodefabricationprocessallowedse-
lectionof diodesthatprovidedmaximumpulseenergy over
a broadertemperaturerangethanMOLA 1. The sampling
of the start pulseenergy was redesignedin order to mea-
sure95Z cross-sectionalareaof theoutputlaserbeam.This
changeenabledthe

� >  "&'( - # m measureof surfacereflectiv-
ity to improve from 20Z in MOLA 1 to 0 5Z in MOLA
2. A trailing-edgedetectorwasaddedso that the returned
pulsewidth couldbemeasuredmorereliablyandwith much
finer resolutionthanwith matchedfilters (Table2). Finally,
threedelaylineswereaddedto theTIU sothataclockcycle
could be encodedat quarter-cycle intervals. This addition
improvedtherangeresolutionfrom

� >�7 m to =/ />�7 cm.

4. GeodeticCorrections

4.1. Orbit Determination

Subtractionof the rangeto the surfacefrom the MGS
orbit, allowing for off-nadir pointing,yields measurements
of theradiusof Mars, ¡~n `RoMa , in a center-of-massreference
frame. The surfacetopography, ¢ n `soMa , with respectto the
gravitationalgeopotentialat the laserbeamfootprint canbe
obtainedfrom ¢yn `soMacb ¡£n `RoMa h ¡ `so�^ qs¤ dXk (7)

wheretheradiusis measuredwith respectto Mars’ centerof
massasdeterminedfrom MOLA, and ¡ `soM^ qR¤ d is the radius
of theareoiddeterminedfrom thegravity field [Smithetal.,
1999a].

Precisionspacecraftorbits were determinedusing the
NASA GSFC GEODYN/SOLVE orbit determinationand
parameterestimationsystemof programs[Rowlandset al.,
1993; McCarthy et al., 1994]. GEODYN numericallyin-
tegratesthespacecraftCartesianstateandforce-modelpar-
tial derivativesby employing a highorderCowell predictor-
correctormodel. The force modelingincludesa spherical
harmonicrepresentationof theMartiangravity field, aswell
as point massrepresentationsfor the Sun and other plan-
ets (except Pluto). Solar radiationpressure,measurement
andtiming biases,andtrackingstationcoordinatescanalso
be alsoestimated.The accuracy of the laserspot location
in latitudeandlongitudeis limited by theknowledgeof the
spacecraftpointingata nominallevel of 1 to 3 mrad(400to
2000m onthesurface,dependingonthespacecraftaltitude)
andabsolutespacecraftpositionuncertaintiesof order100
m.

4.2. Altimetric Crossovers

Errorsin thegravity field modelusedin thecomputation
of spacecraftorbits causegeographicallycorrelatederrors
[Tapley and Rosborough, 1985] in spacecraftposition that
cannotbe removed by including additional tracking data.
Sucherrorshavebeenobservedfor Earth-orbitingspacecraft
aswell as for MGS [Lemoineet al., 1999]. In the caseof
MGS,high-precisiongravity modelsdevelopedat bothJPL
andNASA/GSFC[Smithet al., 1999a;Lemoineet al., this
issue;Yuanetal., this issue]show internalaccuraciesfor the
radialpositionof MGS at thesubmeterlevel. However, or-
bit overlapestimatesdonot take into accountsystematicer-
rors. Comparisonof theseDoppler-only orbitswith MOLA
rangesatover24million altimetercrossover locationsshow
radialerrorsat the3- to 5-m level.

Orbital crossover analysisis a methodfor usingaltime-
try as an observation type for nontopographicpurposes.
Crossovers are locationson the surfaceof a planetwhere
thegroundtrackof anorbit crossesoveraprevioustrack.At
theselocationsa measureof the radiusof the planetis ob-
tainablefrom both orbits. The crossover observationsare
sensitive to orbital errorsand can thereforebe usedas an
observationof thespacecraftradialpositionin theorbit de-
terminationprocess[Shumet al., 1990]. Thus crossovers
canbecombinedwith theDopplertrackingof thespacecraft
to improve knowledgeof theorbit andlaserbeampointing
angleand,simultaneously, to estimatechangesin thetopog-
raphyor shapeof theplanetdueto seasonalmassredistribu-
tion betweenthepolarcapsandatmosphere,tides,andother
effects.

Experiencewith theuseof crossoversin satellitegeodesy
includesEarth-orbiting radar altimeter satellites,such as
TOPEX [Marshall et al., 1995]. Crossovers have been
usedfor the first time on a planetaryspacecraftfor MGS
andhave resultedin demonstratedimprovementsin radial,
along-track,and across-trackorbit components[Rowlands
etal., 1999;Neumannetal., this issue].

4.3. GeodeticConventions

MarsGlobalSurveyor utilizesaspacecraft-fixed J�¥§¦¨m~Y
coordinatesystemalongwhoseaxesthe spacecraftInertial
MeasurementUnits(IMU) arealignedto measurethespace-
craft attitude,and thus the inertial pointing of the science
instruments. An instrumentcoordinatesystemis usedto
definethe mountingof the instrumentwith respectto the
spacecraft-fixedsystem.TheEarthMeanEquatorandVer-
nal Equinox 5  8 " (i.e., ©]5  8 " ) is usedas the standardin-
ertial referencesystemto describethespacecrafttrajectory,
planetarybody ephemerides,star positions,inertial orien-
tationsof planetarybody-fixedcoordinatesystems,inertial
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spacecraftattitude,andinertial instrumentpointing. A se-
ries of matrix transformationsrelate the instrument-fixed
coordinatesto inertial ©]5  8 " coordinates.All calculations
for topographyaredonein a mass-centered,areocentricco-
ordinatereferencesystem,with longitudedefinedas posi-
tive eastwardwith theprimemeridiandefinedaccordingto
Davieset al. [1992a]. Geodeticconstantsassumedin the
MOLA investigationarebasedon theIAU91 referencesys-
tem [Davieset al., 1992a]and are given in Table 3. The
gravity field of Mars is beingcontinuouslyrefinedthrough
the efforts of the MGS Radio ScienceTeam[Tyler et al.,
this issue]. The areoidin this analysisis basedon gravity
model mgm0964c20a[Lemoineet al., 1999; Smithet al.,
1999a;Zuberet al., 2000a],while orbitshave recentlybeen
recomputedwith anupdatedversionof thefield, mgm1004d
[Lemoineetal., this issue].

4.4. ReferenceSurface

Zero elevation on Mars from MOLA is definedas the
equipotentialsurface (gravitational plus rotational)whose
averagevalueattheequatorisequalto themeanradiusasde-
terminedby MOLA (cf. Table4). Theplanetaryradiusand
a gravity modelderived from MGS Doppler trackingdata
[Lemoineet al., this issue]with the IAU91 coordinatesys-
temparametersfor Mars [Davieset al., 1992a]collectively
providedthe geopotentialof Mars’ meanequatorialradius.
Thisequipotentialsurfacewasthenextendedto all latitudes
asthezero-level referencefor topography.

5. Instrument Calibration

5.1. PrelaunchLaser PulseEnergy Characterization

MOLA 2 wascalibratedprior to its launchon MGS by
characterizingits performanceover the completerangeof
anticipatedoperatingconditions. The calibrationalso in-
cludeda full flow-throughsystemtestwith rangingto a tar-
get inside the cleanroom. The amountof energy emitted
by the laseris a function of temperature[cf. Byer, 1988],
soan importantaspectof prelaunchtestingwasthecharac-
terizationof the temperaturedependenceof the laserout-
put energy. Laserenergiesmeasureddirectly by the bench
checkequipmentwerecomparedto pulseenergiesmeasured
by MOLA.

5.2. Timing and RangeDrift

During flight theMOLA 2 clock frequency is compared
regularly with the MGS spacecraftclock, which is moni-
toredfrom EarththroughthespacecraftRF transmittercar-
rier frequency. TheMOLA clock frequency is recalculated
andupdatedfor every24-hourperiodduringthegrounddata

Table4. MOLA GeodeticParameters

Parameter Value/Uncertainty

GeodeticShape
Meanradius 33895084 3 m
Meanequatorialradius 33962004 160m
Northpolarradius 33761894 50m
Southpolarradius 33825804 50m

Triaxial ellipsoid
a 3398627m
b 3393760m
c 3376200m
1/flattening 169.8 4 1.0

Directionsof principal axes
a 1.0

)
N, 72.45

)
E

b 0.0
)
N, 324.4

)
E

c 89.0
)
N, 252.4

)
E

Ellipsoidoffsetof COFfromCOMª¬«
-233mª¬­
-1428mª¨®
-2986m

99.99616

99.99618

99.99620

99.99622

99.99624

99.99626
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Figure1. MOLA oscillatorfrequency andrangedrift during
theMGSmappingorbit throughMay 2000.

processingandtheaccuracy of theresultantclockfrequency
shouldbelessthan5

+
10:°¯ ( 9 2 cm over the400-kmmea-

surementrange).Figure1 shows thatduringtheMGSmap-
pingorbit throughMay 2000,theclockfrequency drifted23
cm in equivalentrange. By performingthis comparisonin
combinationwith spacecraftpointing informationprovided
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Table3. MarsConstantsUsedby MOLA

Parameter/Model Value Units Reference@ Comments

ReferenceSystem 1 IAU91
Pole,2000RA 5.544579446831762E+00 radians 1 J2000
Pole,2000Dec 9.230348427839985E-01 radians 1 J2000
Rotationrate 7.088218081252292E-05 radianss:±; 1 constant
Origin, ²i³ 176.868+350.8919830*d degrees 1
Gravity model mgm0964c20 2 areoid

mgm1004cd 3 MGSorbit

GM 0.42828371300166E+14 ḿ sec:°3 3 mgm0964c20a
0.42828371901284E+14 ḿ sec:°3 3 mgm1004d

Meanequatorialradius 3396000 m 4 topographymodel
3397000 m 3 gravity models

Planetaryephemeris DE403 5
Coordinatesystem planetocentric eastpositive@ References:1, Daviesetal. [1992a];2, Smithetal. [1999a];3, Smithetal. [1999b];4, Lemoineetal. [this issue];5,

Standishetal. [1995].

by the quaternions,it is possibleto improve knowledgeof
thealong-trackpositionof eachlaserfootprint on theMar-
tiansurface.

5.3. Laser Performance

Thepostlaunchperformanceof theMOLA laseris con-
sistent with the most optimistic expectationsbased on
prelaunchtesting. The performanceis particularlysignifi-
cantconsideringthat the instrumentwasoperatedin anun-
intendedfashion,outsideits nominaloperatingtemperature
range,andswitchedonandoff ratherthanruncontinuously,
duringtheMGS aerobrakinghiatusandsciencephasingor-
bit periods[Albeeet al., this issue]. WhenMOLA-2 was
turnedoff prior to Marssolarconjunctionin June2000,the
laserhad accumulatedover 390 million pulses,of which
99Z resultedin valid rangemeasurementsto thesurfaceor
atmosphere,makingit by far thelongest-livedlaserranging
instrumentthat hasso far flown in space.By comparison,
theClementinelaseraccumulated647,000pulses(of which
81Z of the returnswere noise hits) [Smithet al., 1997],
and the ShuttleLaserAltimeter, an Earth-orbitinginstru-
mentbuilt with MOLA spares,expended0 3 million pulses
in two shuttleflights[Garvinetal., 1998].TheNEARShoe-
maker LaserRangefinder[Zuberet al., 1997]accumulated0 11 million pulsesduring the 1-yearmappingmissionof
asteroid433Eros[Zuberetal., 2000b].

Even in the absenceof mechanicaland electricalprob-
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Figure 2. Daily averagesof MOLA laserenergy duringthe
MGSmappingorbit. Time is givenasdayof 1999,andval-
uesgreaterthan365correspondto theyear2000.

lems and with nominal operatingconditions,lasersof all
kinds experiencea degradationin performancewith time.
For solid-statelaserslike that in MOLA, laserenergy is ex-
pectedto decreasewith usagedueto failureof laserdiodes
[Afzal, 1994]. As illustratedin Figure2, the MOLA laser
hasexperiencedseveraldiscretedecreasesin theoutputen-
ergy during its operationin Martianorbit. Decreasinglaser
energy wasanticipatedandfactoredin to MOLA’s design,
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thoughprior to MOLA 2 it wasexpectedthatenergy would
fall off asa smoothexponentialfashionratherthanin dis-
cretesteps[Zuberetal., 1992;Afzal, 1994].Thelaserenergy
dropshave occurredon 0 60-dayintervals during MOLA’s
continuousoperationin themappingorbit. Themostlikely
causeof the energy decreasesis the failure of individual
diodebars,resultingin an 0 4-mJenergy drop per failure.
Monotonicincreasesanddecreasesin energyaredueto tem-
peraturevariationsassociatedwith thechangingdistanceof
Marsto theSunduringtheMartianyear.

