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Summary

On 14 January2005 the Huygensspacecraftandedon the surface of Saturns largest
moonTitan. Its DescenimagerSpectralRadiometeDISR) wasequippedwith various
up-anddownwardlooking instrumentdo obsere theatmospherandsurfaceduringthe
descent.Titan's thick nitrogenatmosphereontainsa few percenimethane Photodisso-
ciation of methanen the stratospherdéeadsto the formation of aerosolswhich slowly
fall to thesurface.Theresultis a globalhazethatmakesthe atmospherirtually opaque
atvisible wavelengths.Little is known aboutthe surface;it is presumedo be composed
of waterice andcoveredby organicmaterial("tholins'). It canonly be obseredin nar
row wavelengthintervals in the nearlR where methaneabsorptionis low. DISR was
optimizedto these methanewindows', andhasgivenusthe rst close-upviews of the
surface.Its rst resultsweredescribedy Tomaslk et al. (2005),andthis thesisfollows
uponthatpaper It present@nanalysiof DISR obsenationsof thesurfacein threechap-
ters,concentratingpn datafrom the downwardlooking visualandinfraredspectrometers
(DLVS andDLIS).

DISR counteredhee ectsof atmospheri@bsorptiorby illuminating the surfacejust
beforelanding. Onechaptelis devotedto thereconstructiorof there ectancein the0.5-
1.5 mrangefrom spectrahatshowv evidenceof lamplight. | nd asigni cantly higher
overall re ectancethan otherworkers, and attribute this to a phaseangledependance.
The spectrumhasaredslopein thevisible thatis consistentvith the presencef organic
material,anda featurelesblue slopein the nearIR that,sofar, hasde ed interpretation.
A singleabsorptionline at 1.5 m may be dueto eitherwaterice or tholins. Fromthe
depthof the methanébandd derive amixing ratioof 4.5 0:5%in theatmospherelose
to the surface. Liquid methaneappeardo be absentirom the surface. Anotherchapter
putsthe focuson two specialobsenation cyclesin which DISR acquiredspectraasfast
aspossiblein aboutoneproberotation. Thesespectrophotometrimapso erthehighest
possiblespatialresolution,andareideal for creatingfalsecolor mapsof the surface. By
comparinghetwo mapswhichwereacquiredatdi erentaltitudes] eliminatethecontri-
bution of atmospheré¢o the obsenredintensity andreconstructhe surfaceBidirectional
Re ectanceDistribution Function(BRDF), whichis similarto thatfoundotherdarksolar
systembodies like Callistoandthe Moon. Hapke (1981,1984,2002)modelsthat t the
BRDF requirebothshadev hidingandcoherenbackscatter

After landing, DISR obsenred changesn the amountof lamp light re ectedo the
surfacefor a few seconds.In the nal chapterl attemptto reconstructhe sequencef
eventsby simulatingthe lamp re ection spot. | nd thatthe mostlikely causefor the
variability is continuedprobemovementandor rotation, andthat the probeimpactdid
not develop a cloud of large (>0.1 mm) dustparticles. The DISR spectrometerdid not
detectsigni cant changesn the probeervironmentin the hourthatfollowed.






1 Intr oduction

tiaanHuygensannouncedh March1656hisdiscoveryof amoonorbiting Saturn,

rst seenayearbefore,on March 25, 1655. To him, Titan appearedsno more
thanaspeckof light, andhis rst drawing of this new world wassimply across(Fig. 1.1).
Mankind hadto wait for morethanthreehundredyearsbeforeit obtainedmoredetailed
imagesof Titan. A major contrilkution to our knowledgeof this enigmaticworld would
comefrom the smallEuropearspacecrafHuygenswhich landedon Titanin 2005. This
thesisdescribesny investigationof the surfaceof Titan usingobsenationsmadeby the
Huygenscamera.

Titan is Saturns largestmoon. It is one of the largestmoonsin the solar system,
secondnly to Garymede andlargereventhanthe planetMercury (althoughnotasmas-
sive). It is uniquein thatit hasa thick atmospherewhich is remarkablyEarth-like; not
only is it primarily composedf nitrogen,but the surfacepressuras oneanda half bar.
Neverthelesswith a surfacetemperaturef 94 K we would not be comfortablywalking
on Titan. The otherdominantconstituentof the atmospherés methanepresenin sub-
stantialquantities(a few percent).Methaneis continuouslydestrgyed by Sunlightin the
upperatmospheresoit mustbereplenishedrom a sourcestill unknown. This procesof
photodissociatiorreatesnethaneadicalsthatreactwith eachotherandothermolecules
to form comple< organicmoleculescollectively known underthe nameof tholins(aword
coinedby thelate Carl Sagan)In otherwords,the atmospherés a naturallaboratoryfor
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Figurel.1: The rst imageof Titan (atfarleft), dravn by ChristiaarHuygensonthenight
of 27 December1657 (source: Recueildesobservationsaastonomiquegde Christiaan
Huygens1657-1694p. 57, http://gallica.bnf.fr/ ).



1 Introduction

organicchemistry Theseorganicreactionproductscoalescento aerosolswhich slowly
descendo the surfaceunderthe in uence of gravity, creatinga global hazewhich ap-
peargaleyellow to thehumaneye. Because¢he hazealmostcompletelyobscuregitan's
surfaceat visible wavelengthsvirtually nothingwasknown aboutit beforethe spaceage.

Only four spacecrafhave seerthe Saturniarsystenmupclose.The rst wasPioneerl1
of NASA/Ames, which ew by Saturnin Septemberl979. Pioneerll was meantto
sere asa path nder for the NASA/JPL Voyagermission. Its “camera”’was a simple
photometer and imageswere built up line-by-line by scanningthe photometerof the
spinningspacecrafacrosghe object. Titan appearedo Pioneerl1 asatiny yellow disk
(Fig. 1.2). A potentialPluto encountemwas sacri ced to enablea close y-by of Titan
by Voyagerl in Novemberl980. Someavhatdisappointinglyits cameramerelyobtained
close-upsof Titan's featurelessyellow haze. Only a decadelater it was realizedthat
thereare "windows' in the spectrumof Titan, where absorptionby hazeand methane
arelow, throughwhich the surfacecanin fact be seen. NeverthelessVoyagerl made
mary importantdiscoveries,suchasa north polar hood and detachechazelayers. Its
infraredspectrometecon rmed the presencef numerousspecief organicmolecules
in theatmosphereThe Voyager2 y-by of Titanin August1981wasmuchmoredistant
thanthat of Voyager1, and addedlittle to our knowledge. The Voyagerobsenations
were extremely importantfor preparingthe next missionto Titan thirteenyearslater.
The NASA/JPL Cassinispacecraftvith the ESA Huygensspacecrafattachedo its side
enteredinto orbit aroundSaturnin July 2004. Half a year later, on 14 January2005,
Huygenssuccessfullydescendethroughthe atmospher¢o gentlyland on the surfaceof
Titan. The DISR cameragave usthe rst close-upview of the surfaceof this strange
world. Thelandingsite provedto be eerily earth-like, with abundantevidencefor uvial
actwity in theform of channelsa coastline, andadry lake bed.

The DISR camerawas a versatile,ingeniouslyconstructednstrument,which con-
taineda variety of sub-instrumentsooking up, down, and sidevard at various wave-
lengths.It washbuilt by PrincipallnvestigatoiMartin G. Tomask andhis teamatthe Lu-
nar andPlanetaryLaboratory (LPL) in Tucson(AZ), USA, with contritutionsfrom Co-
Investigatordrom FranceandGermary. DISR's focal planewasdevelopedunderlead-
ershipof Co-l HorstUwe Keller of our Max-Pland-Institutefir Sonnensystemfsthung
(MPS,formerly MPAe). With Herr Kellerasmy principalsupervisoll have beena mem-
ber of the DISR teamfor the lastthreeyears,which, amongothers,haso eredmethe
exhilarating experienceto be one of the rst to seeimagesfrom the surface of a new
world. Thisthesisdescribesny studyof thesurfaceof Titan,which concentratesnanal-
ysis of datafrom the DISR downward-lookingspectrometersOnechapters devotedto
my reconstructiorof there ectancespectrunof thesurfaceatthelandingsite,which can
provide importantclueson thecompositionof thesoil. Anotheranalyzesow the surface
re ects Sunlightunderdi erentangles. The last chapterof this thesisinvestigateghe
changesver time obsened by variousDISR sub-instrumentafterlanding. But rst, in
thenext section/] giveanoverview of thecurrentstateof knowledgeof Titan'ssurface.In
theremainingsectiond brie y describethe Huygensmissionandthe DISR instrument,
andprovide a summaryof the rst resultsof all instrumentsasthey werereportedn the
Nature journal. As | felt thatthis thesiswould not be completewithout introducingthe
readerto the discovererof Titan, after whom the missionwasnamed,a shortbiography
of ChristiaanHuygensformsthelastsectionof this chapter

8



1.1 A new view of Titan

Figure 1.2: Pre-Cassini-Huygenspacecrafimagesof Titan. Left: Voyagerl im-

age(November1980). Note the north-southbrightnessasymmetryand the north-polar
hood(copyright CalvinJ.Hamilton, http://www.solarviews.c ~ om/, dataNASA/JPL).
Top right: Pioneerll image (Septembef979) (imageprocessingoy Ted Stryk, data
NASA/Ames). Bottom right : Recently Richardsoret al. (2004)uncoveredsurfacefea-
turesfrom the Voyagerl orangelter images.

