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Assessment of Mars Exploration Rover landing site

predictions

M. F. Golombek', R, E. Arvidson®, . F. Bell IIY, P, R. Christensen®, 1. &, Crisp’, L. 5. Crumpler®, B. L. Ehimana®,
R. L. Fergasan®, I A, Grant’, R. Greeley®, A. F. €. Haldemann', . M. Kass', T. J. Farker', J. T. Schofield,

5. W, Squyres” & R, W, Zurak'

Comprehensive analyses of remote sensing data during the three-year effort to select the Mars Exploration Rover
landing sites at Gusev crater and at Meridiani Planum correctly predicted the atmospheric density profile during entry
and descent and the safe and trafficable surfaces explored by the bwo rovers, The Gusev crater site was correctly
predicted ta be a low-relief surface that was less rocky than the Viking landing sites but comparably dusty, A dark, low-
albedo, flat plain composed of basaltic sand and hasmatite with very few rocks was expected and found at Meridiani
Plarnum. These results argue that futwre efforts to select safe landing sites based on existing and acquired remote sensing
data will be successhul, In contrast, geological interpretations of the sites based on remote sensing data were |ess certain
and less successful, which emphasizes the inherent ambiguities in understanding surface geology from remotely sensed
data and the uncertainty in predicting exactly what materials will be available for study at a landing site.

election of the Mars Bxploration Rover (MER) landing sites

ook place over 3 three-year period in which engincering

comstraints were identified, of 155 possible sites oo wene

selected, surfice envivonrments and gafety comsiderations
weredeve oped, and the potential scientific koowledge to be obtained
at the sites was considered'. Landing sites in the Gusey crater and at
Meridian Planurm were selected becanse they appeared acceptably
aafie for BMER landing and roving and lad stoong morphologic or
mineralogical indicators of having had liguid water m the past. The
two siles therefore appeared capable of addresang the saence
whjectives of the MER missaons o determane the agueous, dimatic
anl geologic history of sites om Mars where conditioms may have been
fonurable to the pressration of evidence of possible pre-hintic or
himtic processes,

Erganeering constraints important to the selection induded:
latitude (10"N-15"5] for maximom solar power; dlevation
(=<2 — L3km) for sufficient atmosphere o sl the descent of the
lameder; bonw horimontal winds, shear and turbalence in the last few
Kilwmeetres toominimize horiaontal veocity: bow 10-m-scale dopes to
reduce airbug spin-up and bource; low o mederate reck abunsdance
tor reduce abrasion or stroke-out of the airbags; and a radar-reflective,
bl -bsaring surface that B net dominated by fine-grained dust, and
is thus safe for landing and wving'. Insdecting the MER Lusding sites
these engineering constraints were sddressed via comprehensive
evahmtion of suface and atmeephenc characteristios from existing
remile sensang data and modds as well as targeted orbital infor-
matiom acquired from the Mars Global Sarveyor (8GS) and Mars

ymsay.

'I.'I\is.j:-vnlllntinn resulted in a rerber of predictions of the surface
characteristics af the sites', which are tested in this paper, Relating,
remaote sersing signatures to surface characteristios at -'IW‘“:‘E. sites
allenws these sites e be used as ground truth for the arbieal data, is
exsential for sedecting and validating landing sites for future missions,
anad is requived for comecthy interpreting the surfaces and materials
globally present on Mars,
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Genaral prodictions

General predictioms of the surface characteristics made before land-
ing were that hoth landing sites would be safe for the MER Lnding
system and traffideable by the rovers’, At Gueev crater, the mailable
data suggested its appezrance would be generally similar to the
Viking Lander (V1] and Mars Pathfinder (MPF} landing sites,
roghly as dusty bt less vocky [Fig. 1) The geologic setting of the
Aat-Moored Gusev erater at the end of Ma'adim Valls, one of the
largest branching, valley networks on the planet, argoed strongly that
the materials meide were depesited in a crater lake™. The Late
Hesperian/Fardy Armaermian cratered plains® upon whicl the landing
ste was prnapally sited dwived lintle i reveal their ongin with
voleanic, aeolian {wind-formed) and lacustrine ilake-depasited )
sedimentary materials 2 possibilities. f the surface materials were
nint lacustrine, it was hoped that the impacts would provide acoess i

o materials that were!,

At Meridiani Plarum, the available dats suggested a bev-albedo
surface with few ocks and little dust that would look completey
urike vy of the VL or MPF landing sites” (Fig, 1), Praluation of the
poologic setting of Meridiani suggested a flat to gently rolling plain
coniposed of husaltic sand with haematite and sparse cutcroppings
aifa thin bright layer' ™. The identification of coarse-grained haema-
tite in WG5S Therral Emission Spectrormeter (TES) apectra and
the genlogic setting fiom Thermal Frodssion Tmaging Spstan [ THE-
MIS} data argued for direct preaptation of haematite from highly
onygenated won-rich lake waters, ar via alteration by percolating
fMuids after burnal™ although alemative explanations were also

possiible’.