On day 432 of 1999 (March 7, 2000) the MOLA laser
briefly experiencedan unusualvariation in energy output
duetosignificantunexpectedvariationsin thetemperatureof
theMGSnadirdeck.Thesetemperatureexcursionswereas-
sociatedwith thefirst executionof thefixedhigh-gainmap-
pingsequence[Albeeetal., this issue]thatwasimplemented
to allow occultationmeasurementsduringaperiodwhenthe
MGS high-gainantennaobstructionpreventedcontinuous
mappingof theMartiansurface.Subsequentto thiseventthe
MGSmappingsequencewasmodifiedto preventfurtheroc-
currencesof this kind. Undernormaloperatingconditions,
MOLA 2 is expectedto performwith full capabilityaslong
asperformanceexceeds10mJin daytimeand5 mJatnight-
time.

6. MGS Mission Phasesand MOLA Data
Collection

MarsGlobalSurveyor successfullyinsertedinto Martian
orbit on September11, 1997. The captureorbit was el-
liptical andnearpolar in inclination, with an initial period
of 45 hours. The captureorbit was changedinto a circu-
lar mappingorbit by aerobraking,utilizing repeatedpasses
throughthe upperatmosphereof Mars nearorbital periap-
sis to remove energy from the spacecraftorbit via dragon
the solarpanels.Aerobrakingreducesthe apoapsisheight,
eccentricity, andperiod. MOLA wasunableto rangeto the
surfacewhile the MGS spacecraftwasin aerobrakingcon-
figuration. On September15, 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 spacecraftpassedthroughaltitudesless than 787 km,
MOLA’shardware-definedmaximumdistanceranginglimit.
The rangingsuccessrateduring Pass3 was 99.8Z [Smith
etal., 1998];therewerenomissedshotsandonly 0 20false
detections.

From October14 to November6, 1997, the periapsis
heightof MGSwasraisedout of theatmosphereto 175km.
Aerobrakingwassuspendedto analyzetheeffect of thedy-

namicpressuresexperiencedduring atmosphericpasseson
one of the solar panelsthat was damagedwhen deployed
shortlyafterlaunch.During theseaerobrakinghiatusorbits,
17 more MOLA profiles were collected[cf. Smithet al.,
1998]. The orbital periodof the aerobrakinghiatusorbits
was 0 35hours,andthelengthof therangingpasswas 0 22.5
min.

MGS implementedthesciencephasingorbits (SPO)be-
tweenApril andSeptember, 1998[Albeeetal., 1998].These
sciencedata-collectingorbits wereundertaken to allow the
originally planned0200/1400UT equator-crossingtimesto
be achieved in the MGS circular mappingorbit. The SPO
hada periodof 11hours37min andanapproximateperiap-
sisaltitudeof 170km thatallowed 0 25min of laserranging
eachorbit. During SPO1 and2, with the numberscorre-
sponding,respectively, to periodsbeforeandaftersolarcon-
junction,MOLA collectedover two million elevationmea-
surementsof Mars’ northernhemisphere.The SPOorbits
lasteduntil mid-September1998,but MOLA wasturnedoff
on August1 to avoid excessive power cycling of the laser,
an operationmodethat hadnot beenplannedfor in the in-
strumentdesign.

MOLA begancontinuousmappingof Mars in the near-
polar, circular MGS mappingorbit on February28, 1999.
Theinstrumenthasrangedcontinuouslyto Marsat a 10-Hz
rate until June,1999 except for a 2-weekperiod in April
1999 when all instrumentswere shut off to investigatean
obstructionof theMGS High GainAntenna.In June1999,
MOLA wasshutoff for a 2 monthperiodaroundsolarcon-
junction,whenthesolarplasmainduceda level of noisein
the MGS X-bandtrackingdatathat translatedto unaccept-
ableerrorsin the spacecraftorbit andhenceMOLA topo-
graphicaccuracy.

7. Global TopographicModel

7.1. Data and Resolution

The topographicmodel, shown in Plate2, is basedon
333,689,830MOLA surfacemeasurements.Datawerecor-
rectedfor spacecraftattitude,andfor pointingangles9 & )
exceptwhereoff-nadir rangingwasperformedto cover the
north and southpoles in areasnot routinely sampleddue
to the 92.8

)
inclination of the MGS orbit. To derive loca-

tion coordinatesand medianheights,all surfacemeasure-
mentswere projectedand binned on a 1/64

)
latitude

+
1/32

)
longitudeglobal grid. The resolutionof the global

grid is currently 0 1
+

2 km3 at the equator, with longitu-
dinal spacingdecreasingwith the cosineof latitude. More
thanhalf of thebinscontainedat leastoneobservation,and
usuallymorethanthree,while the remainderwereinterpo-
latedby minimum-curvature-under-tension[SmithandWes-
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sel, 1990]. Planetaryradii were then projectedand simi-
larly binned,anda sphericalharmonicexpansionwassub-
sequentlyfit to thedata.Thesphericalharmonicsolutionof

masscenteredradii, ¡~n `RoMa , convertedto geopotentialeleva-
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Figure 3. Histogramof orbit residualsat over 48 million
altimetric crossover points. The least medianof squares
(LMS) misfit of 0.96m is a measureof theaccuracy of the
global topographicmodel in Plate2. No attempthasbeen
madehereto remove any time-varyingheighteffect dueto
sublimationanddepositionof CO3 on thepolarcaps.

tion, ¢ n `so�a , by equation(7), takestheform

¢Vn `RoMa J�¶ek�·yY b¹¸º »½¼ ;
»º¾ ¼±¿ [ »ÁÀ ¾ J�IsQ½�,¶lYÃÂÄ Å »ÁÀ ¾ FKG8IKJ�ÆÇ·°Y }ÉÈ »ÁÀ ¾ IsQ��]JMÆ�·yY�Ê (8)

where ¶ and · aretheareocentriclatitudeandlongitudeof
the surface, [ »ÁÀ ¾ are the normalizedassociatedLegendre
functionsof degreeË andazimuthalorder Æ ,

Å »ÁÀ ¾ , and È »ÁÀ ¾
arethenormalizedsphericalharmoniccoefficientswith units
givenin meters,and Ì is themaximumdegreerepresenting
thesize(or resolution)of thefield. The

Å
and È coefficients

provideinformationonthedistributionof globaltopography.
Thecurrentsphericalharmonicmodelis to degreeandorder
1152andhasaspatialresolutionof 0 9 km.

The estimateof global topographicaccuracy includes
contributionsfromradialorbit error(0.85m RMS)[Lemoine
et al., this issue], instrumenterror (3 m RMS) [Abshire
et al., 2000],andareoiderror( 4 5 m RMS) [Lemoineet al.,
1999,this issue;Smithetal., 1999a].Figure3 demonstrates
that inclusionof MOLA altimetric crossovershasreduced
the misfit of topographyat crossover locationsto 4 0.96m
[Neumannetal., this issue],andto first orderthismisfit rep-
resentstheaccuracy of thetopographicmodel.
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Figure 4. Hypsogramsof surfaceelevationwith respectto
Mars’ centerof mass(solid line) andto thecenterof figure
(dottedline).

7.2. FundamentalParametersof Shape

Basicparametersof the shapeof Mars aregiven in Ta-
ble 4. Mars hasa meanradiuswith respectto its center
of massof 3389508 4 3 m, but the global distribution of
radii shows considerablevariability. Thedifferenceof 0 20
km betweenthepolarandequatorialradii indicatesthat the
largestcontribution to the shapeis the planetaryflattening,
which is dueprimarily to the rotationof Mars. Thereis a0 5Z contribution [Folkner et al., 1997;Zuberand Smith,
1997] to the flatteningfrom the Tharsisprovince,which is
situatednearthe equator. The flatteningof

�%$X�!&"Í > 1 is sig-
nificantly lessthanthevalueof

�.$/� 7 ( > ( [Bills andFerrari,
1978]andslightly lessthantheellipsoidalvalueof

�.$/�!&8& >�7'=
[Smithand Zuber, 1996] that have beenusedin previous
geophysicalanalyses.

Subtractingthe gravitational potentialor areoid [Smith
etal., 1999a;Lemoineetal., this issue]from planetaryradii
measurementsgiveselevationsin termsof geopotentialto-
pography, which eliminatesthecontribution dueto rotation
and accentuatesother long-wavelengthcomponentsof the
shape.Figure4 andTable5 illustratethatthedynamicrange
of geopotentialtopographyon Mars is 29.5km, the largest
of theterrestrialplanets.Themajor topographicexcursions
aredueto large impactbasinsandshieldvolcanoes.Mars’
thick elasticlithosphere[Turcotteetal., 1981;Banerdtetal.,
1982;Comeretal., 1985;SleepandPhillips, 1985;Banerdt
etal., 1992]allowssuchlargesurfaceloadsto bemaintained
(seebelow).



MARS ORBITERLASERALTIMETER 13

7.3. BestFit Ellipsoid

A commonlyusedmeasureof theplanetaryshapeis the
referenceellipsoid. Parametersof thebestfit ellipsoid,cal-
culatedwith respectto a coordinatesystemwith origin at
Mars’ centerof mass(COM), aregivenin Table4. Theel-
lipsoid is displacedfrom the COM by -2986 m along the®

axis, andrepresentsan offset betweenthe COM andthe
planet’s geometriccenter(centerof figure; COF)alongthe
polaraxis.Thesignof theoffsetindicatesthatthesouthpole
hasa higherelevationthanthenorthpole(by 0 6.4 km, in-
cludingrelief of theicecaps).Theellipsoidis alsodisplaced
by 0 1428m alongthe

­
axis in thedirectionof theTharsis

topographicrise.

7.4. GeodeticGrid

MOLA datahave beenusedto redefinethegeodeticgrid
of Marsandhave providedup to 2 ordersof magnitudeim-
provementin knowledgeof theabsolutelocationsof latitude
and longitudeand 3 ordersof magnitudeimprovementin
knowledgeof radiusoverall previouscontrolpointnetworks
[e.g.,Davieset al., 1992b]. Using geolocatedpositionsof
MOLA spotson theMartiansurface[Rowlandsetal., 1999;
Smithet al., 1999b], the locationssampledby MOLA are
now known to oneMOLA footprintor approximately4 100
m with respectto Mars’ centerof mass.Vertical positions
areknown to theaccuracy of theglobaltopographicmodel,
or 0 1 m.

Effort is currently underway [Duxbury, 2000] to relo-
cateinto the MOLA coordinatesystemthe Mars Medium-
resolution(231-mpixel :<; ) MosaickedDigital ImageMod-
els(MDIMs) [Daviesetal., 1992b]derivedfrom Viking im-
ages.ThisprocessutilizesMOLA GeodeticAltimetry (MO-
GAL) files [Duxbury, 2000] in which MDIM’ s arebrought
into alignmentwith control point features,suchascraters,
sampledin MOLA PEDRs.

7.5. Relationshipof Topography to Atmospheric
Pressure

The relationshipbetweensurfacetopographyandatmo-
sphericpressureprovidesameasureof themassof theatmo-
sphericcolumnabovea particularlocation,which is critical
in theassessmentof potentialfuturelandingsites[Golombek
etal., 1997a,b]. TheaverageatmosphericpressureonMars
is 0 6.1 mbars,which is closeto the triple point of water.
Earlytopographicmodelsof Mars[e.g.,Wu, 1991]wereref-
erencedto this atmosphericpressuresurface. The useof a
pressuresurfaceasareferenceintroducedconsiderableerror
into estimatesof elevationbecauseof temporalvariability in
theheightof thepressuresurfacedueto seasonalvariations
in CO3 contentanddynamicalmotionsof the atmosphere.

Becauseof theimportanceof understandingsurfacepressure
for modelsof circulationof theMartianatmosphereandfor
landing-siteassessment,MOLA elevations,whicharerefer-
encedto a staticareoid,have beenrelatedto the 6.1-mbar
atmosphericpressuresurface.