1.1 A newview of Titan

Titan is large enoughto have di erentiateckarlyin its history, andwe expectits surface
to be madeup of waterice, just like thatof the similarly sizedgalileansatellites.A ma-
jor di erencewith GarymedeandCallistois that Titan' surfaceis not exposedto deep
space.Kuiper (1944)discoveredTitan hasan atmospherdy detectingabsorptionines
of methaneTheatmospherés substantia{surfacepressurel.5bar),andprimarily com-
posedof nitrogen(N,, 98%)andmethangCH,, 2%). Photodissociatiof methane
in the upperatmospherdeadsto the formation of global hazelayer, which givesthe
moonits yellow color. Methaneis key to the existenceof the thick atmosphereWithout
warming provided by the hazein the stratospher@andthe opacityin the infrared (par
ticularly by CH,;-N, andN,-N, collisionsin the troposphere)the atmospherigressure
would only be a few tensof millibar (Atreya et al. 2006). Photodissociatiomvould de-
stroy all presentmethanewithin tento a hundredmillion years(Yungetal. 1984). So,
unlesswe arewitnessinga uniqueeventin Titan's history, this requiresthe presencef
a stablemethaneeserwir. Sincemethaneandethane(a major photochemicaproduct)
areliquid atthe 94 K surfacetemperaturethe existenceof a deep,global oceanseemed
long reasonabléSagamnd Dermott1982,Lunine et al. 1983). Becausdhe hazeis vir-

9
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Figurel.3: Methanewindows explained.Shawn is the albedoof Titan from Karkoschka
(1998)in black,andthesolar ux atthetop of Titan's atmospherén orange.At visible

andnearIR wavelengthave obsene primarily re ected Sunlight. Eventhoughtheirradi-

anceis high betweerB800and600 nm, the atmospherihiazeabsorbsandscattersnainly

at thesewavelengthsandso createsTitan's yellow appearanceAt higherwavelengths
thealbedois dentedby methaneabsorptiorbands.In the nearlR methanevindows both

hazeand methaneabsorptionarelow, andthe surfacecanbe obsered from outsidethe

atmosphere.ndicatedarethe 751, 829, and 935 nm windows; thereare several more
beyondl m(e.g.at1.07,1.28,1.6 m).

tually opaqueat visible wavelengths spacecraftybys at the time hadnot revealedthe
surface. A decadelater Muhlemanet al. (1990) disproved a global oceanby obtain-
ing signi cant radarechoedrom the surface,which areinconsistentvith a deepethane
ocean.Around the sametime it wasrealizedthat Titan surfacecanin fact be obsered
in so-calledmethanewindows, narrov wavelengthintervals in the nearlR wavelength
rangein which hazeand methaneabsorptionarelow (Gri th andOwen 1990, Grundy
et al. 1991). The principle of methanewindows is illustratedin Fig. 1.3. Subsequent
obsenations nally revealedthe surface,andexposeda dichotomybetweenTitan's lead-
ing andtrailing hemispherdéGri th 1993,Smithetal. 1996,Gendronetal. 2004). The
leadinghemispherdeaturesa bright region, dubbedXanadu,anddark terrainis mainly
concentrate@roundthe equatoron the trailing hemispherelnitially it wasthoughtthat
Xanaduexposeswaterice (Gri th etal. 2003),andthatthe dark equatorialregionsare
bodiesof liquid hydrocarbongCampbellet al. 2003). This picturewasaboutto change
with thearrival of CassiniHuygensn the Saturniarsystem.

With Huygensattachedo its side, Cassiniwaslaunchedon 15 October1997from
theCapeCanaerallaunchpadin Florida,USA. After asevenyearjourney thespacecraft
enterednto orbitaroundSaturnon 1 July 2004.Mostof theorbitsfeaturea Titan yby , as
Titanis theonly satellitemassve enoughto allow for asigni cant adjustmenbf Cassinis

ight path.TheCassinimissionhassofar beenextremelysuccessfulandits obsenations
have challengednary preconceiednotionsaboutTitan. ThelmagingScienceSubsystem

10



1.1 A new view of Titan

Figure 1.4: Cassiniimagesof Titan. Left: Approximatelytrue color view. Middle:
The surfaceobseredin the 938 nm methanewindow. Right: A false-colorcomposite
createdby combiningimagestakenat 420 nm (blue),938nm (green),and889nm (red).
GreenrepresentsireasvhereCassiniis ableto seedown to the surface. Redrepresents
areadhighin Titan's stratospherarhereatmospherienethands absorbingsunlight. Blue
along the moon's outer edgeemphasizeshe organic haze. (Image PIA06227, credit:
NASA/JPL/SpaceSciencdnstitute.)

(ISS)andVisualandInfraredMapping Spectromete(VIMS) areoptimizedfor imaging
thesurfacein thenearIR methanevindows. Theuseof di erent Iters allowsto discern
hazefrom methaneabsorption,or to imagethe surfacedirectly (Fig. 1.4). With each
Titan yby addinga piece,ISSandVIMS areslowly building global mapsof the moon
(Porcoetal.2005,Barnesetal. 2007). ThemonochroméSSmap(Fig. 1.5)clearlyshavs
the contrastbetweendark terraindistributedaroundthe equatorand bright Xanadu. All
brightnesscontrastin the mapis dueto albedodi erences;no shadingis visible due
to the di useillumination causedby atmosphericscattering. Note that the north pole
region hasnot beenimagedyet, becauseat was hiddenin darknessat the beginning of
the mission. Huygenslandedat longitude167.6 E (1924 W in Fig. 1.5) andlatitude
10:2 S (Karkoschkaet al. 2007). The multi-wavelengthVIMS map (Fig. 1.6) shavs
the samedichotomy Conspicuousrethetwo 5 m bright regionsTui Regio (130 W,
25 S)andHotei Arcus (80 W, 20 S), which arethoughtto be fresh surfacedeposits,
possiblyof cryovolcanicorigin (Barneset al. 2005,2006). Becausehe atmospheres
transparenat cm wavelengths,Cassinis SyntheticAperture Radar(SAR) is ideal for
studyingthe surface. Figure 1.7 shonvs someof its mostsigni cant discoveries: impact
cratersequatoriadunescryovolcanismandpolarlakes.

TogethertheISS, VIMS, andSAR instrumentsstartto painta clearerpictureof the
surfaceof Titan andthe dominantprocesseshat shapeit. It is still not clearwhatthe
surfaceis actuallymadeof. As mentionedabove, the crustis expectedo consistof water
ice, and obsenationsin the methanewindows have hinted at its presencde.g.Gri th
etal. 2003),but sofar the evidenceis inconclusve. There ectancespectrunof the dark
regionsis consistentwith thepresencef waterice, but thespectrunof Xanadufor exam-
ple,is not(McCordetal. 2006). Moreover, recentGeneralCirculationModel resultsare
inconsistentvith waterice dominatingthe surface(Tokano2005).At leastoneprediction
hasbeencon rmed; radarobsenationspoint at the ubiquitouspresencef organicma-
terial (Elachietal. 2005). Sofar, all instrumentshave acquiredevidencefor widespread