All of the predictions: of the gereral physacal charactenstics of the
surface appear comedt in the exploration of the landing sites by the
rorvers, In additiom, we have compared the specific remate sensing
data at the same landing and traverse locations™® to the surface
claracteristics. observed by the rovers, The predictions of the
riaterials that woukd be found scientifically at the two landing sites
have prowed less definitive,
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Atmosphens

Althougly the atmosphere {dersity and winds, m particular) was a
key coneem for alely landing the MER rovers®, there was nn
instrumentation to messure the atmosphere encoantered direcely.
An advisory team v assemhled toassess the avmilable infrmmation
in a timely manner, especially for Spirit (Opportunity weuld
land three weeks Laterh, In the case of the density {pressure and
remperature ), the deceleration profile was weeful o reconstruct the
atpncesphere |as was dome for Patlfinder'™), A emperature profile was
cibaained with dmple assurnptions from o density profile derived
fremn the deceleration owree ind sernshel deag propertics

A preliminary recorstraction irmmediately after landing was
within the one-stardard-kow-deviation uneertainty boands of the a
priod atvosphere mode” thiough most of e descent (a8 sdjused
for the December 2003 dust sorm using MOS TES temperatun
profiles' just before landing) for both Spant and Opportunaty, The
mean modd temperatures were within ~5E of the prelimimary
reconstructed profle throughout the atmesphere for Spint, with
the model bang warm below ~15km and coal between 200 and
35 km, The Opportunity model showed a similar pattern of differ
ences, but the devistions were as large as 15K lalthough the
reconsiructed profile was more uncertain, Both mndels overest
mated the mean dersities by an average of 8% throughout the
atmosphere owing o wncertaintics below Skme The MGS Mars
Orhiter Laser Altimeter (MOLA)Y chevations that were used to
comstruct the density profiles are in excellent agreement with the
elevations determined via radio treddng (within 7m for Spirit and
<=1 m for Oppesrtunity), thereby prosiding an scourate refevence for
e atmiesphieric mdel®,

Dietermining the wind and wind sbear that the flight system
encountered durtng descent 15 extremely difficult §the response las
o be wparmted from other effects and the mirinse Dight sestem
behaviour ). [t appears that the winds encountered were withan the
wipectations hased on the modeling. In 2 qualitative sense i sears

Figure 1 | Partion of the panorama cbtained fram the Spirit landing site,
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that the Meridiani landing site was bess windy than at the Gusey
crater, as expected”. There is some evidence that both landers were in
an updraft during, the last fw kilometres, but this is not surprising,
given that the modelling predicted 408 of the ara would be
experiencing updrafis at Eﬂhsim{'. Perhaps the most hasic measure
of the zrvrrﬂpllwrir madelling success is that both landers arived
safely and that the backshell rocket systems' on each spacecraft
{aadded partly on sccount of atmosphenic comcems | were both oritical
o emsuring & safe landing (without thern, the Spirit landing in the
Guse crater would have been very clise to the limit of the airbag,

performance ervdope].

Thermal inertia
Theermal inertia is.a mieaswre of the resistance of surface materials toa
change in termpernture and ean be related to partide soe, bulk densiey
and enhesaon . Surfaces dominated by boose dust have bower thermal
meerisa and typically high albedo, wherens those domimated by rock
or durtenst (oemented sol-like materials) have higher thermal
meeriia The fne-component thermal mmertia & the thermal inertia
of the surface after the thermal radiance attributable to the mwcky
component is factored out',

Chital thermal inertia measurerents of both landing sites*
suggested surfaces that are competent and lead bearing (withour
thick deposits of fine-grained dust) that pose no special risk 10
landing or roving', The landing location in Gusev crater has 2 bulk
TES thermal inertia of 315 Tm*s ™ K™, which is consistent with
e Viking' - and THEMIS"-derived thermal inertios (284 and
e lm ts TR, respectivelyl. These thermal inertias suggested
e surfaces are dorminated by duricoust or oolwsionbess g or
gramules"™, which s consistent with abserved soil dhasaceen

aind Blini-TES reasured therrmal inertias (15045300 m s K"
from the surface®. Average THEMIS thermal inertia along the
traverse 21 the Gusew erater (Fig. 3) varies from 285 |m ™ ™" K™!