To relatesurfacetopographyto atmosphericpressure,it
is necessaryto first compareplanetaryradii obtainedfrom
spacecraftoccultationsto thosederived from MOLA. The
occultationsyield a measureof both planetaryradiusand
atmosphericpressureandtherebyprovide a uniquelinkage
betweenthesequantities[Kliore et al., 1973;Lindal et al.,
1979; Hinson et al., 1999]. MOLA radii, which arecon-
siderablymoreaccuratethanradii obtainedby occultations,
canthenberelatedto occultation-derivedsurfacepressures.
By comparingMOLA radii to Viking andMariner9 occul-
tations,SmithandZuber [1998] showedthat thezeropoint
of MOLA topographycorrespondsto an atmosphericpres-
sureof 0 5.2mbarsat ÎÐÏ =0

)
. ( ÎÑÏ is theseasonalparameter

on Mars and runs from 0
)

to 360
)

over the courseof the
Martian year; ÎÐÏ =0

)
correspondsto the vernalequinoxin

the northernhemisphere.)The 6.1-mbarpressurelevel oc-
cursatapproximately-1600m relative to thezeroreference
of MOLA topographyfor Î Ï =0

)
. However, the heightof

the6.1-mbarsurfaceneedsto beadjusted,dependingon the
date.Seasonalvariationsin atmosphericpressureassociated
with theexchangeof CO3 betweentheatmosphereandpolar
capsis expectedto produceverticalvariationsin theheight
of the6.1-mbarsurfaceof 1.5to 2.5km overthecourseof a
Martianyear[SmithandZuber, 1998].

7.6. Comparisonto Landing SiteElevations

TheViking andPathfinderlanderscontainedsensorsthat
measuredatmosphericpressuredirectly and thusprovided
localestimatesof surfaceelevation.A pre-MGScomparison
of Viking landersiteelevationswith correspondinglocations
ontheUSGSDEM showstheheightsto disagreeby 0 2 km,
with theDEM locationsin thewrongrelativedirectionwith
respectto eachotherascomparedto thelandersites[Kieffer
et al., 1992]. In contrast,a comparisonof MOLA altimetry
with the locationsof the landing sitesshows good agree-
ment(Table6), consideringthe spatialdifferencesin sam-
pling. The differencesbetweenMOLA andlander-derived
elevationsof the landingsitesarelikely dueto actualRMS
variationsof local topographyand(for MOLA) errorsin the
geoidof Marsthataredecreasingasgravity modelsarecon-
tinually refined.

7.7. Power Spectrum

Thepower spectrumfor Martian topographyis obtained
from thedegreevarianceof sphericalharmoniccoefficients
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Table5. Major TopographicExcursionsonMars

Parameter Latitude,deg Longitude,
)
E Elevation,m

RegionalHighs
OlympusMons@ 17.3495 226.31 21287.4
AscraeusMons 11.7082 255.177 18219.0
ArsiaMons -9.12736 238.261 17780.7
ElysiumMons 24.7478 146.437 14126.6
PavonisMonsA -0.06261 246.674 14057.4
HecatesTholus 31.8125 149.875 4853.26
Albor Tholus 18.6562 149.875 3925.49

RegionalLows
HellasB -32.8132 62.0172 -8180.
ArgyreC -44.8192 315.088 -5240.7
Utopia 39.5 110.2 -5050
Lyot D 28.9277 50.6031 -7036.
VallesMarineris -14.2969 301.969 -5679.47@ Rim of smallcrateronsouthflank.A Southrim.B Smallcrater.C Hookecrater.D Deepestbasinin northernhemisphere.

Table6. Comparisonof MOLA to LandingSiteElevations

MOLA MOLA Elevation
LandingSite Latitude,@ Longitude,@ Radius, Elevation,A MOLA - Lander,

deg
)
E m m m

Viking Lander1 22.2692 311.8113 3389373 -3627. 45
Viking Lander2 47.6680 134.0430 3381857 -4505. 0
Pathfinder 19.0949 326.5092 3389807 -3682. 94@ Landingsite coordinatesare taken from Folkner et al. [1997]. All locationsaregiven in the IAU1991reference

system[Daviesetal., 1992a].A MOLA radiusminus50thdegreeandorderareoidof Lemoineetal. [this issue].

[e.g.,Bills andFerrari, 1985].Figure5 showsavariance(V)
spectrumto degreeandorder1152,which correspondsto a
spatialscaleof 9 km. A power law ofÒ b 1?>�5'1 � 7�Ë :<;�Ó ÔR´ �RÕÐÖ/× :l3 (9)

providesa bestfit to the spectrum.Figure5 indicatesthat
Martiantopographyhaslesspower thanthepower law from

degrees10-25 (spatialscales0 10́ km), due probablyto
theflat northernhemisphere(discussedlater). Theincrease
in power betweendegrees100and1000is thoughtto arise
from thecrateredsouthernhighlands.At 10-kmspatialscale
(degree1000),a 10-m3 RMS varianceof topographyis ob-
served.Thepowerlaw cannotsimplybeextrapolatedto esti-
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Figure 5. Power spectrumof Martiantopographyto degree
andorder1152(maximumresolution9 km). The left axis
plotsdegreevariancenormalizedby thesquareof theplan-
etaryradius,andtheright axisplotsunnormalizedvariance.
Thedashedline is abestfit power law (equation(9)).

Plate3. MOLA pole-to-poledownhill slicealonglongitude
0
)
E. Thesouthpoleis on theright, andthenorthpoleis on

theleft. Apparentis thequasi-monotonicdecreasein eleva-
tion from southto north(apartfrom thenorthpolardeposits)
aswell asthedistinctive contrastin roughnessbetweenthe
southernhighlandsandnorthernplains.

matetheRMS varianceof surfaceroughnessat landing-site
scales.On a 100-mspatialscaleonly centimetersof rough-
nesswouldbeexpectedfrom extrapolationof thepower law
(Figure5).

8. ScientificAccomplishments

8.1. Global Physiography

8.1.1. COM/COF offset and the pole-to-pole slope.
The3-km offsetalongthe

®
axis betweenMars’ COM and

COF (cf. Table 4) resultsin a non-zero
Å ; À ¿ term in the

sphericalexpansionof topography(equation(8)). Similarly,
the 1.4-kmoffset in the directionof Tharsisis reflectedin
the

Å ; À ; and È ; À ; termsin theharmonicexpansion.In prac-
tice, the term is sinusoidalin latituderatherthanlinear, so
thehemispheric-scaleelevationchangeis morecomplicated
thana constantlinear function. If theoffsetalongthepolar
axis is interpretedin termsof a long-wavelengthtilt, then
it correspondsto anaverageglobal-scalesouth-to-northtilt
of 0.036

)
directedalong lines of longitude [Smith et al.,

1999b]. As illustratedin Plate = , the progressive decrease
in elevation from southto north is bestobserved at longi-
tudesnear0

)
E, awayfrom theinfluenceof TharsisandHel-

las. While this zonal elevation changeis complicatedby
bothlarge-andregional-scaletopographicfeatures,it is ap-
parentthat this fundamentalaspectof Martian topography
hascontrolledthe surfaceandsubsurfaceflow of volatiles
andsedimentsthroughoutmuchof Martianhistory. As dis-
cussedmorebelow, theglobal-scaleelevationchangeasso-
ciatedwith the

Å ; À ¿ term of the topographyfield resulted
in thenorthernhemispherebecomingaglobal-scalesink for
transportedmaterial.As discussedby Zuberet al. [1998b],
theCOM/COFoffsetin thedirectionof Tharsisalsocauses
atilt in theeast-westdirection,thoughdeflectionsassociated
with themembraneresponseto Tharsisloadingcomplicate
thepattern[Phillips etal., 2001].

8.1.2. Hemispheric dichotomy. Thestriking difference
in global physiographybetweenthe northernandsouthern
hemispheresis termedthe hemisphericdichotomy[Mutch
et al., 1976;Carr, 1981].Thesouthernhemisphereis heav-
ily crateredandolder, whereasthe northernhemisphereis
morelightly crateredandyounger, andwasprobablyresur-
facedby volcanism[Scottand Tanaka, 1986;Greeley and
Guest, 1987]andsedimentation[Zuberet al., 2000a]early
in Martianhistory. Much of thenorthernlowlandsis com-
posedof theLateHesperian-agedVastitasBorealisForma-
tion andAmazonian-agedArcadiaFormation[Tanakaetal.,
1992],whicharetilted subtlynorthandaresmoothatscales
rangingfrom 0 100m (Plate5) to baselinesof hundredsof
kilometers[Kreslavsky and Head, 1999;Aharonsonet al.,
this issue]. In the southernhemisphere,Noachian-aged
ridgedplainsform locally flat intercraterdeposits,whereas
youngerHesperian-agedridgedplainsdominatein somere-
gions. The boundarybetweenthe northernand southern
hemispheresin many placesis characterizedby complex ter-
rain[Sharpetal., 1971;Sharp, 1973],aswell asregionalel-
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evationchangesof up to 4 km overdistancesof 300to 1300
km [Frey et al., 1998]. Regionswheretheelevationchange
is relativelysteep(e.g.,longitudes100

)
to220

)
; seePlate2),

comprisethedichotomyboundaryscarp.

Thedichotomyis characterizedby bothanelevationdif-
ference(Plate2) aswell asa differencein surfacegeology
andmacroscaleroughness(Plate5), but it is not yet clear
if thesefeaturessharethe samemechanismof formation.
Hypothesesto explain the hemisphericdichotomyhave in-
cludedthinning of the northernhemispherecrustby man-
tle convection[LingenfelterandSchubert, 1973;Wiseetal.,
1979a,b], anearlyperiodof tectonicplaterecycling [Sleep,
1994], and a massive impact or impacts in the northern
hemisphere[WilhelmsandSquyres, 1984;Frey andSchultz,
1988]. The global distribution of elevationsfrom MOLA
hassomebearingon thenatureof thehemisphericelevation
difference.Figure4 shows globalhypsogramsof elevation
with respectto the COM andCOF. In a mass-centeredco-
ordinatesystemtheelevationdifferencebetweenthesouth-
ernhighlandsandnorthernlowlandsis apparent,while in a
figure-centeredsystemthe distribution of elevationsis uni-
modal. A planet-scaledistribution of topographythat con-
tainsa discreteelevationcontrastin a mass-centeredsystem
may, in principle, appearunimodalwhenreferencedto the
COF[Aharonsonetal., this issue].However, onEarth,with
elevatedcontinentsanddeepoceanbasins,the hypsogram
of topographyis bimodal whetherviewed from mass-or
figure-centeredsystems.This comparisonindicatesthat the
dichotomyboundaryscarpcontributeslessto theCOM/COF
offsetonMarsthanthecontinental-oceaniccrustaltransition
doesonEarth[Aharonsonetal., this issue].

It hasnow beenestablishedthatboththetopographicex-
pression[Smithet al., 1999b]and crustalthicknessdistri-
bution [Zuberet al., 2000a]of thedichotomyboundaryare
noncircular, andthereis no evidencepreserved that would
supportahemispheric-scalesingleimpactsuchaspreviously
proposed[Wilhelmsand Squyres, 1984]. Formationof the
elevation differenceby multiple smaller impactshas also
beensuggested[Frey and Schultz, 1988]. Beyond Utopia,
however, no circularstructuresof comparablescaleareap-
parentin thetopographyof thenorthernplainsor from grav-
ity [Smithet al., 1999a],althoughit is possiblethat such
structurescould have beenmasked by processesthat oc-
curredsubsequentto formation.In any caseaprocessor pro-
cessesotherthanimpactmustbeinvokedto explain thepre-
servedphysiographicdifferencebetweenthehemispheres.

8.1.3. The northern lowlands and evidencefor a pos-
sible ancientocean.Thenorthernlowlandsdisplaya lower
craterdensitythanthesouthernhighlands(cf. Plate2) dueto
hemispheric-scaleresurfacingthat,prior to MGS, hadgen-
erally beenviewedasmainly volcanic[Greeley andSpudis,
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Plate4. MOLA Pass31,whichtraversesAmazonisPlanitia,
shows the flat northernhemisphereof Mars. The line con-
nectsrangereturnsand the dotsshow the topographythat
wouldbeobtainedwithouttheinstrument’stiming interpola-
tor. Thisplate,in whichheightis in metersandlatitudeis in
degrees,demonstratesthesubmeterperformanceof MOLA
2 overgentlyslopingsurfaces.