11
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Figure 1.5: A recentmap of Titan's surface compiled of CassinilSS imagesin the
938 nm methanevindow, with featurenamesdesignatedby the InternationalAstronom-
ical Union. The Huygenslandingsiteis just below the centey indicatedin blue. (Image
P1A08346 credit: NASA/JPL/SpaceSciencdnstitute.)
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1.1 A new view of Titan
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Figure1.6: A mapof Titan's surfacecompiledof CassiniVIMS imagesin the1.6 m
(blue), 2.0 m (green),and5 m (red) methanewindows, acquiredduring ybys T9
and T10 (seeBarneset al. 2007). (ImagePI1A02147,credit: NASA/JPL/University of
Arizona.)
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1 Introduction

uvial actvity anderosiononthesurface,andascarcityof impactcraters.Many circular
featuresn the ISSimagesarethoughtto be impactcraters but only with SAR canthey

be unequvocalidenti ed becausef its high e ective spatialresolution(Fig. 1.7). The
surfacehadbeenpredictedto be denselycratered(Lorenz 1997), but so far only three
impactcratershave beencon rmed (Stofan et al. 2006). The paucityof cratersimplies
thatthe surfaceis geologicallyvery young.Processethatleadto modi cation of surface
morphologyare erosionby uids, cryovolcanism,andtectonicactvity (deformationof

the crust). All over Titan Cassinihasfound evidencefor uvial actwvity, in the form of

channelserosionpatternsandrecently lakes.Oncethoughtto bethoroughlywet, Titan's
oceanshave provedelusive. Hence,a senseof relief penadedthe scienti c community
whenstandingbodiesof liquid were nally found. Firsttherewasthetentatve discovery
of a lake nearthe southpole by ISS, then SAR revealedan abundanceof lakesaround
the north pole (Stofan et al. 2007; Fig. 1.7). On the otherhand,not all on Titan is wet.
WhenSAR obsenedthedarkequatoriakegions,it foundthemcoveredby radardarklin-

earfeaturesnicknamed‘cat scratches’{Fig. 1.7). Insteadof hydrocarborseasthe dark
equatorialterrainturnedout to be desert,coveredby longitudinaldunes(Lorenzet al.

2006b). The dunesare createdby the prevalentwinds blowing from westto east(and
sometimesn the oppositedirection),and are probablycomposeddf 100-300 m sized
particlesof unknown origin. Even thoughat placesdunesare only tensof kilometers
apartfrom channelgElachietal. 2005),their presencémpliesthe prevalenceof dry con-
ditions. Thefactthatthe polesarewet andthe equatoris dry is probablyrelatedto the
equatorto-pole3-4 K temperaturgradient(CourtinandKim 2002, Tokano2005).

The mostlikely candidatedor surface liquids are methaneand ethane. Ethaneis
the dominantphotodissociatiorproductof methane,andis expectedto be presenton
the surfacein large quantities. Methanemay eitherrain down or be expelledfrom the
interior by cryovolcanism. Over the pastdecade potentialrain-producingcloudshave
mainly beenobsened over the poles(Bouchezand Brown 2005, Schalleret al. 2006,
Gri th et al. 2006) and concentrateciroundcertaintemperatdatitudes(Gri th et al.
2005,Roeetal. 2005). The presentdearthof cloudsaroundthe equatomeanghatwhile
rainstormsmay be frequentat the poles,on the equatorthey area rareevent, consistent
with the obseneddistribution of dunesandlakes. It is worth mentioningherethatTokano
etal. (2006)predicta slow, persistentrizzle of methaneeachingthe surfaceover about
half the globe (including equatorialregions). Eventhoughthis precipitation( 5 cm per
year)is not expectedto contribute signi cantly to erosion,it may be su cientto keep
the surfacewet. But no evidencefor this drizzle hasbeenfoundsofar, andit is di cult
to reconcilewith the existenceof dunes. As mentionedabove, an alternatve sourceof
methanas theinterior of Titan. Thisimpliesthe existenceof low-temperatur@olcanism,
or “cryovolcanism'. Featuresseenwith VIMS (Barneset al. 2005, Sotin et al. 2005,
Barneset al. 2006) and SAR (Stofan et al. 2006, Lopeset al. 2007),e.g.the suspected
domeGanesaMacula (Fig. 1.7), aresuggestie of cryovolcanism. Also the appearance
of cloudsat certaintemperatdatitudeshave beenassociatedvith cryovolcanism(Roe
etal. 2005). Cryovolcanisminvolvesthe emegencefrom theinterior of waterasaliquid
or slush,and subsequento w over the surface. To have water acting as lava at such
low temperature$90-94 K) requiresan agentto lower its melting temperature. It is
generallyassumedhat ammonia(NHs3) performsthis function (Lunine and Stevenson
1987,Lopesetal. 2007),but eventhoughtheatmosphergrotectsammoniaonthesurface

14



1.1 A new view of Titan

Figure1.7: A collectionof Cassiniradarimages. Fromtop to bottom (Titan yby in
braclets): The impactcraterSinlap (T3), equatorialdune eld (T8), the proposedcry-

ovolcanicfeatureGanesaMacula (Ta), north-polarlakes (T25). Imagesare not on the
samescale.(Credit: NASA/JPL.)
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1 Introduction

from rapid destructionby enegetic particles,its presenceéhasyet to be demonstrated.
While cryovolcanismmay be a dominantprocessshapingthe surface,tectonicactiity
doesnot seemto be widespreadLittle evidencefor it hasbeenfoundsofar (e.g.Stofan
et al. 2006). Up to 1.5 km tall mountainsmay recentlyhave beenobsened by VIMS
(imagePIA09032). As mountainson Titan are expectedto be subduedthe strengthof
watericeis smallerthanthatof silicaterock), theirexistencewvould beevidencefor recent
tectonicactivity.

The studyof Titan's surfaceis ultimatelyaimedat elucidatingthe globalmethanecy-
cle. Questionsve strive to answerare: Whatis the sourceof the methaneVhatarethe
photochemica¢énd-productsandwheredothey endup?(Thisis essentiallythesubjectof
thisthesis.)And, why is thereno globalmethanéthaneocean?A recenttheoryprovides
ananswetrto the rst andthelastquestion.Theocearhadbeenpostulatedntheassump-
tion that photodissociatiof methanenasbeengoing on for billions of yearsat the rate
obsenedat presentOneexplanationfor its absencés thatthemoon'sicy regolith is able
to absorbmassve quantitiesof liquid (KossackandLorenz1996). Anotheris thatTitan's
thick atmospherés a recentphenomenonAccording Tobie et al. (2006)we areindeed
witnessingaspeciaimomentin Titan'shistory. They proposeheexistenceof asubsuréce
waterammoniaoceansandwichedetweena layer of waterice on top of a silicatecore
anda crustcomposeaf methaneclathratgwaterice with methanentegratedin thecrys-
tal structure).Theremusthave beenthreemajorepisode®f methaneutgassingThe rst
( 0.2-1Gyr afterformation)wassustainedy coreoverturn,i.e. theinternaldi erentia-
tion of thecoreafterits formation. Thesecond2-2.5Gyr) resultedrom theonsetof core
cornvectiondueto heatingby radiogenicelements.The third (after 3.9 Gyr) continuego
date,andwastriggeredby thegrowth of anicelayer(Icel) below theclathratecrust. This
layer quickly becameunstableagainsthermalcorvection,andrelatively hot (250K) icy
plumes,enhancedy tidal dissipationwelled up towardsthe clathratecrust, penetrating
it andinducingclathratedissociation.The predictedcurrentrateof outgassindi.e. cryo-
volcanism)is consistentvith the obsened methaneatmospheri@abundanceNotethatan
alternatve origin for the methands adwocatedby Atreya et al. (2006),who suggestt is
synthesizedh theinterior oceanby a procesgalledserpentinization.

At the time of writing we are one year away from the end of the Cassinimission.
But an extensionhasbeenapprored, andat least21 Titan ybys areto follow (barring
spacecraftailure). Every yby will adda pieceto thepuzzlethatis Titan, butit is certain
thatwe will continueto besurprised.

1.2 Huygens,the mission

During Cassinis seconcdorbit (Tb) aroundSaturn a spring-loadedeparationmechanism
releasedHuygenson a collision coursewith Titan. A subsequentorbiterde ection ma-
noeuvre'ensuredhat Cassiniwould miss Titan by 60.000km. Huygenswasaimedto
land on the boundaryof dark andbright terrainwestof Xanadu.On 14 January2005it
enteredthe atmospheraf Titan, protectedby its heatshield from the heatof the ery
entry (Fig. 1.8). Two parachutesf di erentsizeweredeployedin sequencéo make the
durationof thedescenmatchthelifetime expectang of theonboardbatteries Spinvanes
attachedo its undersidevereto ensurea counterclockwiserotation,sothatDISR would
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1.2 Huygensthemission

Figure 1.8: Mating the backshellto the Huygensdescenimodule,which is alreadyat-
tachedo the heatshield(ESA photoSEMQWJ2VQJD).

have thefull 360 eld of view of the surroundings. A Sunsensomwould keeptrack of
the positionof the Sunin the sky to inform otherDISR instrumentsvhento acquiretheir
exposures.The descentvasnot without surprisegseelLebretonet al. 2005, for a tech-
nical overview of the mission). A few weeksafterthe missionend DISR teammember
BasharRizk con rmed the suspicionthat the probehadactually rotatedclockwise (for
reasonsstill unknavn). Togetherwith an unexpectedlow sensitvity of the Sunsensoy
this madethe probeunawareof its attitudefor almostthe entiremission.Fortunatelythe
altitude was derived throughalternatve means,andredundantadaraltimetersenabled
the probeto predictits impacttime accurately Huygensnot only survivedthe landing,
but continuedto take measurementndtransmittheseto Cassinifor morethanan hour.
After Cassinihad setbelown the horizonas seenfrom Huygens,Earth-basedelescopes
continuedo receve a signalfor two morehours(Bird etal. 2005).