at the landing site, to 200 m™ s "" K" part of the way up the

drifis and the pebble-rich surizee, consistent with a dark armsured lag or

shiming the ] y smooth plain from

remotely sessed data. The bright reglen an the horizan is the brighter and
dusgier Bamnevillle crater ring whick is charscteristic of manst ol the landing
cllipie, as appased b e lower-albedi and beas-dusry kinding location in &
dust dewil track. W note illed-in impact craters {cireular hollows s and dark

P that bas relatively Hide duse. Eock counts from the lander are from
ehis wres. This i an approvimady reecalnur rendering generated fram
& comapusite of insages acquired threugh Pancanss 750-nm. 530-nms and
All-mi fillers s part of indaging sequence: P2215 and PX21S aoguired an
Spirit sods 4 andd 5 (7 amd & January 2004
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Broneville ejecta, o 30 [m s " K" anund Bonneville, and
showe systernatic variations that can be related to nbsarved wariations
in rock abundance and material ]m)]wrhm"“‘

In conirast, the landing lncation in Mendiani has TES and
THEMIS bulk inertias of 2060 and 1907 m ™ *s™ " K", respectively,
although Viking inertias are dightly higher (—315Im ' " K').
The TES and THEMIS |mrﬁusnn-: similar to the Mini-TES measured
inertiasof 225 m s " K" and comespond to surfaces dominated
Ty 2w sand particles™, which is consistent with the ubiquitous
fine s observed at Meridiani™ (Fig. 20

Albedo and dustiness
Spirit Losded in the lowest-albedn portion of the Gusey Landing
allipse characterizasd by dark dust-divil tracks {Fig. 3). Asa result, the
surface ohserved 2t the landing site 1% substantially less dusty than
inferred for the rest af the ellipse. The average TES albedn™ of the
Ciusew ellipsa 5 0.3 amed bright arens have albedns ax hagh as 0026
The lewr-albedi portion of the ellipse i the dust-devil track region in
which Spirit landed has 2 much lowver TES albedn of -—0.19,
cnmparahle to the Pancam surface messuremene™ {120}, which is
by thiars the V1. and MPF landing sites. The surface obscrved by
Spirit at the landing st is characterized bya roddish soil surface with
iy dark granules, pebbles and small wcks 5 2 lag or pavement
(Fig. 1} ard oy mndest amounts of beight atmespheric dust coating
the rocks and soil swfaces, consistent with the lower albedo and
the v dust index for this portion of the dlipse™ The albados of
hwiglit ares likoe tle vim of Beomesille orater that Spirit trasersnd into
are pueh higher (0300, consistent with orbital messurements of
rn-dust-devil track areas,
Tlee average albedo of the Meridiani landing site in ovbital data™ is

=015 and thus it represents the first landing in 2 damnctenstically
Ie-albedn portson of Mar™. Opportunity landed in an are of the
ellipse with even bower albedo {0012} and the dust indescoof this part
o thuer ellapssee i armong the bowest on Mars™ The dark sand-rich and
ust-free surface cheerved om the Meridiani plains is consistent with
it lonwe albedn (Fig. 2. The brighter rim of the Fagle crater ohservasd
in the orhital and descent images is consistent with bnght oute
arul brighter red soil surfaces that Upportunity has ohserved m1m
Eagle crater im {Fig. 2). Pancam surface measurerments' yickd
comparable albedos of 0L12 on the dark plains and higher albodos
o the outcrops (0.25) and brighter wind streaks (0,19 to 0059, The
cnnsistency betwean orbital and surface albedos and the presence or
aharnce of bright dust further supports the use of albedo as & prosy
for the dustiness of surfaces on Mars,