1981; Greeley and Guest, 1987; Scottand Tanaka, 1986;
McEwenetal., 1999],with athin sedimentarycoverin some
areas.Analysisof MGS gravity andtopographynow sug-
gestsa significantsedimentarycomponentto the northern
hemisphereresurfacing[Zuberet al., 2000a].Thenorthern
latitudesoutsideof theTharsisrisearenow known to beex-
tremely flat, sloping gently downward to the north [Smith
et al., 1998;Zuber et al., 1998b;Smithet al., 1999b] (cf.
Plate3). Theflatnessof theupperlatitudesof thenorthern
hemisphereextendsacrossall longitudesandfor over 2000
km in north-southextent. In the northernlowlandsthe to-
pographyvariesby only 4 50 m to 4 400m abouta mean
sloping surface[Aharonsonet al., 1998]. The flatnessis
observedover a rangeof topographicbaselines[Aharonson
et al., 1998,this issue;Kreslavsky and Head, 1999,2000],
and flatnessis documenteddown to the 100-m scale(dis-
cussedlater). Of particular interestis AmazonisPlanitia
(Plate4), westof theTharsisrise, thathasbeenestablished
astheflattestlarge-scalesurfacein thesolarsystem[Aharon-
sonetal., 1998].AmazonisexhibitsanRMSvarianceof 0 2
m over scalesup to 103 km andis comparablein smooth-
nessto theEarth’soceanicabyssalplains[Aharonsonet al.,
1998].

Prior to MGS, the northernlowlandswere proposedto
have beenthesiteof anancientocean,with two geological
contacts(”1” and”2”) hypothesizedon the basisof analy-
sesof Viking imagesaspossibleshorelines[Parker et al.,
1993]. MOLA datawereusedto testthepredictionsof the
hypothesisof standingbodiesof waterin thenorthernlow-
lands[Headetal., 1998a,1999;Hiesinger andHead, 2000;
Garvin et al., 2000a]. Evidencein supportof the hypoth-
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esisincludesthe following: the correspondenceof Contact
2 with anapproximateequipotentialsurface(the 0 -3700m
elevation contour); enhancedtopographicsmoothnessand
distinctivesimplecraterpropertiesinsideContact2; terraces
in thevicinity of Contact2 that in placesareorientednear-
parallelto thecontact;andavolumewithin Contact2 ( 0 100
m global equivalentlayer) consistentwith estimatesof the
amountof waterthatconceivablycouldhave beenavailable
on earlyMars[Carr, 1996]. An oceanthatfilled to Contact
2 wouldhavehadanaveragedepthof 570m but wouldhave
achieveda depthof over3 km within Utopia.

While the evidencefrom MOLA datais consistentwith
a paststandingbody of water, noneyet reporteduniquely
requiressucha genesis.Complicatingfactorsinclude: ob-
servationsof Contact2 by theMarsOrbiterCamerathatdo
not show evidencefor paleoshorelines[Malin and Edgett,
1999]; tectonicridge-like morphologyof proposedshore-
line terracefeaturesnorthof Alba Pateraandthedeviationof
thesestructuresfrom anequipotentialsurface[Montesiand
Zuber, 2001;WithersandNeumann, 2001];statisticalanaly-
sisof topographythatshowsthatAmazonisandothernorth-
ernlowlandregionscannotbederivedfrom simply smooth-
ingheavily crateredterrain[Aharonsonetal., thisissue];and
the apparentabsenceof surficial carbonatein the northern
plainsnotedby theMGSTESinstrument[Christensenetal.,
this issue].

8.1.4. Tharsis. Plate2 shows the vastvolcano-tectonic
Tharsisprovinceto consistof arisethatextendsfrom 220

)
E

to 300
)
E andfrom 50

)
S to 10

)
N, andspans0 10Ø km3 by

area. The complex structureof the province revealedby
MOLA indicatesthat mostof Tharsiswas formedby vol-
canicconstruction[Solomonand Head, 1981], with likely
contributionsfrom bothextrusiveandintrusivemagmatism.
The topographicmapalsoshows that Tharsisconsistsof a
main rise that containscontainsthe TharsisMontes (As-
craeus,Pavonis, andArsia) anda northernrise that essen-
tially comprisesthe Alba Pateravolcanicstructureand its
surroundings.Thepossiblecontribution to Tharsistopogra-
phy from structuraluplift, whosesignaturecould conceiv-
ably havebeenmaskedby subsequentvolcanism,hasyet to
bequantitatively assessed.

Unlike all previous topographymodels,OlympusMons
is not associatedwith Tharsisproperbut ratheris situated
off thewesternedge[Smithetal., 1999b].However, thevol-
canicconstructlikely hasageneticrelationshipto Tharsis.

MOLA datashow thattheThaumasiaregion thatdefines
southernmostTharsisis not topographicallydistinct from
the main lobe of the Tharsisrise. High-standingridgesin
this region, proposedto be a consequenceof lithospheric
folding [SchultzandTanaka, 1994],appearto have escaped
resurfacingby youngerTharsisvolcanicflows dueto their

highelevation.Theseelevatedancientterrainscanbeacon-
sistentwith anoriginbyeithervolcanicconstructionoruplift
andfurthermodelingandstructuralanalysiswill berequired
to distinguishthetwo possibilities.

Previousmodelsfor theoriginof Tharsisbasedongravity
andtopographyanalysessupportedby the spatialandtem-
poral distribution of tectonics[Banerdt et al., 1982,1992;
Tanaka et al., 1991] are currently undergoing revision
[Banerdt and Golombek, 2000]. Contraryto previouscon-
clusions basedon lower-resolutionViking data [Banerdt
et al., 1982,1992], it is not necessaryto invoke a period
of purelyisostaticsupportin Tharsis’history. Nor is it nec-
essaryto resortto complex representationsof Tharsis’me-
chanicalstructure,suchasanuppercrustdetachedfrom the
upper mantle [Tanaka et al., 1991], though such a litho-
sphericconfigurationmay have onceexisted and may ex-
plaincertainaspectsof Tharsistectonics,suchasdifferences
in ridge spacingbetweenHesperianridged plains and the
northernlowlands[MontesiandZuber, 2001].Instead,mod-
eling shows that moststructuresaroundTharsiscanbe ex-
plainedby aflexural loadingmodel[BanerdtandGolombek,
2000].

Phillips etal. [2001]showedthatthemembraneresponse
to Tharsisloadinghasaglobal-scaleeffectthatcanexplaina
numberof salientfeaturesonMars.Theseincludethenega-
tivegravity ring aroundTharsis[Smithetal., 1999a;Phillips
etal., 2001],theelevationof certainterrainsin ArabiaTerra,
andtheapparentasymmetryof theUtopiabasinrim.

8.2. Slopesand SurfaceRoughness

8.2.1. Slopes. MOLA datahave beenusedto calcu-
late surfaceslopeson baselinesfrom 300 m to 1000 km
[Kreslavsky and Head, 1999,2000; Aharonsonet al., this
issue].With thehigh accuracy of theglobaldataset,slopes
onhemispheric-scalebaselines(10́ km) canbemeasuredto
severalpartsin 10Ù . On the100-kmbaselinesthepredomi-
nanttilts aresouthto north[Aharonsonetal., this issue]and
aregenerallyconsistentwith themappeddistributionof val-
ley networksandoutflow channels[Williams, 2000;Phillips
etal., 2001].

A usefulmeasureis the RMS slope,which is generally
analogousto the RMS roughnessfrom radarobservations
[Simpsonet al., 1992], though the former measureis in-
fluencedby isolatedhigh slopesassociatedwith structures
suchascraterswithin thewindow. RMS slopesin a 35-km
runningwindow show anaverageof 3

)
-10

)
in thesouthern

highlandsand0.2
)
-0.8

)
in the northernlowlands[Aharon-

sonet al., this issue].Thereis a generalagreementbetween
RMS slopesfrom MOLA with thosemeasuredby Earth-
basedradar [Christensen, 1986; Christensenand Moore,
1992], thoughthereare significantdisagreementsin some
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Table7. GlobalRoughnessUnitsFromOpticalPulse
Widths

RMS
Roughness,m ExampleRegions

0.3to 1.1 northernplains,VastitisBorealis,
southernhemisphereintercraterplains

1.3to 1.7 northernvolcanicplains,
Amazonis,Elysium,
SinaiandLunaePlanum

2.0 craterejectablankets,
innercratercavity walls

2.1to 2.5 Tharsis,OlympiaPlanitiaÚ 3.0 hemisphericdichotomyboundary,
OlympusMonsaureole,
interiorof VallesMarineris

regionssuchasAmazonisPlanitia,likely reflectingdifferent
RMS slopepropertiesat differentlengthscales[Aharonson
etal., this issue].

Median slopesare likely more typical of the average
Martian surface,asthey arenot sensitive to window width
andoutlierswithin a window. They aregenerallysmaller
thanRMS slopes,reflectingthe contribution of local-scale
structure.For both RMS andmedianslopesthe smoothest
units on Mars are AmazonisPlanitia and certainpartsof
the polar caps, while the steepestareasare the walls of
VallesMarineris,theOlympusMonsaureole,thedichotomy
boundaryeastof 30

)
E, andtherims of ArgyreandHellas.

8.2.2. Roughness. At shorterspatial scales,MOLA
optical pulsewidths provide a measureof the 100-m-scale
roughnessof Mars.Resultsshow amean100-m-scaleglobal
roughnessof 2.1 4 2.0 m RMS [Garvin et al., 1999]. The
roughnessdistribution is bimodalwith theprimarymodeat
1.5 m RMS. Lessthan1Z of all valuesoccurin excessof
10 m, andthesearerestrictedto the flanksof the uplands,
canyons,andsomelargercraterrims. Thenorthandsouth
polarlatitudes(i.e.,areasnorthor southof 65

)
latitude)dis-

play a meanroughnessof 2.0 m RMS, similar to that for
Marsasa whole.

Plate5, which plots slope-correctedpulsewidths, indi-
catesfive global roughnessunits [Garvin et al., 1999], ex-
amplesof which aregiven in Table7. Thesmoothestunits
include muchof the VastitisBorealisformation and some
parts of the northernpolar cap. The roughestareasare
clusteredin a few distinctive areas,includingsomepartsof
thehemisphericdichotomyboundary, the interior of Valles

Plate 6. Orthographicprojection of Martian topography
centeredon45

)
S,65

)
E illustratestheannularnatureof high

terrain(in red)aroundtheHellasimpactbasin(at center, in
purple).North is to thetop; thesouthpolar layeredterrains
areatbottomcenter.

Marineris,andtheOlympusMonsaureole.

An interestingaspectof theglobalroughnessdistribution
is atransitionthatoccurswithin thenorthernlowlandplains.
Pulse-width-derivedroughnesscorrelateswith the -3700m
elevationcontour(Contact2) for 60Z of theboundary, and
follows thecrustaldichotomyboundaryequallywell. More
than50Z of the lowermostroughnessvalueson Mars fall
within the northernlowland plains, althoughoutcroppings
of thisunit arealsoobservedin southernmid-latitudes.An-
other striking regional boundaryseparatesthe crustal di-
chotomyregion from the lowland plainsto the north from
Arabiato DaedaliaPlanum.

Thereis possibleevidencefor a temporaldependenceto
surfaceroughness.The pulsewidth measurementsusedin
Plate5 wereobtainedduringsouthernwinter, andthehigh
roughnessvalueson the southpolar capmay be at leastin
part due to the presenceof CO3 frost or snow. However
we do not rule out data issuessuchas might occur when
usingunsaturatedpulsewidthsbut saturatedpulseenergies.
Furtheranalysisis underway.