Huygenswas primarily an atmospherianission(it wasreferredto asa landeronly
after it had successfullylanded),and was equippedwith six instrumentsto study the
atmosphere situ. Eventhoughbeforehandhechance®f Huygenssurviving theimpact
of landingwerethoughtto be slim, oneinstrumentwasdevotedto studyingthe surface.
Theinstrumentsre
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DescentmagerSpectraRadiometefDISR)
GasChromatograpMassSpectromete(GCMS)
AerosolCollectorandPyrolyzer(ACP)
HuygensAtmosphericStructurelnstrumentHASI)
SurfaceSciencePackagg(SSP)

DopplerWind Experiment{ DWE)

The rst resultsof theseinstrumentsverereportedn a specialissueof theNature journal
in aseriesf articleswith the Principalinvestigatorsastheleadauthorswith anovervien
provided by Owen (2005). DISR wasthe missions camera,and consequenthhadthe
highestdatarate of all instruments.The next sectionof this chapterdescribeDISR and
discussethe rst ndings reportecby Tomask etal. (2005). The GCMSdeterminedhe
elementatompositionof the atmospherg¢Niemannet al. 2005). The gaschromatograph
seemaot to have operatedasintended but the massspectrometeperformedwell, pro-
viding insightsinto the origin of the atmospherelt detectecho noble gasesotherthan
36Ar and“°Ar. Theformeris primordial, but the latter originatesonly from the decayof
49K, whichhasahalf-life of 1.28billion years.Theamountof “°Ar detectedmpliesthatit
hasbeenproducedverthelifetime of the SolarSystem.This suggesthattheatmosphere
originatesin the moon'sinterior, andwasreleasedpossiblyepisodic by cryovolcanism.
Thelow abhundanceof primordialnoblegasesuggestshatthe atmospheridN, is not pri-
mordial,but derivesfrom photolysisof NHz. The GCMS survivedtheimpactof landing,
anddetecteda rangeof organicmoleculeson the surface(C,Hg, C;N», CsHg). The ACP
wasessentiallya smalloven. Theinstrumentwould take a sampleof Titan's atmosphere
andleadit into the ovento pyrolysethe aerosolst hopefully contained.The contentsof
the ovenwould subsequentlype ushed into the GCMS for analysis.While Israélet al.
(2005)reportedthe detectionof carbonandnitrogen-richaerosolsBiemann(2006) has
recently casttheir resultsinto doubt. In their reply, Israélet al. (2006) acknavledged
theneedfor additionalexperimentswith the spareinstrumentsHASI providedcomplete
temperatur@anddensitypro les of the atmospherérom an altitudeof 1400km down to
thesurface(Fulchignonietal. 2005),from which the probes altitudethroughouthe mis-
sion could accuratelybe reconstructedlt measuredhe surfacetemperaturéo be 94 K,
andfound hints of lightning. Eventhoughthe primary goal of the SSPwasthe study of
thesurface,it carriedaccelerometer@sdid HASI) providing datathroughouthedescent
(Zarneckiet al. 2005). The instrumentwas designedo copewith a variety of surfaces
(liquid, solid), andeventuallyfoundthe surfaceat thelandingsite to be solid yet soft. Its
penetrometewasthe rst partof Huygensto touchTitan, andits signalindicatedthatit
hadprobably rst toucheda cobble.A sonarfoundthe descenspeedust beforelanding
to be 4.6 m s 1, arelatively gentlelanding. The DWE experimentwas nearlyrendered
a completefailure by the “Channel A anomaly” (a crucial commandto switch on the
Cassinirecever hadnot beentransmitted) but Earth-basedadio telescopesameto the
rescue.Bird et al. (2005)reportedon the detectionof progradezonalwinds, con rming
superrotatioron Titan, andweakwinds (<1 m s 1) below 5 km altitude.
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1.3 DescentmagerSpectraRadiometer

1.3 Descentimager/Spectral Radiometer

DISR was Huygens'principal remotesensinginstrumentand had the highestdatarate
of all during the descent. It was developedand built by Principal InvestigatorMartin
Tomaslo andhisteamattheLPL in Tucson(AZ), USA, with severalsubsystemsupplied
by EuropearCo-InvestigatorsDISR's maintaskswereto determinghethermalbalance
of Titan'satmospherdy measuringheupwardanddownwardradiatve ux in thevisible
andnearlR, determininghepropertieof thehazeaerosolandtheatmospherienethane
mixing ratio, andimagingthe surface.For this, DISR wasequippedvith awide rangeof
sub-instrumentspanoramidmagingcamerassolaraureolecamerasyiolet photometers,
andvisualandinfraredspectrometersrhis sectionprovidesashortoverview of all DISR
(sub-)instrumentsg full descriptions givenby Tomask etal. (2002). Theworkingsand
calibrationprocedure®f thoseinstrumentgelevantto this thesisare describedn more
detailin Chapters3 and4.
ThethreeDISR panoramidmagingcameras

High Resolutionmager(HRI)
MediumResolutionimager(MRI)
SideLooking Imager(SLI)

simultaneouslymageda narrav swathfrom 6 to 96 nadiranglewith awidth of 25 at
the horizon. Rotationof the probewould ensurea full 360 azimuthcoverage allowing
for the compositionof completepanoramasf the surroundingandscapeOptical bers
led light from the camerawindows towardsa CCD developedby Co-I HorstUwe Keller
andhis teamat the MPS (thenMPAe) in Lindau, Germary. The CCD ight modelwas
built by the US compary LORAL Fairchild. The camerasvere sensitve over a wave-
lengthrangeof about660-1000nm, the upperlimit determinedoy the CCD, the lower
limit chosento avoid too muchinterferenceby the haze. Huygenstransmitteddatato
Cassinithroughan omnidirectionalantennawhich relatively low datarateforcedDISR
to compressts images(typically by a factorof 8-12 late in the descent).The Discrete
CosineTransformhardware compressedmagesby meansof a JPEG-lilke schemeand
wasbuilt by the TechnicalUniversity of Braunschweign Germary.

Theotherinstrumentsreclassi edaccordingo whetherthey arelookingup or down.
Instrumentdookingupwardare:

UpwardLooking Violet photometefULV)
UpwardLooking Visual SpectrometeULVS)
UpwardLooking InfraredSpectromete(ULIS)
SolarAureoleCameragSA)

SunSensolSS)

In this thesisl am mainly concernedvith the downward looking instruments.They are
theULV, ULVS, andULIS counterparts:
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Figure 1.9: Photograplof the undersideof the sensotheadof the DISR#3 ight model.
The camerawas coveredby a dark porousfoam to absorbstraylight. Clearly visible
arethe gold-coatedSSL, the sunshad®f the SLI, andthe ba e of the DLV. Compare
to Fig. 3.1 for identi cation of the instruments.Dimensions:16:7 135 cm (width
height).(Credit: LPL.)