g 2 | Imag of this Méridisnd plais shewing its dark, ralativaly duit-
amd rock-free plain, as predicted by orbital remote sensing dats. The
Backshell, which is aheut | m high, and the parachute are about 430 m fram
the raver and illuserae the exceptionally snsonth, lat and rock-free plain
{ewceps foe the brigh crater rim in the fereground s, which wes as predicied
befare landimg This s an approcimarely e cabour rendering gensranad
drume 2 compasite ol images sequired through Fancam's 730nm, 530 nm
and 430nm Gllers i part of imaging sequence PRTH acguired sn
Adpportanity soll 21 (14 Frhruary 20041,
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Rock abundance
The average rock abundance of the Meridan dlipse is 5% 2
estimated from thermal diferenomg of the Viking Infrared Thermal
‘apper (TRTM) data'. Rock abundance at the Gusev dllipze is higher
(=%} and similar to the global mode of —8%. Opportunity landed
at a locaticn near the border of of 1% and 6% rock-ahuandance pivels
(1" latitude and longitade) indicating" a vock abundance of a few per
cenf, Sprit is in an A%-rock-ahundance pisel and is not in portions
af the ellipse whwers dense houlder fidds were identified in MOC
images™, These estimates suggested moderzte ok abundance at the
e orater and very few rocks 2t Meridiani Flanwm, both of which
T B eativedy bernign for dr e renver, &8 expected.
Bovchss groater tlan —0004 m in divmeter were counted within thiee
roughty 707 sections of panorarras within W0m of Spirit at e
landing site | Mission Succeis), part of te way up theepecta | Legacy |,
and at the nm of Bonneville crater {Bonneville), which have
increasing bulk thermal inertias (Fig. 30, Results dhow that 755, 5%
and 299 of the surface = covered by rocks greater than 000K m m
iarmeter (Fig. 4) at thess: three ates, repectively. The ate-fraquency
distribution of larger mcks (200 m in diameter) generally follmes
the exponential model distribution based on the VL and MPF
landing sites™ for total rock abundances of 5%, 754 and 35% at the
three respective sites, although there are far more pebhles at the Spint
larding site | consistent with less bright dust and drift material at this
site} than at aither Incations, The langest rodk size incresses as the
abundance increases, from 05m to G8m to 1L3m in diameter
towards the rim of Bonneville crater. Adjusting, the intermediate
ok count upward o account for the difference in bulk therral
imertia f[u this location versus  the average (290 versus
306 m~F e R (assuming that the difference is due to more
mcks 7%, about 70% af the surface would be covered by rocks more
than @1 m in diameter, which eompares Bvourably with the TRTM
mock abundance®™ estimate of 8%, For effective thenmal inertias of
rock populations™, the incrase in bulk mertia on the Bonneville
ejecta hlanket iz more than explained by the increase in rock

- N
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Figure ¥ | THEMIS thermal inertia image in colosr ovesiaid on a THEMAS
wisibbe inage of Spirk landing anea. [1bows low-alheda baw-thernal-
ineriia iniercrater plains where landed and locations witk |
inertias oa the deive 1o the rigs of Banneville crater where U other full
Pancam J;.ll!'ﬂl'llﬂl\.-' wre acquired. Thermal inertia increases from 290 10
A Tm B3 Y er this traverss with rack sire-Frequency distrihutinns
reparted in Fig. 41 at these three bscations. The southwesternmost black dot
is the Mission Success panorama where Spirit landed, the middle Back dosis
the Legacy panaransa pare of the way thraugh the gjecta blanker, and the
nostheassernmost hlack dos is the rim of the Banneville craree.,
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abundance, and suggeits a comesponding decrease m the fine-
component inertia, which appears consistent with ohservations of
mmore dust closer tn the rim,

The Meridiani plain is effectively devoid of mdes (Fp. 2} and
Opportunity is the first lander tn sample an area of Mars with very
lerwr ke abundance™, The orbital rock abundance estimate at this
site is probuably due to the outorop, which appears o coner roughty
5% of the area within the —X-m-diameter Eagle crater, and is
exposed in crater interiors and rims and in fractures somes the plain,
In gemeral, the are covered by outcops and the mock-free plain
appers consisterit with the orbital estimate of several per cent af the
sarface eomered by rocks at Meridiani Plamom,

Slopes

Slopes were evahmted ab tlrve length sales important for landing':
Lkm, 100m {frem MOLA opagmaphy) and = 10m {from Mars
Chrhiter Camera sterecgrammetry and photodinometryl At all three
seales Meridiani Planum & extranrdinarily smooth and flat. From
Opportunity's traverse telemetry® the root-mesn-square (nmes)
slopes at these three smles are 0.5, 0.7 and 1.4, ectively, and
fodloaw a self-affine behaviour with a Hurst rerie™ of (.64, These
slipes are consistent with the dopes n]’mmmn'l.lndiny 4 and
the cwcepticnally smooth and flat plain raversed by Opportumity
(Fig. 2} The Gosev crater surface appezred rougher than the
Meridiani plain, but smoother than VLI and MFPF in orbital
data "4, which s consistent with the derived nms, slopes from
Spirit af 057, 147, and 257 at these tree length scales (Hurst
exponent of 0581 and the relatively keaw-relief plain traaesed by
Spirit {Fg. 1),