8.3. Impact Craters and Basins

8.3.1. Major basins. MOLA datahave establishedthe
Hellas impactstructure(Plate6) as the deepestknown to-
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Plate 5. Vertical roughnessof Mars in metersat thescaleof 100-mfrom MOLA’s opticalpulsewidth. Pulsewidthshave
beencorrectedfor theeffect of local slopesasdescribedby Garvin et al. [1998]. Map projectionandotherattributesareas
for Plate2.

pographicdepressionin thesolarsystem,with relief of over
9 km (Table5). The basinis topographicallyasymmetric,
which to first order is consistentwith the suggestionof an
obliqueimpact[WichmanandSchultz, 1989],but mayalso
reflectlocalizedsurfacemodification(Plate2). In termsof
size, morphology, and topographicexpression,Hellas has
significantsimilaritiesto theSouthPole-Aitkenbasinon the
farsideof theMoon[Spudisetal., 1994;Zuberetal., 1994;
Headetal., 1998d].Theseimpactstructureshavesimilardi-
ametersandvolumes,aswell asejectadistributions.Plate6
illustratestheconcentricnatureof materialaroundthebasin,
which hasanelevationabove its surroundingsof 2 km and
accountsfor asignificantamountof thehigh-standingtopog-
raphyof thesouthernhemisphere.Materialexcavatedfrom
Hellasrepresentsa majorredistributionof theMartiancrust
[Zuberetal., 2000a],contributing in partto thesurficialex-
pressionof topographyalongpartof thedichotomybound-
ary [Smithet al., 1999b]. Plate7 shows theunusualdistri-
bution of macroscaleroughnessaroundHellas; the south-
westernrim is muchsmootherthantherestof therim or the
surroundingsouthernhemispherehighlands.Thissmoothed
region hasbeenproposedto beanareaof glaciationon the
basisof morphologyrevealedin images[Kargel andStrom,
1992]. Elevation datareveal that basinfloor deposits,pre-

Plate7. Three-dimensionalview of theHellasimpactbasin
showing the unusuallysmoothsouthwestrim. Thevertical
exaggerationis 20:1.View is from thesouth.

viously proposedto bea consequenceof fluvial, lacustrine,
or aeoliandeposition[e.g.,WichmanandSchultz, 1989],are
volumetricallysignificant.

Precisetopographyalsopermitsquantitative characteri-
zation of both morphometryand unusualaspectsof other
major impactbasins.For example,the MOLA topography
now shows a continuousflow routefrom the Argyre basin
to theChryseoutflow region that follows the0.036Û slope,
thereforeconstrainingthe period in Martian history when
transportoccurred[Williams, 2000]. Isidisshowsacomplex
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floor structurethathasnocounterpartin imagesandmayre-
flectdistinctiveevolutionassociatedwith thebasin’sunique
positionat thegeologicaldichotomyboundary[Frey et al.,
2000b].

8.3.2.Buried and degradedbasins.MOLA hasverified
theexistenceof theUtopiabasin,buriedbeneaththenorth-
ern plains. The basin,centeredat 45Û N, 110Û E (Plate2),
wasproposedoriginally asanimpactfeatureon thebasisof
geologicalevidence[McGill, 1989]but wasnot resolvedin
earliertopographicmapsof Mars. Utopiahasa similar di-
ameterto Hellas,but its depthis only 2.5 km. Sincebasin
depthscaleswith diameter, therelief of Utopiaindicatesthat
the thicknessof resurfacingof the northernhemispherein
the vicinity of Utopia, accountingfor uncertaintiesassoci-
atedwith settling,isostaticadjustment,andHellasfill, is 5
to 10km.

MOLA’s high-resolutionglobal grid hasalsoresolveda
numberof suble,degraded,previouslyunrecognizedimpact
basins[Frey et al., 1999,2000a].Thereis no MOLA topo-
graphicexpression[Smithet al., 1999b],however, nor evi-
dencefrom gravity [Smithet al., 1999a],for someimpacts
proposedprior to MGS to lie beneathnorthernhemisphere
plains[Frey andSchultz, 1988;SchultzandFrey, 1990].

8.3.3. Impact crater geometry. MOLA observations
havebeenusedto constructthree-dimensionaldigital eleva-
tion modelsof over5000impactcraterslargerthan7 km in
diameterplanet[Garvinetal., 2000b].Thesemeasurements
includeapparentcraterdepth,asderivedfromthemeanfloor
elevation andthe meanrelief of the rim. Additional mea-
surementsincludecratercavity andejectaslopes,cavity and
apparentejectavolumes,cavity shapes,centraluplift vol-
umes,andmany otherparameters.The observationshave
relevanceto understandingthe role of targetproperties,in-
cludingvolatiles,in theimpactcrateringprocess[e.g.,Carr
etal., 1977;BarlowandBradley, 1990],aswell astheinflu-
encesof cratermodificationalprocesses[Melosh, 1989].

A particularlyuseful geometricrelationshipis the ratio
of depth Ü�Ý*Þ to diameter Ü�ßàÞ , usuallyplotted for morpho-
logically distinctcraterclassesthatscalewith size.Thepro-
gressive shoalingof depthrelative to diameterasthe latter
increasesreflectstheinfluenceof gravity andtargetstrength
in thecrateringprocess.For topographicallyfreshcomplex
cratersin the diameterrange7 to 100 km, the weighted
power law function that bestfits the datais [Garvin et al.,
2000a] Ý á â?ã ä"ä8ßæå!ç èsé�ê±å!ç åRé'ë (10)

where Ý and ß aremeasuredin kilometers. The behavior
of complex cratersis similar, on a global basis,to results
reportedby Pike [2000] that werederived on the basisof
shadow measurements,but therearesignificantdifferences

for many individual craters.Theresultsuggestssubstantial
infilling aspartof themodificationstage,whichis consistent
with slumpingandothereffectsdocumentedbyMarsOrbiter
Cameraimages[Malin andEdgett, 2000].

Equation(10)representsageneralshoalingof apparently
freshimpactlandformswith increasingdiameterandhence
kinetic energy. However, thereareexceptions,in particular
in thehigherlatitudeson Marswherenonimpact-relatedin-
filling processeshave operated[Garvin et al., 2000b]. The
MOLA datahave alsoestablisheda distinctive shoalingof
depthat the complex crater/basintransition[Garvin et al.,
2000a],similar to thatobservedfor theMoonfrom Clemen-
tinealtimetry[Williams andZuber, 1998].

Becausethe ìVí'î ratio is sensitive to target properties,
it canalsobeusedasanindicatorof theshallow subsurface
structure.Garvinetal. [2000a]analyzedcraterswithin Con-
tact2 [Parkeretal., 1993]andshowedthatthe ìVí'î relation-
shipfor simplecratersis statisticallydifferentfrom that for
the rest of Mars, while that for complex cratersshows no
notabledifferencefrom thatfor therestof Mars.Thisobser-
vationsuggeststhatshallow targetpropertieswithin Contact
2 aredifferentfrom thoseoutsidethecontact.

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-
surementssuchasabsoluteheights,relief, andvolumes(cf.
Table5 andTable8) andthedistribution of flank slopesare
providing informationon volcanicstyle, composition,and
sourcedepth[cf. Wilson and Head, 1994]. Thesedataare
showing evidencefor changesin the characteristicsof ed-
ifices as a function of geologictime [Headet al., 1998c].
They also are revealing the unusualcharacteristicsof ed-
ifices suchas Alba Patera,wheretectonicstructureshave
beenshown to be arrayedasymmetricallyaroundthe ed-
ifice, and the edificesto extend to much greaterdistances
thanpreviously thought[e.g.,Jager et al., 1999;McGovern
et al., this issue].MOLA dataalsoprovide importantinfor-
mationoncalderadepths,volumesandcalderawall structure
[Smithet al., 1998],showing therelationshipsbetweendif-
ferentmorphologicstylesandpermittingan assessmentof
theirmodeof formationandrelationto magmareservoirsat
depth[e.g.,Headet al., 1998b]. Analysisof morphometry
hasled to the firm identificationof anedificeresemblinga
stratovolcanoin the Aeolis region andthe developmentof
criteria for the recognitionof degradedequivalentsin the
older heavily crateredterrainon Mars [Stewart and Head,
this issue].

Evenwith high-resolutiontopography, evidencefor flex-
ural loadingby volcanicconstructsthatwould providecon-
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Table8. ReliefandVolumesof Major Volcanoes

Volcano Latitude, Longitude, MaximumElevation, BasalElevation, Relief, EdificeVolume,ï
deg Û E m m m

+
10ð kmé

Alba Patera 40.5056 248.110. 6769.6 827. 5942.6 2.1
ArsiaMons -9.12736 238.261 17780.7 5823. 11957.7 1.5
AscraeusMons 11.7082 255.177 18219.0 3401. 14818.0 1.1
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 0.4ï Volumeswerecalculatedby estimatingthepositionof thebaseof thevolcano(usuallya breakin topographicslope,

andincludingtheprominentflank eruptiondepositson theTharsisMontes)circumferentiallyaroundtheedifice,deter-
mining theaverageelevationof thissurface,andcalculatingthevolumeabovethisaverageelevation.No correctionwas
madefor theinfluenceof lithosphericflexureor of infilling of flexural moatsby flows or slidematerial[McGovernand
Solomon, 1993,1997].

(a)

(c)

(b)

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

straintsonlithosphericthicknessandheatflow at thetimeof
loadinghasbeenlargely ambiguous[Solomonet al., 1998].
Thelackof any discernibleflexuralsignaturesaroundmajor
structuressuchasArsia MonsandAlba Pateraimplies that
any flexuraldepressionsmustbefilled by somecombination
of volcanic flows and landslidematerial from the volcano
flanks.

Detailedmeasurementsof lava flow thicknesses,rough-
ness,leveecharacteristics,andregionalslopesaresimilarly
yielding important information on styles of emplacement
andrheologicalpropertiesof lava[Hulme, 1974;Wilsonand
Head, 1994]. Kreslavsky andHead[1999,2000]have used
MOLA datato characterizethe regional andglobal rough-
nesscharacteristicsof lava flow unitsanddepositsandhave
founddistinctdifferencesbetweenunitsandtrendsin rough-
nesscharacteristicswith time. Analysisof individualMOLA
profiles has beenundertaken as a tool for estimatingthe
rheologicalpropertiesandsilica contentof lava flows [e.g.,
ThomsonandHead, 2000].Analysisof thegeometricprop-
ertiesof cratersat high latitudehasyieldedtopographicev-
idencefor geologicallyrecentvolcanismin the north polar
region [Garvinetal., 2000c].

8.5. Tectonics

8.5.1.VallesMarineris. MOLA topographyhasclarified
theregionalcontext of theVallesMarineriscanyon system,
particularly its relationshipto the Tharsisprovince. Valles
Marinerisis now shown to lack a regionaldome,which in-
dicatesthatthecanyonsystemwasaconsequenceof passive
rifting [Sengorand Burke, 1978] associatedwith stresses
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dueto theformationof theTharsisrise[Smithetal., 1999b],
ratherthan an active rift formed above a localizedmantle
plume.Thecanyonsystemdipsto theeastawayfromNoctis
Labyrinthus,reachinga maximumdepthof 0 11 km below
the surroundingHesperian-agedplains. The easternmost
segmentsof VallesMarineristilt westwardandaresituated
a kilometerbelow Chryse,whereoutflow channelssuggest
waterfrom VallesMarinerisandothersouthernhemisphere
regionsoncedebouched.The westward tilt initiatesat the
intersectionof thecanyon with anoutcroppingof Noachian
materialsurroundingSolisPlanumandpredatesthe forma-
tion of thecanyon,suggestingthatthewestwardtilt hasex-
istedsincethecanyon formed[Smithetal., 1999b].Theto-
pographicconfigurationof theeasterncanyoncouldbecon-
sistentwith the transportof significantquantitiesof water
in earlierperiods[Smithet al., 1999b]. The canyon walls
exhibit a duality of slopesfrom top to bottomsuchthat the
upperwall sectionsaresteeperthantheir lowercounterparts
[Aharonsonetal., 1998].Sucha slopedistribution indicates
extensive masswastingrelatedto theslumpinganderosion
of materialfrom theupperwalls.

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

8.5.3. Wrinkle ridges. MOLA profiles and gridded
datahave elucidatedthenatureof wrinkle ridges,arecom-
pressivestructurescharacterizedby linear, asymmetrictopo-
graphichighsthatarepreferentiallyfoundin volcanicplains.
A long-standingquestionhasbeenthe subsurfacestructure
of the ridges,their depthpenetration,andthecontributions
of faulting versusfolding in accommodatingstrain [e.g.,
PlesciaandGolombek, 1986;Watters, 1993;Zuber, 1995].
MOLA topographyshows that thepreponderanceof ridges
exhibit an elevation offset [Golombeket al., this issue],a
result that appearsmost consistentwith the presenceof a
subsurfacefault with significantdepthpenetration,a style
of faulting also termed”thick-skinned” deformation. The
topographyalsoshows that, at leastin partsof the Tharsis
region, the elevatedside of groupedridgesis consistently
on the sameside,which may be a consequenceof hetero-
geneitiesin thestressfield or lithosphericstructureof Thar-
sisatthetimeof ridgeformation[MontesiandZuber, 2001].