DownwardLooking Violet photomete(DLV)
DownwardLooking Visual Spectromete(DLVS)
DownwardLooking InfraredSpectrometefDLIS)

In addition,the DISR undersiddeaturedthe SurfaceScienceLamp (SSL) to illuminate
the surfacejust beforelanding. A photographof the undersideof the DISR ight model
is shawvn in Fig. 1.9. The Violet photometersvere silicon photodiodessensitve in the
350-480nm wavelengthrange. As the intensitywas expectedto be very low dueto the
strongscatteringandabsorptiorof theaerosolsn thiswavelengthrange the eld of view
of the Violet photometersvashalf the upperandlower hemisphereTo achieve this they
wereequippedwith di usingplatesandba es,nicknamed‘bear's ear’ba esbecause
of their appearanceThe ULV shareda ba e with the ULVS, whereaghe DLV hadits
own. TheULV/ULVS ba eincludedashadev barto permitseparatiorof thedirectand
di usedownward ux. Hencethe eld of view of the ULVS wasthe sameas that of
the ULV. Theslit of the DLVS mappednto a4 wide by 40 longregion onthe ground
centerecht30 nadirangle.lts spatialresolutiondependedn the modeof operationand
eitherl, 4, 8, or 16 spectrawerereturnedper exposure.Light wasled by optical bers
from the gratingto a sectionof the CCD next to the MRI. The upward and downward
looking infraredspectrometerarereprovidedby Co-1 Bruno Bézardof the Observatoie
de Paris in Meudon,France. The eld of view of the ULIS wasrestrictedby aba e
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1.3 DescentmagerSpectraRadiometer

to half the hemisphere Becauseof the long exposuretimesa shadav barwasdeemed
useless. Careful timing of the exposureswas meantto separatehe directanddi use
downward ux by usingthe shadeprovided by the probe. Theslit of the DLIS mapped
into a3 wide by 9 long region on the groundcenteredat 20 nadir angle. Generally
exposuresvere summedon boardto increasethe S/N, andonly in specialoperational
modesonespectrumwasreturnedrom asingleexposure Light wasled by optical bers
from the gratingto two linear arraysof InGaAs elementgone for eachspectrometer).
Thefour SA Camerasmagedarectangula6 50 areaaroundthe Sunattwo di erent
wavelengthsandpolarizationanglesto constrainaerosobropertiesmorespeci cally the
numberof monomerghatarethoughtto be the aerosobuilding blocks. The SA images
occupieda small sectionin the upperleft cornerof the CCD. The SunSensor(a silicon
detectorwould monitorthe positionof the Sunin the sky by meansof a three-slitreticle
anda shadev bar, andwasto time the operationof all DISR sub-instruments.

A little lessthana yearafter Huygens'successfutlescentTomaslo et al. (2005)re-
portedthe rst resultsof the DISR experimentin the Nature journal. | brie y summarize
thepaperhere.Thefailure of the SunSensotto keeptrack of the Sunandthelossof half
the imageshadseverely complicatedthe dataanalysis. Neverthelessthe imagingteam
led by BasharRizk hadbeenableto reconstructhe probetrajectory andto compilesev-
eralmosaicsof the landingsiteat di erentresolutions. The variety of surfacefeatures
seenin theimagesexceededll expectationgFigs.1.10and1.11). The landscapeawvit-
nessedy Huygenss dominatedoy arugged relatively brightlandmassncisedby rivers
andcreeksterminatingin a dark lakebedalonga well de ned coastline. Note thatthe
brightnessaandcontrasin Figs.1.10and1.11have beenenhancedin reality, the surface
is almostasdarkasasphaltandthe contrastbetweerthe brightestanddarkestfeaturess
only 10%. Thelakebedis coveredby brightislandswith darkchannelsn betweenHuy-
genslandedin thelake, 3.5km southof the coastline pn a plain litteredwith pebblesand
cobblessomeof whicharerounded.Close-up®f thesoil revealit to consistof grains.At
all scalegheimagerdoundevidencefor uvial actwity, but neithertheriversnorthelake
appeato containliquid at present.Stereographicenderingof a sectionof land shows it
to be extremelyrugged.Theslopesin the bright terrainincisedby riversareof the order
of 30 . It is notclearwhatfeedstherivers. Thosewestof the straightchannelarestubby
andappearspring-fed whereaghe dendriticnetwork eastof the channels suggestre of
precipitation. The secondhalf of the paperdealswith the resultsfrom the photometers,
spectrometersgand SA camerasA preliminaryreconstructiorof the surfacere ectance
revealsaredslopein thevisible (indicative of organicmaterial)andanenigmaticfeature-
lessblueslopein thenearlR. Apart from methanédandsonly a singleabsorptiorfeature
(at1.5 m) canbeidenti ed with certainty which may be associatedvith eitherwater
ice or tholins. Theblue slopede es explanation,andis not matchedoy any combination
of laboratoryspectreof icesandorganics.Theoverall groundre ectivity is low (peaking
around0.18at 830nm), andthe atmospherienethaneabundances 5% nearthe surface.
The paperfurther reportsthe rst resultof anongoinge ort to modelthe atmosphere.

'Having beenassembledghortly after the descentthesemosaicsincorporatedan early generatiorof
processedmageswhich shaved mary compressiorartifacts. Shortly after publicationof the paperDISR
team memberErich Karkoschkaperfectedthe calibrationof the images,and createda grand seamless
mosaicof thelandingsite usinganimprovedtrajectoryreconstructiorfKarkoschkaetal. 2007).Figure1.10
shavs almostthe entiremosaic,Fig. 1.11zoomsin onthecenter
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Figure1.10: A panoramaof the Huygenslandingsite (625 80:0 km), reconstructed
from DISRimageqKarkoschkeetal. 2007).Northis atthetop, eastattheright. Huygens
enteredhe sceneapproximatelyhalfway the mosaicfrom theleft, andlandedexactly in
themiddle. Notethetwo “cat scratches(dunes)atthetop.
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1.3 DescentmagerSpectraRadiometer

Figurel.11: A zoomof the panoraman Fig. 1.10(1875 24:00 km). Huygenslanded
exactlyin themiddle.
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The hazeoptical depthwas determinedas a function of altitude. The hazeextendsall
theway to the surface,anda discretehazelayer wasfound around21 km altitude. The
degreeof polarizationof light scatteredy the hazeaerosolsndicatesthey arecomposed
of a large number(hundreds)f 0.05 m small monomers.Note that theseresultsare
preliminary;the teamis presentlypreparinga publicationon an updatedversionof the
atmospherenodel(Tomaslk etal., in preparation).

My own contributionto theNature paperdealtwith DLVS obsenations.Usingspectra
thatwererecordedcloselyin time with imageswithin a panoramiccycle, | wasableto
accuratelypositiontheir footprintson the surfacemosaic,andto colorizethe latter with
eithertrue or falsecolors. The true color of the surface(i.e. asseenby the humaneye)
provedto be orange,primarily asa consequencef the illumination by the orangesky.
FurthermoretheDLVS percevedthelandto beslightly redderthanthelake, with redness
expressedstheratio of theintensityin the 827 nm and751 nm methanenindows. The
work describedn this thesisexpandson the Nature paper | improve the reconstruction
of the surfacere ectancespectrumn Chapters, andrevisit the topic of surfacecolorin
Chapter6 (Sec.6.4).

1.4 Huygens,the scientist

ThegreatesDutchphysicistof all time, ChristiaanHuygens'contributionsto scienceare
enormous.He wasone of the pioneersof the Scienti ¢ Revolutionin the 17th century
from which modernsciencewasborn. At rst he was mostly dedicatedo mathemat-
ics (he was one of the foundersof probability theory), and later he also venturedinto
astronomy He built the besttelescope®f his time, devising a new and betterway of
grindingandpolishinglensesandwasan avid obsenrer. He wasalsomentorof Antoni
van Leeuwenhoekpioneerof the microscope Most fundamentalvashis discovery that
light canbe describedasa wave phenomenonwhich put him at oddswith IsaacNew-
ton. His discoveriesin the eld of astronomyarenumeroushedescribedhe rst feature
on Mars (Syrtis Major) and estimatedts size, he proposedhat Venuswas coveredby
clouds, he discoveredthe Orion nelula, the true natureof Saturns “appendices”,and
mostimportantlyin light of this thesis,Saturns largestmoonTitan.

ChristiaanHuygenss bornon 14 April 1629,in themiddle of the DutchGoldenAge,
in The Hagueasa sonof ConstantijnHuygensand Suzannavan Baerle. The marriage
is a goodone andthe pair have ve children. When Christiaanis only eight yearsold
his motherdiesshortly after giving birth to his sisterSuzannaThe Huygensfamily is a
dynastyof in uential civil senantsin theserviceof thePrincesof Orange predecessoist
thecurrentDutchroyal family. FatherConstantijnis a civil senanttoo anda well-known
poet, who teachesChristiaanand his older brother Constantijnmusic and elementary
mathematicsat home. CountingRenéDescartesRembrandtvan Rijn, and playwright
PieterCorneliszoorHooftamonghisfriends,hecreates stimulatingatmospherathome
for youngChristiaanfavorableto theartsandsciencesilt is saidthatChristiaarcorversed
happilywith his brothersn Latin andstartedcomposingat the ageof nine.