Gumidative imctonal area

Diameter {

Figure 4 | Rock size-frequency distributions #t three locations along the
Spirit traverse, VL1, VL2 and MPF landing sites. [ocatians alang the Spirit
vraverseare shown in Fig. 3. Salid lines are sxponen sl cumulaiive fracusna
wrca vervus dismeter npadels™ for 5%, 1006, 20%, 3% and 40% reck
abundance | denasted rowghly by where surves intersect theardinare) derived
Troan VI rock couals Rocks greater than —004 it s diasscler were counled
in ramghly T sectnrs of pamnramas within 18 m of the lander a1 Missinn
rea from IF fo 76°%, Legacy 1426 racks in
s6m’ area from 3187 e 267 and Bonneville (649 racks im £4.1 m” area from
2557 in 3557} Rocks in the panoramas were manually ideniified using an
interactive Graphic User Interface of RockIT, a convpanent of the OAS[E
software {Onboard Autonsmous Science Investigation System)’”. Range
dists were then used vo cabenlate apparent wideh (133 times the diamerer')
and hsight. A rock sl apparent widih 5 e is casily resalved sl [0m by
Pancan | — 18 piscls wide ), so that errors ssecisled with these
mesurensenis’ are pol impociant an the log-leg plon
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Radar
Hader reflectivity values of .05 and 0.04 evaluated before landing'
macated surfaces with locsdy constrained, but reasonahble, bulk
dersitics of 1,500 and 1,20 kgm " ar Meridiani and Gusev,
respectivaly, that pose no special problem to landing or roving™ and
:m:5|rr'||larmﬂnr.mg\.dhﬂkdﬂﬁltlcﬂfwr\ﬂutwcwm‘ssfuﬂy
Landed on and reved enver by Mars Pathfindar®, Prliminary proces-
sirg of later near-nadir 35-om hadescatter data with rmuch higher
sparial resolution (5 km 3 5 ko versus 160k 3 150km ) vield some-
what lensser reflectivities of 002 + 0001 ar both landing sites™, which
might be due o Doppler- and range-aliasing into the pear-nadir
squsi-speular echo thar produces an dlevated apparent noise level
and reduced reflectiviry, In any case, load-bearing surfaces lave been
eonnfirmied by the successful landing and roving at the teo sites.
The rms. shope-or roughness derved wang the Hagfors modd -
madscated a smoother surface at Merdiang than at MPF {3.5-cm rms.
LA" wersus 4.5 and 2 smoother surface 2 Gusev than at VLI
{1 LE-em rms. L7 veras 6 Interpretation of rader data pre-
dicted that Mendiani Planum would be much less rocky and
sminather than the W12 site, and that the Gusev crater would have
a comhination of mughness at decimetre scales similar to or greater
than VL1 and MPF sites, but woald be smoother at metre scales’,
These predictions appear consistent with the very flat, mde-free plain
at Mevidiani and the generally smooth, moderatehy rocky surface at
e Gusew crater, where rm.s. dopes from Fromt Hazcam steren pairs.
average 3 at @ 3-m scale for bt revers, but seerage about 35 for
Sparit and 2 for Opportunity at @ H-om scale,

Results
The diwe correspondence betwem surface characteristics. inferned
from arhital remiote sersing data and that found at the Landing sites
argues that future efforts o sedect safe landing stes will be sueoessfil.
Linking the five landing sites 1o ther remobe sensing sgnatunes
sgggesits that they span many of the important, probably safe sufaces
available for landing om Mars, which have moderate 1o high thermal
imsertia with b to ﬁi!Jl albado (hut not I 2lbedn and lowe thermal
imsertial, Onar results showe that hnﬂjn'ngirmﬂ'ing parameters imr\rr
ant for safely landing spacceraft such 25 elevation, atmospleric
profile, bulk densiry, rock distibution and slope can be adequatey
crmatrained using available and targeted remote sensing data

Tn contrast o accurately defining the important plvsical charac-
teristics of the surface, goological interpretations of the sites were less
suecesaful with respect o addressing the main schentific objectives of
e prisshon (preserving evidence of an aquecus environmient). The
TES liematite signature and the geological setting of Meridiani
inferred from THEMIS did comectly predict the origin of the
haematite as a |r|w-|.umpsn||.u\: |m'|.'ipiL;|L|." and the d.i.«mn.-ry wof
sulphate evaporttes fonmed i an ancient agqueous erviraonment™,
Howesver, the cratered plams inside Gusey do not appear o he
sedimentary rocks depesited ina erater lake fiod by \1:;.lhm Wallz,
but instead appear 0 be 2 wolcanic (hasalt) surface that has heen
dominated by impact and eolian activity*™*. This demonstrates the
uneertainty in predicting precisely what geologic materials will be
available for study at landing sites from remaotely sensed data.
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