8.6. Inter nal Structur e

8.6.1. Crustal structur e. MOLA topography, in com-

binationwith gravity [Smithet al., 1999a;Lemoineet al.,
this issue]from the MGS RadioScienceexperiment[Tyler
et al., 1992,this issue],haspermitteddeterminationof the
globalcrustanduppermantlestructureof Mars[Zuberetal.,
2000a;Zuber, 2001]. In inversionsfor crustal structure
basedon a uniform-densitycrust [Zuberet al., 2000a;Zu-
ber, 2001],theplanetdisplaystwo distinctcrustalzonesthat
donot,at leastin thepresentday, correlatein a globalsense
with thegeologicexpressionof thehemisphericdichotomy.
Onecrustalprovinceconsistsof a region of crustthat thins
progressively from thesouthpolar region toward thenorth,
andencompassesmuchof thesouthernhighlandsandThar-
sis province. The secondprovince constitutesa region of
approximatelyuniform crustal thicknessthat includesthe
northernlowlandsand Arabia Terra. While the boundary
betweencrustalprovinceslackscorrespondenceto the ge-
ological dichotomyboundary, it doesshow somecorrela-
tion to distinctive global-scalecompositionalunits mapped
by theMGS TESinstrument[Bandfieldet al., 2000]. On a
regionalscalethemodelshowsthinningof thecrustbeneath
majorimpactbasinsandacomplex crustalstructurebeneath
Tharsisindicativeof pervasiveaccumulationof volcanicma-
terials. As for terrestrialrift zones,thecrustbeneathValles
Marinerisis thinnedalongthecentralaxis.TheElysiumand
Solis Planumprovincesappearto be crustalplateauswith
crustalroots,while TempeTerrais a topographicdomethat
lacksa root.

The meanthicknessof the global crustal model ( 0 50
km) is constrainedby calculationsof the minimum value
of lower-crustalviscosity that allows the long-wavelength
crustal structure to be maintained[Zuber et al., 2000a;
Nimmoand McKenzie, 2001]. The resultsareinconsistent
with alternativemodelsthatsuggestanaveragecrustalthick-
nessesof 100-250km on the basisof the geochemistryof
Martianmeteorites[SohlandSpohn, 1997]or inappropriate
isostaticassumptions[Yuanetal., this issue].

8.6.2. Lithosphere structur e. MGS topographyand
gravity havealsobeenusedto mapthethicknessof theelas-
tic lithosphereon Mars, which is a measureof the inverse
of the thermalgradient,andthusof heatflow from the in-
terior [Solomonand Head, 1990]. Prior to MGS, Martian
lithospherethicknesswasestimatedfrom theflexuraldeflec-
tion of the lithospherein responseto loading,but analyses
werelimited by theresolutionandqualityof thetopography,
and to a lesserextent, gravity fields. Earliestestimatesof
thethicknessof theelasticlithosphereonMarswerederived
from theradialdistancesof circumferentialgrabeninferred
to be the resultof flexural stressesfrom near-axisymmetric
loads[Comeret al., 1985], or from the absenceof graben
arounda known load[Comeretal., 1981].

Independentinversions and forward models [Simons
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et al., 1997,2000;McGovern et al., this issue]have been
performedfor effective elasticthicknessñ<ò , regardedasthe
depthto an isotherm( 0 650Û C) beneathwhich the Martian
interior is too weak to supportstressesover geologically-
long ( 0 10ó year) intervals. Resultsindicateconsiderable
spatialvariability in lithospherestructure.For example,the
southernhighlands,includingtheHellasimpactbasin,show
a best fit ñ ò ranging from 0 to 20 km, while the Utopia
basinin thenorthernplainsgivesa valueof 0 100km. The
Alba Pateravolcanodisplays ñ ò = 50 km, while Olympus
Monsandthe otherTharsisvolcanoesarecharacterizedbyñ òõô 100 km. Within the southernhighlands,the Terra
Cimmeriaregionof prominentlinearmagneticanomaliesre-
vealedby theMGSmagnetometerexperiment[Acunaetal.,
1999;Connerney etal., 1999]shows ñ<ò = 20km.

Thelithosphericthicknessdistribution is explainedif, as
on Earth [Watts et al., 1980], elasticthicknessreflectsthe
thermalstateof theMartian lithosphereat thetime of load-
ing [Zuberet al., 2000a]. Thesouthernhighlandshave the
oldestsurfaceages,and the ñ ò valuesare consistentwith
crustalstabilizationandloadingearliestin Martianhistory.
Next youngestare the northern lowlands, and the litho-
spherethicknessesderived reflect the thermalstateduring
the periodof northernhemisphereresurfacing. The litho-
sphericthicknessesdeterminedfor largeareasof thesouth-
ernlithosphereindicatea heatflow onearlyMars,however,
that is considerablylessthantheglobalaveragessuggested
by many thermalevolution models[Schubert and Spohn,
1990,1998]. If this differenceis valid, then much of the
earlyheatlossmusthavebeenlocalizedelsewhereonMars,
in a region or regionswherelithospherethicknessesat the
earliesttimescannotbedeterminedbecausevaluesin such
regionsreflectthethermalstateat timesof subsequentgeo-
logical activity. On arealgrounds,thenorthernhemisphere
wasthemostlikely locusof any suchearlyhigh heatflow.
Suchaninferencecouldbeconsistentwith anearlyepisode
of platetectonics[Sleep, 1994],aperiodof degree-oneman-
tle dynamics[Zhong and Zuber, 2001], or perhapssome
otherglobal-scalegeodynamicalphenomenonthatresultsin
significantearlyheatlossfrom thedeepinterior[Nimmoand
McKenzie, 2000;Stevenson, 2001].

8.7. PastTransport of Water

8.7.1. Channels. Martian outflow channelsrepresent
compellingevidencefor the transportof significantquanti-
tiesof waterduringearlierevolutionaryepochsontheplanet
[Carr, 1996].However, significantquestionsremainregard-
ing the amount,duration,andpossibleepisodicityof flow,
andtheresidencetime of liquid wateron theearlyMartian
surface[Carr and Clow, 1981;Baker et al., 1991;Baker,
2001]. Suchquestionsbearsignificantly on the natureof
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Plate 8. High-resolutionregionaltopographicgrid showing
detailedevidencefor pasttransportof water in the Chryse
region. Locationsof theViking 1 andPathfinderlandersare
shown for reference.Theunit of elevationis kilometers.

Mars’ earlyclimate[Fanaleet al., 1992;SquyresandKast-
ing, 2001; Jakosky and Phillips, 2001]. MOLA altimetry
haspermittedprecisecharacterizationof local andregional
slopesas well as channelcrosssectionsthat are enabling
pastestimatesof flow rateanddischarge[cf. Komar, 1979;
KomatsuandBaker, 1997]to berefined[Smithetal., 1998].

Thus far, high-resolutionprofiles and regional topo-
graphicmaps,suchasshown in Plate8 for theChryseout-
flow region, have yielded evidencefor sustainedflow and
multiple flooding events[Williams et al., 2000]. In addi-
tion a global analysisof the geometricpropertiesof valley
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Plate 9. Drainagebasinsandwatershedson Mars for the
threelargestclosedbasinsbasedonpresent-daytopography.
Thenorthernplainsbasinis darkblue,andits watershedis
pink. TheHellasbasinis purple,andits watershedis orange.
The Argyre basinis turquoise,and its watershedis green.
For limited amountsof fill the high-standingSolis Planum
regionwouldbea separatebasin.

networks hasrevealeda correlationof channeldepthwith
latitude[Williams, 2000]thatmayhave implicationsfor the
volatile sourcedepth. Theseobservations,combinedwith
the recognitionof linear gravity deficitsthat emanatefrom
majoroutflow regionsandmayrepresentthesubsurfacecon-
tinuation of channelsin Chryseand Kasei Valles [Zuber
et al., 2000a].Theseproposedburiedchannelscollectively
have implicationsfor the early transportof water, in terms
of themechanismfor liberatingliquid water, thedurationof
flow, andthenatureof filling of aproposedearlyocean.

8.7.2.Watersheds.While it is notpossibletoconfidently
reconstructpastpathwaysof wateronMarsfrom presentto-
pography, MOLA datacanbeusedto tracecurrenttransport
directionsandsinks. Thereis reasonto believe that Mars
hasnot undergonemajor vertical motionsfor much of its
history[BanerdtandGolombek, 2000;Williams etal., 2000;
Williams, 2000],sosuchanalysismayalsohave significant
relevancefor thenatureof surfaceandsubsurfacehydrolog-
ical transportthat occurredin an early environmentwhen
liquid waterwasstableat thesurface.

Flow directionsandwatershedsbasedon thepresentto-
pographyhave beencalculatedglobally for Mars [Smith
et al., 1999b]. Plate9 indicatesthat thereare at present,
andprobablyfor muchof Martianhistory, four majorclosed
basinsthat can act as sinks for the surficial flow of water
or ice. The low-lying northernplains is by far the largest
of thesebasins.Table9 shows that its watershed,thebasin
alongwith theremainingareaof theplanetthatwoulddrain
into it, constitutesthree-quartersof Mars’ surfacearea.Ta-
ble 9 alsoshows watershedcharacteristicsfor Contacts1 (-
1700m) and2 (-3750m), definedby Parker et al. [1993]
as possiblelocationsof ancientshorelines. Note that the

volumeestimatefor Contact1 canonly be consideredap-
proximatebecauseit deviatessignificantlyfrom a constant
elevation[Headetal., 1999].

TheotherbasinsareHellas,Argyre,andSolisPlanum,all
in thesouthernhemisphere.Hellasis muchsmallerin area
thanthenorthernplains,but its greatdepthgivesit avolume
that approachesthat of the muchshallower northernbasin,
thoughvolumeultimately dependson the amountof water
availablefor fill. The highestclosedcontourof the Hellas
drainagebasinis 1250m, at which level it breachesinto the
Isidis basinandinto the northernlowlands. However, Hel-
las’ drainageareais relatively small. Thevolumeof Argyre
is only 8÷ thatof Hellas,but its drainageareais abouthalf
aslarge. Argyre’s watershedbreachesinto ChrysePlanitia
througha well-developedsetof flood-carvedchannelsthat
mayhaveremoveda significantvolumeof surficialmaterial
from thehighlands[HynekandPhillips, 2001].Thehighel-
evation(3300m) andshallow depth( 0 500m) of the Solis
Planumwatershedictatethatgivensufficientfill it mayhave
breachedandcombinedwith Argyre[Williams, 2000].

8.8. Polar Regions

8.8.1. North polar cap. The north polar cap(Plate2)
stands0 3 km above thesurroundingterrainbut lies within
an 0 5-km-deephemispheric-scaledepressionthat is con-
tiguous with the northern lowland regions [Zuber et al.,
1998c]. The regional settingof the northerncap clarifies
thenatureof solarinsolation[Ward, 1974;Arrell, 2000]and
providesa quantitativebasisfor modelof theglobalcycling
of water[Clifford, 1993]throughoutMartianhistory. Obser-
vationsfrom Viking showedawater-icecompositionfor the
residualnorthpolarcap[Paige et al., 1994]. Both ablation
andviscoplasticflow havebeenshown to beconsistentwith
broad-scaleaspectsof theoverallshape[Zuberetal., 1998a;
Ivanov andMuhleman, 2000;ZwallyandSaba, 1999].

The northerncap displayscomplex structure,including
deepspiralchasmsthatpenetratein somecasesto thelevel
of surroundingterrains(cf. Figure7). MOLA reflectivity
measurementsverify that thesechasmsarea sink for wind-
blown dust[Zuberet al., 1998c]. Small-scalelayeringvis-
ible at themarginsof thecapfrom high-resolutionimaging
[Thomaset al., 2000] is not resolved in MOLA altimetry.
Large areasof the ice cap areextremelysmooth,with re-
gionalslopesovermany tensof kilometersof order0.2Û . To-
pographyon spatialscalesof kilometershasbeenobserved
in someareasto besmoothat themeterscaleat 100-mspa-
tial resolution(Plate5). Depositsoutwardof the main cap
show regionalslopesthatarecomparableto thoseobserved
in associationwith thecentralcapdeposits,but theouterter-
rainsexhibit moresmall-amplitudevariationthanthecentral
capdeposits.Suchtopographicvariancemaybe indicative
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Table9. MarsWatershedCharacteristics

Drainage Basin Flooded Overflow Maximum Average
Basin Area, Volume, Area, Elevation, Depth, Depth,

10ð kmø 10ð kmé 10ð kmø m m m

NorthernPlains(above-3750m) 110.85 14.05 24.82 N/A 3215 570
NorthernPlains(above-1700m) 110.85 93.21 51.00 N/A 5165 1830
Hellas 22.34 27.24 10.61 1245 9465 2570
Argyre 11.41 2.27 1.48 185 5140 1530
SolisPlanum 2.89 0.36 0.79 3310 1800 460

of stagnantice in theoutlying deposits.Gravity anomalies
donotcorrelatewell with thenorthernpolardeposits[Smith
et al., 1999a],suggestingeithera nearlycompensatedload
or complex subsurfacestructure[Johnsonetal., 2000].