As fatherConstantijnervisions a similar careerfor his children, Christiaanand his
brotherConstantijnembarkuponthe studiesof Law and Arts at the University of Lei-
denin 1645. Christiaanrecevestraining in mathematicsaand physicsfrom Fransvan
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Figure1.12: Portrait of ConstantijnHuygens(1596-1687)andhis ve childrenby Adri-
aenHannemar{1640),with ChristiaanHuygensattop left. (CollectionMauritshuis,The
Hague http://www.mauritshuis.n I/ )

Schootenwhoseteachingsare heavily in uenced by his friend Descartes. After two

yearstheir fatherpulls themout of Leidenandhasthemcontinuetheir studiesin Breda,
at the lllustere Scool, thenrecentlyestablishedy stadtholderand Prince of Orange
Willem II. WhenPrinceWillem diesin 1650,the Republicof the Seven United Nether

landsis promptly proclaimed.Thein uence of theroyalist Huygensfamily wanes,and
aftercompletinghis studies21 yearold Christiaanfailsto nd agoodposition. Thisis a
blessingn disguiseashe cannow devote himselfto full-time researchsupportedy the
family fortune.Whatfollowsis the mostproductve timein his careerin which Huygens
makessomeof his mostremarkablaliscoveries.Oneof thesds thediscovery of Saturns

moonTitan on 25 March 1655,which he announcesn the pamphletDe SaturniLunaa
yearlater(Fig. 1.13). Becauséieis notyetcompletelysureabouthis discovery, he estab-
lisheshis priority in the form of ananagram(a commonpracticein thosedays),inspired
by anOvidiusverse:

Admorere oculisdistantiasidera nostrisuuuuuuucccrrhnbgx

which solutionis the rst line of this thesis. Huygenssimply refersto the moonas ‘the
moon of Saturn'or 'my moon'; only two centurieslater was Titan given its nameby
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Figure 1.13: Thetitle pageof Huygens'pamphletannouncinghe discovery of Titan,
includedby publisherAdriaan Vlacq as a supplemento De \Vero Telescopiilnventoe
by PierreBorel (source:Recueildesobservationastronomiquesie ChristiaanHuygens
1657-1694 p. 165, http://gallica.bnf.fr/ .). No copiesexist of the original pam-
phletthatwaspublishedby Vlacqon5 March1656.

Herschel(1847). Later that year Huygensprovidesthe correctexplanationfor the “ap-
pendices”of Saturnthat had puzzledobseners since Galileo. From his obsenations,
recordedn System&aturnium(1659),hededuceshataring surroundgshe planet,butis
not physicallyconnectedo it.

In thoseyears(1655-1664 Huygensundertalkesseveraltravels to ParisandLondon,
sometimesaccompaniedby his brotherConstantijn,meetingdistinguishedastronomers
andmathematiciangBlaise Pascal,RobertHooke, RobertBoyle amongsbthers). Then
in 1666the Frenchking Louis XIV inviteshim to Paristo establisithe AcadémieRoyale
desSciencesanhonorablgaskthatcomeswith asubstantiatalary Huygensacceptsand
become®n of theprincipalactorsin Frenchscienti c circles.In ParishemeetsGiovanni
Cassini(later Jean-Dominique)who haslikewise beeninvited by the king to become
directorof the newly establishedParis Obsenatory They jointly obsere Saturnat the
ParisObsenatoryin 1671,onwhich occasionCassinidiscoversanothemrmoonof Saturn,
lapetus.He works hardandfruitful, but his healthsu erssetbacksHe becomegravely
ill in 1669andreturnsto hisfamily in TheHague to returnto Parisonly afterayear Then
in 1672Louis XIV declaresvar againsthe Dutch Republic,which putsHuygensin the
peculiarsituationthathis employerwageswvar againsthis homecountry Chaosensuesn
therepublicin whatis known to the Dutchastherampjaar(disasteryear),asatthesame
timeit hasto ght o EnglishandGermannvaders A popularuprisingendstherepublic
andputsPrinceof OrangeWillem Ill, sonof Willem I, into power asstadtholder This
restoreghe in uence of the royalist Huygensfamily. But eventhoughWillem 11l is no
friend of Louis X1V, this hasno directconsequencdsr Huygens'position. However, the
moodin FrancegraduallyturnsagainstforeignersandwhenillnessforcesHuygensonce
moreto retreatto The Haguein 1681 ,he decidedetternotto return.

Livingin theNetherland®ncemoreHuygenscontinuesiswork asaninternationally
respectedcientist. He nally publisheshis wave theoryof light asTraité dela lumiere
(1690). In 1689 he visits London for the last time, where he meetsisaacNewton at
the Royal Society He hasgreatadmirationfor Newton, but at the sametime doesnot
believe his theory of universalgravitation, which he says“appears to meabsud”. In
1695Huygensbecomesll anddieson 8 July at an ageof 66 years. He is laid to rest
in a sharedgrave with his fatherin the Grote Kerk churchin The Hague. He hadnever
married whichwasnotunusuafor a17" centuryscientist.After his deathCosmotheas
(1698)waspublishedwhich speculatesn the existenceof extraterrestrialife.
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2 Theory

Beforereportingtheresultsof my analysisof DISR datain the next threechapters| rst
give an overvien of the nomenclaturd usethroughoutthis thesisto describephysical
guantitiegelatingto radiationandits interactionwith matter Furthermorein Chaptei6 |
usetheHapke re ectancetheoryfor particulatesoilsto studythe propertieof thesurface
at the Huygenslanding site. Ratherthaninterruptingthe o w of that chaptey | prefer
to describethe theory here,in Sec.2.2. In that samechapterl employ a specialtype
of phasefunction to prescribethe scatteringbehaior of aerosolsthe so-calleddouble
Hernyey-Greensteiriunction. | describethis functionbrie y in Sec.2.3.

2.1 Nomenclature

The Sl unit of radiance is [W m 2 sr 1]. In my work | am oftenmoreinterestedn the
radianceperin nitesimal wavelengthinterval. | call this quantitythe intensity (unit [W
m 2 m ! srl]), for which | usethe symboll. The Sl unit of irradiance is [W m 2].
| simply call the irradianceper in nitesimal wavelengthinterval the ux (unit [W m 2

m 1]), for which | usethe symbolF. For clarity | do not usethe subscript to denote
wavelengthdependencdyut the readershouldkeepin mindthatall intensitiesand ux es
arewavelengthspeci c.

De nitions for re ectanceabound Hapke (1981)providesanoverview of re ectance
nomenclatureand| will discussheresomel nd mostuseful. Considera collimated
(parallel)beamirradiatinga surfaceelementda atanangle with thesurfacenormal. We
call the ux recevedby aplaneperpendiculato thetravel directionof thebeamJ. The
surfaceelemente ects abeamof radiationwith intensityl in asolidangled atanangle

with the surfacenormal. Thebidir ectional re ectance of the surfaceis thende ned as
o216 )
r(; ;)= 3 (2.1)
with  the angle betweenthe incidentandre ected beam,or phaseangle The ux
recevedby dais

F= o (2.2)

wherewe have de ned o = cos. Likewisewedene = cos . The hemispheric
albedo Ay, is de ned astheratio of the speci ¢ power (in [W m 1]) re ectedin all di-
rections(in theupperhemisphereby a surfaceelemento thatrecevedfrom acollimated
sourcein aspeci ¢ direction:

z Z,

G )cosd =2
2 oJ 0

AH:

r(o;; )d: (2.3)

0
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Now considerthe simple caseof a Lambertsurface. By de nition, this surfacelooks
equallybright from all angles(intensityis constant)andre ects all light incidenton it
(Lambertl760). Thus

F= lcosd =1 d cossind = I (2.4)

Let the bidirectionalre ectanceof a Lambertsurfacebe calledthe Lambertre ectance
r., then

r = -2 (2.5)

andAy = 1. We cannow describethe re ectancepropertiesof an arbitrary surfaceby
meansof the bidirectionalradiance coe cientrc, whichis the bidirectionalre ectance
of the surfacerelative to thatof anidenticallyilluminatedLambertsurface:

ARSI (26)

r. 0

re(; 5 )=

or in termsof the ux recevedby thesurface

2.7)

In the literature,“re ectance” is oftengivenas*l over F”. This re ectancereally is the
radiancecoe cientcalculatedasrc = |, in termsof analternatve versionof the ux
which hasunitsof intensity de ned by F = F . Thehemispherialbedoof a surfacein
termsof theradiancecoe cientis

Z
Ai=2 rc( oy ) d: (2.8)

0

In atmospheranodelsthat have a surface as lower boundary the surfaceis often
presumedo re ect radiationisotropic. Thena“surfacealbedo”A;s, is de ned analogous
toEq.2.4by

AsoF = 1 (2.9)

It followsthattheradiancecoe cientfor thissurfaceis rc = Ay = Aso.

If the surfaceis that of a planetat heliocentricdistanceR,, with F the solar ux at
1 AU, then

1= (2.10)

Ry
and
1( o ).

o (2.11)

re( ov; )=
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2.2 Hapke model

Figure2.1: Cartoonillustrating the derivation of the Hapke re ectancemodelfor a par
ticulatesurface. We considerthe subsurficevolumeelementdV = R?d! dR locatedata
depthz anddistanceR from thedetector(in this caseCassini).This elementscatterdight
of intensity I° from the direct beamandscatteredight of intensity | ®°with e cieng G
towardsthe detector Seetext for details.

2.2 Hapkemodel

BruceHapke of the Universityof Pittshurgh hassetup atheoreticalframenork to model
scatteringof light in a planetaryregolith, or soil, in a seriesof articleson bidirectional
re ectancespectroscop (Hapke 1981,1984,1986,2002). The full model,describedn
Hapke (2002),givesthe radiancecoe cientof a particulatesurfaceasa function of the
particle phasefunction andincludesthe Shadev Hiding OppositionE ect(SHOE)and
the CoherenBackscatte©ppositionE ect(CBOE).

Hapke (1981)developshis modelasfollows. We starto  with the equationof radia-
tive transferfor adispersegarticulatemedium

Z

D)o ey 10 96( ° )d © (2.12)
ds 4

The rst termin this equationis the extinction term, with E the extinction coe cient.
As extinction includesall processeshat remove photonsfrom the light beam,it is the
sumof absorptiorandscattering.The probability of any of theseprocessetaking place
uponinteractionof a photonwith a particlewith crosssection (in [m?]) is givenby the
(dimensionless® cienciesWith theextinction e ciencyQg, theabsoiption e ciency
Qa, andthe scattering e ciency Qs, we thushave Qe = Qa + Qs. For a medium
composeafdi erenttypeof particlesheextinctioncoe cientE, absormtion coe cient
K, andthescatteringcoe cientS (all in [m 1]) aregivenin termsof thee cienciesas

X

E=  nQg | (2.13)
X

K= nQa; i
X

S=  nQs; i
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wheren; is the numberdensity of particlesof typei (in [m 3]). We can write these
coe cientsin termsof the averageparticle propertiese.g.the averageextinction cross
sectionh gi = Qg i:

E = nh i; (2.14)
with n the numberof particlesper unit volume. The secondermin Eq. 2.12represents
photonsscatterednto thepath.It includesthedi erential volume scatteringcoe cient

G, which hasdimensiongm ! sr !] anddescribeghe probability that a photoncoming
from direction Cis scatteredn direction , or

G( % )= Qs () 215)

Considera volumeelementdV = R?d! dR locatedat distanceR from the detectorat a
depthz belov the surface,in the solid angled! in the line of sight (Fig. 2.1). From
Eq. 2.12we derive the equationof radiatve transferfor the radiation| scatteredn the
directionof the detector Sincethe detectoris notin line with the direct beamthe rst
termontheright handsideis zero,and

di(z, )
dR

wherewe have distinguishedbetweerthe (collimated)incidentlight 1° anddi uselight
190 The single-scatteringalbedois $; = Qs;=Qg; for particletypei, andits average
isthenw = b i = S=E. Furthermorewe de ne the averagephasefunctionby P( ) =
hp( )i = 4 G=S. With thesede nitions anddz= dRwe canwrite Eq.2.16as

Z

iz )= 2= % 9+ 1% O1P( 9z (2.17)

Vd
= [I% 9+1%%z 9%G( % )d ° (2.16)
4

We wantto integratethis equationover the depthzto nd theintensitytowardsthe de-
tector Beforewe do this we have to realizethat part of the light emittedby dV in the
line of sightwill be absorbedn its way to the surfaceby overlying particles. We have
to multiply theright handsideof Eq. 2.17with theattenuatiorterme®= (remembethat
z < 0O for locationsbelow the surface). Integratingover zwe nd theintensityreaching
thedetectorasthe sumof thesingly andmultiply scatteredntensity

| = lg+ Iy (2.18)
with
g 202 #
ls = T 1%z 9YP( 9d ° = dz (2.19)
o z', 7 #
Iy = — 19z, YP( Od © €= dz
4 1 4

Theintegral over all solid anglesin the equationfor the singly scatteredntensitycanbe
evaluatedexactly. As thelight is consideredo be collimated,the integrandis nonzero
only in asingledirection,and

Z

1%z, YP( 9d °= JeF= °P( ); (2.20)
4
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2.2 Hapke model

wherewe have multiplied J with anattenuatiortermto accounfor absorptiorby overly-
ing material. Thenthe singly scattereatontribution to theintensityis

Z

w 0
|g:

E
JeF o Ip( )=dz= —
1 ) 4 ot

JP( ): (2.21)

For isotropicscattering?( ) = 1 andEq.2.21becomeshelLommel-Seeligerlaw:

s = =3 (2.22)

The evaluationof the contribution of multiply scatteredight to theintensityobsenedby
thedetectoris morecomplicated Hapke (1981)derivesfor isotropicscatterers

v = 5 —2HHCOHO) 1] (2.23)

in whichappearsheso-calledAmbartsumian-Chandrasekhaffunction(Chandrasekhar
1960).A second-ordeapproximatiorto the exactH-functionis givenby

n !# 1

1 21 1+
H()= 1 w ro+ 2“’ In (2.24)

withro=(1 )1+ )and = pﬁv. Contraryto thesingly scatterederm,the mul-
tiply scatteredermcannotbe evaluatedexactly for anarbitraryphaseunction. However,
it is relatively insensitve to it, asthe moretimesa photonis scatteredthe moredirec-
tionale ectsareaveragedout. The brighterthe surface,the morethe multiply scattered
termapproachetheisotropiccase.A rst orderapproximatiorto theintensityobsened
comingfrom a surfaceof non-isotropicscatterergonsistsof the exactevaluationfor the
singly scatterederm,andtheisotropicevaluationfor the multiply scatterederm:

(ois )= 3 —2{PO)+HOQHO) 1 (2.25)

UsingEQgs.2.1and2.6 we canwrite theradiancecoe cientof thissurfaceas
w 1
reC os; )= Zo—+[P( )+ H(oH() 1 (2.26)

Hapke (1981,1986,2002) expandsandimprovesthis modelto includethe Shadav
Hiding Opposition E ect (SHOE) andthe Coherent Backscatter Opposition E ect
(CBOE), which make the surfaceappeaitbrighterat lower solarphaseangles. The radi-
ancecoe cientin thefull modelis

1
o+

re( ot i )= 3——[P()Bsu( )+ M( o; )]Bca( ) (2.27)

In thisequationBsy( ) is afactorcorrectingfor the SHOE,which actson singly scattered
light only. The contritution of multiply scattereghotonsis givenby M( o; ), andis a
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2 Theory

functionof thephasdunction. Bcg( ) is a CBOE correctionfactor actingon bothsingly
andmultiply scatteregphotons.If the CBOEcanbeignored,Eq.2.27becomes

~[P( )Bsw( )+ M( o )] (2.28)

W
re( o) ; )=Z ;

If the soil particlesscattelisotropicallythenP( ) = 1 and
M( o; )=H(oH() L (2.29)
whichreduce€q.2.28to

ol 03 )= F——[Bsu )+ H(QH() 1} (2:30)

Hapke (1986)derivesan expressionfor Bsy( ). He startsby calculatingthe extinction
coe cientof aparticulatelayerof soil. Theresultis e ectively thatof Eq.2.14with the
particlenumberdensityn replacedoy thee ective particlenumberdensityn, :
: . InP

E=n h el = nh Elﬁ’ (231)
with P the porosity of the soil, de ned asthe proportionof the non-solidvolumeto the
total volume of material. A solid hasP = 0, freshsnav hasP = 0.75- 0.99. Hapke
proceeddy realizingthatfor smallphaseanglesheprobabilitythatalight ray penetrates
to thesurfaceof asolil particleis notindependenof the probabilitythatit is subsequently
scatteredowardsthe detectorascloseto theparticlepartof theray's in- andegresspaths
overlap.Thisis readilyunderstoodor phaseanglezero,in which casethelight ray exits
thesameway asin whichit hasenteredwith zerolossof intensity This dependengcwas
ignoredin thederiationof Eq.2.21,andgivesriseto thefactorBsy( ) in Eq.2.27.Note
thatthe SHOE will causethe soil to appearbrighter than predictedby Eq. 2.21 when
obsenred at small phaseangles. If the e ective densityfollows a stepfunction (z > O:
Ne (2 =0,2<0: ne (2 = ne ), Bsy is written in termsof the error function, but canbe
accuratelyapproximatedy

Bso _
1+ tan(=2)=hs’

Theamplitudeof the SHOEpeakis determinedy Bs, theratio of thelight scatteredrom
thenearsurfaceof the particleto thetotal scatteredight. If theparticlesareopaquethen
all of thescatteredight comedrom thesurface,andBsy = 1. In transparenparticledight
canbere ectedinsidethegrain,andBso will besmaller For narronv oppositionpeakghe
half width of the peakis given approximatelyby = 2hs. Thewidth parametehs is
theratio of thee ectve particleradiusre , de nedby r2 = h gi (seeEq.2.14),to the
extinction pathlengthlg = 1=E:

Bsi( ) =1+ BsoBs( ) =1+

(2.32)

hg = —°: (2.33)

But sincer, andlg areinterdependent)s is not easilyinterpretedn this form. Alterna-
tively, it canbe formulatedin termsof the porosityanda parametely which depend®n
the particlesizedistribution:

hs = gYIn P (2.34)
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2.3 Heryey-Greensteiphasegunction

Haplke (1986) gives someexamplesof size distributionsandtheir associated. A soll
consistingof equallysizedparticleshasY = 1, the maximumvalue. A comminutedsoil
like lunar regolith hasa low Y, around0.25. Generally soil with a narrav particlesize
distribution hasa broadetISHOEpeakcomparedo soil with a broadsizedistribution.