Impactcratersin high-latitudeterrainsthatsurroundthe
north polar cap display unusualgeometricand reflective
propertiesthat collectively constituteevidencefor ice fill
[Garvin et al., 2000b], attestingto the significantvolatile
contentof thesubstrateathigh latitudes.

Spiralchasmsareobservedto penetrateinto themassive
OlympiaPlanitiadunefield, which supportsthesuggestion
that this region wasoncea partof thepolarcapandsubse-
quentlylost volatiles.Topographyandstatisticalanalysisof
correlationlength[Aharonsonetal., thisissue]indicatesthat
theOlympiaPlanitiadunefield is uniqueon Mars in terms
of its regularity in wavelengthstructure.Thevolumeof the
dunedepositis 10,000ù 3000kmé , with theaccuracy lim-
ited by the uncertaintyof the positionof the basalsurface
[Zuberetal., 1998c].

8.8.2. South polar cap. The southernice cap(Plate2)
lies at anelevation 0 6-km higherthanthenortherncapdue
to the3-kmoffsetbetweenMars’ COFandCOM [Smithand
Zuber, 1996;Smithetal., 1999b].Thesoutherncapis visu-
ally much smaller than in the north, althoughsouthpolar
layereddepositsextendmuchfartherfrom the ice capand
exhibit a moreasymmetricdistribution than their northern
counterparts[Zuberet al., 1998c]. The residualice, which
persiststhroughoutthe seasonalcycle, is offset from the
presentrotationalpoletoward35Û - 40Û E suchthatthepole
doesnotfall within theresidualicedeposits.Thetopography
is highestin thesouthpolarregionwithin theresidualicede-
posits(87Û S, 0 10Û E), wherea broaddomeis presentatone
endof thecap(cf. Figure7). Therelief of thesouthernpolar
capis comparableto thatof thenortherncap(Table10).

The topographyindicatesthat the areaof probableice-
rich materialgreatlyexceedstheregionof residualicethatis

Table10. PolarLayeredTerrains

Parameter North South

Maximumelevation(m) -1905.2ï 4802.5ú
Maximumrelief, m 2744.8û 3052.5ü
Meanelevation,m 1015 783.3
Area,

+iý â8ð kmø 1.12 1.16
Volume,noflexure, 1.14û 1.20ü+iý â"ð kmé ,
Volume,with flexureþ 1.505ÿ 1.66�+iý â"ð km,é������� = 1000kg m � é
Volume,with flexureþ 2.34ÿ 2.70�+iý â"ð km,é������� = 2000kg m,� éï (89.7353Û N, 220.366Û E).ú (87.1362Û S,348.116Û E).û Above-4650m.ü Above1750m.þ Thetotalvolumeis assumedto bethetopographyabove

thebasalsurfaceplusthematerialfilling theflexuraldepres-
sioncalculatedasin McGovernandSolomon[1997].ÿ Assumesñ<ò = 50km afterZuberetal. [2000a].
� Assumesñ ò = 30km afterZuberetal. [2000a].

apparentfrom images.This conclusionis basedfirst on the
existenceof distinctive plateauregions that correlatewith
layeredterrainunits,aswouldbeexpectedif thelayerswere
depositedon crateredterrain [Vasavadaand Herkenhoff ,
1999].Unlikethesituationin thenorth,awell-definedgrav-
ity anomalycorrelateswith the southernlayereddeposits,
indicatingthat thesouthernlayeredterrainsareuncompen-
sated[Smithetal., 1999b].
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Figure 7. Profilesfrom the MOLA global grid acrossthe (left) northernand (right) southernpolar capsat 20Û longitude
intervals.Apparentarethegeneralplanformof thelayeredterrainsaswell asthespiralchasms,surroundingterrain,outliers,
andimpactcraters.Theverticalexaggerationis 100:1.

Impactcraterswithin the layeredterrainsshareunusual
geometricpropertieswith counterpartsin thenorthpolarre-
gion[Garvinetal., 2000b]thatareobservedto haveformed
in an ice-rich substrate.This similarity suggeststhat sig-
nificant portionsof the southpolar ice cap may be buried
beneathmantlingdustdeposits.

Thedetectionby Viking of COø within southpolarresid-
ual depositsduring summerseasons[Paige and Keegan,
1994] suggesteda dominantCOø composition. However,
topographiccrosssectionsacrossthe northernand south-
ern caps(Figure 7) show a correspondencein shapethat

combinedwith recentresultson the rheologyof solid COø
[Durhamet al., 1999], suggeststhat the southerncapmay
haveasignificantwatericecomponent[Nyeetal., 2000].

8.8.3. Presentvolumes and past history. The polar
capsrepresentoneof thetwo majorreservoirsof present-day
volatiles on Mars, with the other being the subsurfacere-
golith [Carr, 1996]. Thelayeredterrainsaretheonly reser-
voir whosevolumecanberealisticallyestimatedonthebasis
of currentobservations.Bestestimatesfor volumes,taking
into accountthepossibleeffectof lithosphericflexuredueto
loadingof the polar deposits[Smithet al., 1999b;Johnson
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etal., 2000],aregivenin Table10. To determineupperlim-
its of the volume,the modelsuseelasticplatethicknesses,ñ<ò , determinedby Zuber et al. [2000a], which reflect the
mechanicalstructureof the lithosphereat an earlierepoch.
At suchtimetheelasticlithospherewouldhavebeenthinner
thanatpresentandgreaterflexuraldeflectionwouldhaveoc-
curredin responseto loading.Lower limits of volumewere
determinedfrom the limit of an infinitely thick lithosphere,
with no flexural deflectionand wherethe volumeconsists
of materialabove the basalsurface. For all flexural mod-
els, 	 � á ��
���
���� ò�� ������� , where������� rangesfrom 1000kg
m � é to 2000kg m � é , with the formervaluecorresponding
to purewatericeandthelatterto anice/dustmixture.Uncer-
taintiesin the volumeincludeuncertaintiesin the densities
of thepolarlayereddepositsandin thelithospherethickness,
aswell astheextentof ice-richmaterial,particularlyin the
south.Densitiesof thepolardepositscanbecalculatedfrom
thegravitational load,but suchestimatesaremodeldepen-
dentbecausethey requireknowledgeof the positionof the
basalsurfaceandthecompensationstateof theload. In ad-
dition, estimatesof thepolardepositloadfrom gravity alone
do not take into accountthe possibleeffect of lithospheric
loadsbeneaththe caps,which appearto be presentat least
in thenorthpolarregion[Smithetal., 1999b;Johnsonetal.,
2000]. Thecombinednorthernandsouthernlayeredterrain
volumescan be expressedin termsof a global equivalent
layer(GEL) of water. This estimateof thepresent-daysur-
facewaterinventoryis obtainedfrom the”no-flexure” lower
limit andfrom theflexuralestimatesassumingpurelywater-
ice ( � ����� = 1000kg m � é ) caps. The resultsyields a GEL
of 16 to 22 m, which is at the low endof estimatesfor the
amountof waterbelievedto havebeenpresentearlyin Mar-
tianhistory[Carr, 1996].

Thereis evidencethat both polar capswereoncelarger
thanatpresent.”Outliers” of high-albedomaterialdetached
from thenortherncaparenow shown to exhibit up to akilo-
meterof relief andrepresentmassive volatile-rich deposits
[Zuberetal., 1998c].Thesestructuresaredistributedquasi-
symmetricallyaroundthepresentcapandmaydelineatethe
boundsof a largercapearlierin Martianhistory[Fishbaugh
andHead, 2000].

Regional-scaletopographyin the distal region of the
southernlayereddepositrevealsevidencefor a volatile-rich
layerof Hesperianage.Themorphologysuggeststhepossi-
bility of sub-glacialmeltbackandpossibledrainageof liquid
waterinto surroundinglows, includingtheArgyrebasin,in
middleMartianhistory[Head, 2000].

The ageof formationof the polar capsis not well con-
strainedgiventhesmallnumberof preservedimpactcraters,
thoughcratercounts[Cuttset al., 1976;Plaut et al., 1988]
andmorphology[Thomasetal., 2000]suggestthattheupper

surfacesof thesouthareolder thanthatof thenorth. Anal-
ysisof MOLA topographyover the northpolar caphasre-
sultedin anincreasein thenumberof cratersandanincrease
in the upperlimit of its relative surfaceage[Sakimotoand
Garvin, 1999],but suchanalysisis limited in interpretability
asit doesnot yet take into accountthe obliterationandre-
laxationof thesestructures.It is notyetunderstoodwhether
thedifferencein apparentcompensationstatesbetweenthe
southernandnorthernlayeredterrains[Smithet al., 1999a]
is dueto differencesin lithospherestructure,ageof loading,
or thecompositionof theload(e.g.,a higherdustcontentin
thesoutherncap).

8.9. Mars ’98 Landing Site

In anticipationof the Mars Polar landing in December
1999,theMOLA teamprovidedto theMars’98 Projectin-
formationon surfacetopography, landingsitepressure,and
local slopesof the landingregion (70Û S to 80Û S; 130Û E to
210Û E) to beusedin landingsiteassessment.Subsequentto
aplannedlossof signalprior to theatmosphericentryphase
of the terminaldescentto thesurface,communicationwith
the landerwasnever re-established.During attemptsto lo-
catethe lander, updatedMOLA informationwasprovided
to the Mars ’98 Project,andadditionalinformationon lo-
cal slopesandsurfaceroughnesswas later provided to the
Mars PolarLanderFailure Board[Casaniet al., 2000] for
theirevaluationof environmentalfactorsthatmayhavecon-
tributedto thefailure.

Plate10showsthetopographyin thevicinity of themost
likely landingarea(76.5Û S;165Û E) basedon a post-landing
reconstructiondevelopedfrom thebestavailablenavigation
informationand atmospheremodels. The elevation of the
likely landingsite is 2424m, andat thetime of the landing
( ��� = 256Û ) the atmosphericpressureis estimatedto have
been0 5 mbar, well within acceptablelimits [Casaniet al.,
2000].Plate10showsthatmostof theareaissmoothrelative
tomostof Mars.Within thelandingregion,however, thereis
a largedepression.This structureis characterizedby 300-m
baselineslopesthat aremostly lessthan5Û , within accept-
able landinglimits. However, 0 1 ÷ of the areahasslopes
greaterthan10Û , in excessof the designspecificationsfor
landing.

The contoursin Plate 10 show the 100-m-scaleRMS
roughnessderived from MOLA’s returned optical pulse
widths. Theseroughnessvalueshave beencorrectedfor the
effectsof localslopes[Garvinetal., 1999].Overmostof the
landingzone,thepulsewidth correlateswell with thelarger-
scaleslopes,behavior contraryto thenormfor mostof Mars
(cf. Plate5). This result indicatesthat the pulsespreadis
mostlikely dueto theregionalslopeandthat thesurfaceat
100-m-scaleis smootherthanfor mostof Mars. This inter-
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Plate 10. Topography(color shadedcontours)and100-m-
scaleroughness(line contours)of the Mars Polar landing
region. The most likely landing point is (76.5Û S, 165Û E)
[Casanietal., 2000].

pretationis consistentwith recentlyreanalyzedthermalin-
ertia results[Vasavadaand Herkenhoff , 1999] that suggest
thatthelandingareais dominatedby a dust-coveredsurface
with minimal to no rockcover [Casanietal., 2000].

8.10. The 1.064-� m Reflectivity

Plate11 shows thecompositereflectivity of theMartian
surfaceandatmosphereat 1.064� m from MOLA. Themap
shown is atime-averagedvalueateachgrid point. Whenthe
TESinvestigationproducescorrectedopacitydata,it will be
possibleto produceaglobalmapof 1.064� m reflectivity for
thesurfacealone. In practice,thereflectivity of thesurface
changeswith the seasonsdueto the advanceandretreatof
thepolarfrostsandbecauseof dustre-distribution.

In the currentcompositemap the Tharsisregion is the
brighteston the planet and lacks significant atmospheric
aerosols,somostof the laserreturnsin that region aresat-
urated.Thenorthpolar ice capis unsaturatedprimarily be-
causeof extinctionin extensivecloudformationsthatexisted
over thecapduring northernfall andwinter. However, the
north polar signaturebecamelargely saturatedduringperi-
odswhentheatmospherewasclear. Thedarkestplaceson

theplanetareAcidaliaPlanitia,UtopiaPlanitia,andthefloor
of Valles Marineris. Acidalia and Utopia are well-known
darkalbedofeatures.Returnsfrom thedarkfloor of Valles
Marinerisarealsoattenuatedby thedustwithin thecanyons
[Ivanov andMuhleman, 1998].Overall, thereis a goodcor-
relationof the reflectivity with dark andbright albedofea-
tureson thesurfaceof Mars.

8.11. Cloudsand Snow

Volatile cloudsdetectedby MOLA aregenerallyof two
types: bright or reflective structuresthat are sufficiently
backscatteringthat they result in detections,and dark or
absorptive featuresso opaquethat no returnedsignal is
obtained[Neumannet al., submittedmanuscript,2001].
Cloudsdetectedby MOLA are typically denserthan tele-
scopically observed hazes,although they often coincide
[Ivanov and Muhleman, 1998]. Zonal plots of the tempo-
ral distributionsof reflective andnonreflectiveor absorptive
cloudsareshown in Plate12.

Observationsof reflective cloudsby MOLA began just
afterorbit insertionwith limited coverageof thenorthpolar
hoodduring latenorthernwinter, ��� áõä"â��"Û . As shown in
Plate12a,reflectivecloudsin thenorthpolarregionbegin to
developin northernautumn( ���Ñ0��"â"â8Û ), peakingin density
andsouthwardextentby ����á����"â8Û . They thenrecedepole-
ward, dissipatingprior to the beginning of spring. At the
commencementof global mappingduring southernwinter
( � � á ý â! /Û ), reflectivecloudsappearedhighoverthesouth-
ernpole(e.g.,Figure8), with low, densecloudsflankingthe
poleat 70Û S. As for thenorth, thesecloudsdisappearedby
thebeginningof spring.

Plate12 suggeststhat the north polar reflective clouds
may have persistedlonger in the 1998 winter seasonthan
they did in 2000. Observationswerelimited to twice a day
duringelliptical orbit mapping,yetoverallmorecloudswere
seenaround� � á ä��'â*Û in 1998thanduringthemappingor-
bit in 2000,whenobservationswereaboutsix timesmore
frequent. However, the datahave not beenscrutinizedfor
possibletemporaleffectsof pulseenergy andotherfactors,
sothedatawarrantfurtherreview.

Plate12bshows a muchdifferentdistribution of absorp-
tive clouds. In thenorthernpolar regionsabsorptive clouds
developedduring northernautumnand tracethe north po-
lar frost line. Their occurrencedecreasesduring northern
winter, during which time the reflective cloudsdominate.
Thenumberof cloudframesincreasesagainduringlatewin-
ter. In thesouthernhemisphere,a separatedarkcloudfront
formed north of the polar frost line. As southernwinter
ended,the cloud line migratedsouthward toward the pole,
clearingby southernsummersolstice.As for thenorth,dark
cloudsarenot observedin areaswherereflective cloudsare
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Plate11. Composite1.064-� m reflectivity of Marsat thescaleof 100-mfrom MOLA’s ratio of receivedto transmittedlaser
energy measuredduringthemappingorbit [Ivanov, 2000]. White representssaturatedpulsereturns,andblackcorresponds
to no data.Eachpoint on themapis anaveragereflectivity observedover theperiod ��� = 100Û to 360Û . Attenuationof the
laserpower dueto extinction from atmosphericaerosolshasnot beentakeninto account.Themapresolutionis 0.5Û + 0.5Û .
Themapprojectionandotherattributesareasfor Plate2.

seenover thesouthernpolardeposits.

Duringsouthernhemispheresummeratabout���Ñá����"â8Û
through ���"â8Û , nonreflective clouds becameglobally dis-
tributed. During this period thereweremajor dust storms
thatwerealsoobservedby theTES[Smithetal., 2000;Con-
rathetal., 2000]andMOC [Malin etal., 1998]instruments.

Plate13 shows that the spatialdistribution of cloudsis
geographicallyandtopographicallycontrolled[Neumannet
al., submittedmanuscript,2001].Therearemany morenon-
reflectivecloudsthanreflectiveones,with theformerlocated
mostly in topographiclows, alongthe seasonalfrost lines,
and in associationwith dust storms,and the latter found
mostly in the polar regions. Both bright and dark north-
ern winter clouds are concentratedin the Borealis basin,
andthedarkcloudspenetratesouthwardinto Chryse.Cloud
fronts,with unusuallysharpreturns(mainly channel1), are
distributedbroadlyover the southerncap in winter. Many
cratersshow cloudscloselyassociatedwith their rims. At-
mosphericreflectionshavealsobeenobservedtoobscurepe-
riodically somehigh-latitudecratersthat have bright floors
indicating the presenceof frost or ice [cf. Garvin et al.,
2000b]. Absorptive clouds are seenin the Hellas Basin

(50Û to 80Û E) almostyear-round. Equatorialcloudshave
alsobeenobserved within the VallesMarinerisandNoctis
Labyrinthuscanyons.

Cloudechoeshavebeenobservedatelevationsashighas
15 km above the surface[Pettengill et al., 2000;Neumann
et al., submittedmanuscript,2001]. Becauseof the typical
widthof theMOLA rangegate(20km), themaximumeleva-
tionsobservedby theinstrumentlikely donotcorrespondto
actualmaximumheights.Cloudsaresometimesobservedto
have slopingtopsthat areinterpretedaspropagatingphase
fronts of gravity or buoyancy waves [Zuberet al., 1998c;
Pettengill and Ford, 2000]. Thesewavesare likely gener-
atedby theheatof fusionassociatedwith thecondensation
of COø or by polargeostrophicwinds.Also observedarelee
wavesgeneratedby the impingementof polarvortex winds
[Zurek et al., 1992] on topographicdiscontinuitiessuchas
themarginsof polarlayeredterrains.

Early theoreticalconsiderationsand generalcirculation
modelcalculations[Geirasch andGoody, 1968;Leovy and
Mintz, 1969]first addressedpossibilityof COø condensation
in theMartianatmosphere.SubsequentIR spectralmeasure-
mentsof the atmosphere[Forget et al., 1995; Bell et al.,
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Plate 12. Zonal plots of numberof framesin which (a)
reflective and (b) nonreflective cloudshave beenobserved
within a 2Û window of latitudeanda 2Û window of season
( ��� ) during theMGS mappingorbit. Reflective cloudsde-
tectedduring the SPOmissionphaseareshown asan out-
setabove themappingfigure. Becauseof thesensitivity of
returnedsignalstrengthto spacecraftorbit geometry, nonre-
flective cloudsarenot easilyidentifiableduringSPO.From
Neumannetal. [submittedmanuscript,2001].

1996; Klassenet al., 1999] and polar caps[Paige et al.,
1994; Paige and Keegan, 1994] supportedthis possibility.
The reflective cloudsdetectedby MOLA condenseduring
the winter night and sublimatein sunlight. The observa-
tion of visible-IR phasefronts dictatesthat the condensing
volatile is almostcertainlysolid COø . Thusthesereflective
cloudsrepresentthefirst heightdetectionsof dry icesnow in
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Figure 8. COø snow condensingout of the Martian at-
mosphere.This profile is over the southpolar region dur-
ing southernhemispherewinter duringthefirst dayMOLA
turnedonin themappingorbit. Thefilled circlescorrespond
to channel1 and2 returnsandthesmallandlargeopencir-
clescorrespondto channel3 and4 returns.

theMartianatmosphere.Theobservationsindicatethat the
atmosphericlapseratefollows a ”wet” COø adiabatof 0.85Û km �#" [Zuberetal., 1998c;PettengillandFord, 2000].

As shown in Plate14,MOLA hasalsoobservedregional
dustclouds. Theseoptically thick cloudsform at low alti-
tudes(within 1 km of ground)in localizedareasatequatorial
and low southernlatitudes. Dust clouds,which have been
independentlyimaged/detectedby the MGS MOC [Malin
et al., 1998] and TES [Christensenet al., this issue] in-
struments,have beenobserved by MOLA to obscurethe
floors of VallesMarinerisandthe Hellasbasin. Given the
forward-scatteringpropertiesof dust,cloudssuchasshown
in Plate14 observed during a duststormin NoachisTerra
andduringdustyatmosphericperiodsin Figure12bmaycor-
respondto watericecloudscondensedondustgrains.

Increasesin atmosphericopacityhavealsobeenobserved
from MOLA’sreflectivity measurementduringtheSPOmis-
sionphase[Ivanov andMuhleman, 1998]. Higher thanav-
erageatmosphericopacity was observed within the Valles
Marinerisandat high northernlatitudes.Giventheprelimi-
narynatureof theanalysisit wasnotpossibleto distinguish
whetherthe increasewas due to dustor COø , thoughthis
shouldbepossiblein the futureby joint analysisof MOLA
observationswith TES [Christensenet al., this issue]and
IRTM [Kieffer etal., 1977]data.
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Plate13. Spatialdistributionsof numberof framesin which
(a) reflective (white dots)and(b) nonreflective (blackdots)
cloudswereobservedby MOLA. Both plotsrepresenttem-
poral averagesof mappingorbit observations. From Neu-
mannetal. [submittedmanuscript,2001].
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Plate 14. Part of MOLA profile P10769bshowing returns
southof theVallesMarinerisduringaregionalduststormin
NoachisTerra. The many channel4 returns(in blue) from
theatmosphereindicatethatdustis distributeddiffuselywith
altitude.

8.12. Phobos

On September12, 1998,MGS encounteredthe Martian
moonPhobosatadistanceof 265km,whichwaswell within

Plate 15. (a) Locationof MOLA profile of Phobosplotted
ontheshapemodelof Duxbury [1989]. (b) Profileplottedas
radiusfrom Phobos’centerof mass.

the MOLA rangingdistance. A schemewasdevelopedto
maximizethe rangingtime to the moonby overtakingthe
trailing rim with the spacecraftslew while at a distance
( 0 530km) suchthattheapparentmotionof Phoboswasless
than0.3Û s�(" . As thetrackcrossedPhobosandthedistance
decreased,theincreasein apparentmotionslowedandeven-
tually reversedthetrackbeforetheentirediskwastraversed.
Thetrackthenrecrossedthetrailing rim at a rangeof 0 350
km (Plate15). This operationresultedin the first success-
ful active laserrangingto a smallbody, with nearly70 s of
timeonthetargetand627valid rangingmeasurementsalong
two nearlycoincidentbut slightly offsettracks[Banerdt and
Neumann, 1999]. ThesetrackscrossPhobos’Mars-facing
hemisphereandspana distanceof 0 120Û of arc. At these
distancesthelaserfootprintvariedin sizefrom 130to 200m
nearthereversalpointto afew hundredmetersnearthelimb.
Successfulreturnswereobtainedfor emissionanglesup to
80Û . Plate15 shows that theMOLA profile sampleda vari-
etyof cratersandprovidedinformationonlaserperformance
when rangingnearthe limb of a body of finite size. The
MOLA rangingobservationsalsoindicateda 4-km offsetof
Phobosrelative to theexpectedposition[Banerdt andNeu-
mann, 1999]andhave beenusedto improve theephemeris
of thebody.

9. Conclusions

MOLA hassuccessfullymappedthe global topography
of Marswith a horizontalresolutiona coupleof kilometers
and a vertical accuracy of 0 1 m. In addition, the instru-
menthasprovidedglobalinformationonsurfaceroughness,
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1.064� � m reflectivity, andthe spatialandtemporaldistri-
bution of cloudsand snow. In the rest of the MGS map-
ping mission the goalsof the MOLA investigationare to
fill in andfurther refinethe global map in termsof spatial
resolutionandvertical accuracy. In addition,therewill be
increasedeffort to producehigh-resolutionregional topo-
graphicgrids (e.g.,Plate8), andto improve measurements
of opticalpulsewidth andreflectivity. During theextended
mission,MOLA’sprimarygoalswill beto attemptto resolve
timevariationsin theelevationdueto theseasonalexchange
of COø betweenthe atmosphereandpolar caps,aswell as
to monitorchangesin theatmospheredueto COø anddust
transport. Finally, the generationof high-resolutionlocal
grids of topography, slope,andsurfaceroughnessto assist
in theidentificationandassessmentof potentialfutureland-
ing siteswill bea highpriority.
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