The CoherenBackscatte©OppositionE ectarisesfrom constructve interferenceof
light rayswhich arescatteredriadi erentpathsby the soil particlestowardsthe obsener
in exactly the sameangle. If the scattererst the locationwherethe raysleave the soil
arewithin afew wavelengthsof eachother the CBOE peakcanbe severaldegreeswide.
Eventhoughthis procesgequiresmultiple scattering)ow albedobodies lik e the Moon,
canshav apronouncedCBOE (Haplke etal. 1998). Hapke (2002) providesan analytical
expressionLikethe SHOE(EQ.2.32)the CBOE canbewrittenasafunctionof thephase
angle in termsof anamplitude(Bcg) anda peakwidth parametethc):

BCB( ): 1+ BcoBc( ), (235)

h
wnere B )= 1+[1 e fO1=f( ) th () = tan( =2) 236
C()_ 2[1+f( )]2 ; Wi ()_ hC . ( )

Width parametehc is a diagnosticfor the propertiesof the soil, andis a function of the
wavelength andthetransporimeanfree pathin themedium :

he = ;—: (2.37)

The latter may be thoughtof asthe meandistancea photontravels in the soil before
its directionis changedby a large angle (larger than a radian). An expressionfor
exists in termsof particle density crosssection,and scatteringe ciengy, but it is of
limited usebecause is stronglya ectedby scatteringnhomogeneitiesnternalandon
the surfaceof the particles. Generally the CBOE amplitude B¢ cannotbe calculated
from soil propertiesandmustberegardedasafree tting parametewithO Bgo 1.

In a separatgaperHapke (1984) calculatesan expressionfor macroscopicrough-
ness In thismodelthe particulatesoil is assumedahot to be perfectly at, butto consistof
facetsthatbuild up macroscopistructureg“fairy castles”).Macroscopiadoughnesss a
function of thefacets'meanslopeangle , andtheanglesof incidenceandre ection. It
leadsto extensive modi cation of Eq.2.27,which | will notreproducéhere.

2.3 Henyey-Greensteinphasefunction

Phasdunctionsin the Hapke modelarenormalizedsothat
z 2 Z z
P()d = d P()sind =2 P()sin d =4: (2.38)
4 '=0 =0 =0
Forisotropicscatterer®( ) = 1. A typeof phasdunctionthatwasusedby theLPL team
to modelthe scatteringoehavior of Titan aerosolss the doubleHenyey-Greensteirfiunc-

tion. Actually, two di erentversionsof the “double Hernyey-Greensteirphasefunction”
exist, andtheoneusedis

Pana(; ,01:02) = fPuc(; 91) + (1 f)Puc(; 92) (2.39)
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Figure2.2: Exampleof a doubleHenyey-Greensteirphasefunction usedto modelthe
scatteringoropertiesof Titan aerosoldn an early versionof the LPL atmospherenodel
(Lyn Doose personacommunication).Shawn is the phasefunctionfor aerosolsat 1.28
m with Heryey-Greensteirparameterd = 0:9, g; = 0:8,andg, = 0:4. Theaerosols
arestronglyforwardscatteringput alsoexhibit a smallbackscatteringeak.

with r
C ) = g

Phc(; 9) = I+ f 2gcos 12 (2.40)

and the scatteringangle,which is relatedto the phaseangleby = . Forward

scatterings in thedirectionof = 180, backwardscatteringstowards =0 . In terms
of the phaseangletheseequationdecome

Panc(; F;01:02) = fPuc(; 91) + (1 f)Puc(; 92) (2.41)

with
1 ¢ .
(1+ g2+ 2gcos )32
An expansionof this versioninto LegendrepolynomialsP,, is

Puc(; 9) = (2.42)

X
Pana( ) =1+ [f( g)"+ (@ ) g)"1(2n+ 1)Py(cos ): (2.43)

n=1

The double Henyey-Greensteirfunction doesnot have a physicalbasis,but is merely
descriptve. Figure 2.2 shavs an exampleof sucha function, thatwasusedin an early
versionof the LPL atmospherenodel.
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3 DISR Instrument Calibration

Threeversionsof DISR have beenbuilt at the LPL in Tucson,Arizona, of which the

third (DISR#3)is the ight model. At the time of writing, the rst model (DISR#1)is

attachedo a Huygensengineeringnodelstoredin DarmstadtGermary, andthe second
(DISR#2)is atthe LPL. DISR#2wasoriginally meantto belaunchedput waseventually
replacedby DISR#3becaus®f severeinternallight leaks( crosstalk’). It now senesas
atestbed,andit hasbeenusedto performseveral of the experimentsdescribedn this

thesis. A schematioof the DISR#3 ight modelandits locationon the probeis shavn

in Fig. 3.1. Onthefrontis the Side Looking Imager (SLI, with the sunshade)belon

whichwe nd theMedium Resolutionimager (MRI ) andtheHigh Resolutionlmager

(HRI). In additionto thethreecamerasDISR housesheupwardlookinginstrumentdJp-

ward Looking Violet photometeULV), Upward Looking Visual SpectrometefULVS),

Upward Looking Infrared Spectromete(ULIS) andthe SolarAureole Camerasandthe

downwardlooking instrumentDownward Looking Violet photometer (DLV), Down-

ward Looking Visual Spectometer (DLVS), andthe Downward Looking Infrar ed

Spectrometer (DLIS). Tomask etal. (2002)provide atechnicalovervien of DISR and
all its sub-instrumentsThis thesisconcentrate®n the downward looking instruments.
In this chapter describetheir operationanddatacalibrationproceduresFor this | made
extensie useof thecalibrationreportsthatwerecompiledandpublishednternallyby the

LPL DISRteam.For detailsontheimagecalibrationthereadeiis referredto Karkoschka
et al. (2007). Obsenation sequentiahumbersare printed bold throughoutthis thesis;
detailscanbefoundin AppendixA.

3.1 Downward Looking Violet Photometer

The Downward Looking Violet Photometers a silicon photodiode sensitve in the 350-
480nmwavelengthrange.lt is locateddirectly below theHRI, underaba eto makeits
eld of view thelower hemisphereThedetectoris readout instantaneous)yandthe raw
datanumberscanbe corvertedto intensitiesby subtractinga dark currentanddividing
theresultby theresponasiity.

3.1.1 Dark current

Beforelaunch thedarksignalof theDLV wasmeasuredh severaltestsatLPL, andfound
to bedi erentfor eachof the DISR operationmodes.The modesrelevantfor this thesis
arethe VLNS andsurfacemodes.The dark signalfor the VLNS modewasdetermined
to have a bimodaldistribution, with peaksat 38 and51 DN, the latter almostuniquely
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3 DISR InstrumentCalibration

Figure3.1: The DescenimagerSpectralRadiometel(DISR). Top: DISR asseenfrom
belon. The Medium Resolutionimager(MRI) and High Resolutionimager(HRI) are
labeledas DLI-MED RES'and DLI-HI RES', respectiely. The SidelLooking Imager
(SLI) is notlabeledandis locatedabove the MRI. Bottom: Thelocationof DISR onthe
Huygensexperimentplatform. Thesensoheadprotrudedhroughtheaftercone.Figures
from Tomaslko etal. (2002).
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3.2 CCDlayout

Table3.1: Theexposedareaof the CCD, sized524 256pixels,occupiedoy thedi erent
DISR sub-instrumentsThe pixel in columnandrow zerois atthe bottomleft in Fig. 3.2.

instrument columns rows
DLVS 14-33 1-200
ULVS 38-45 1-200
Column49 49 1-200
MRI 52-227 1-254
SLI 234-361 1-254
HRI 364-523 1-254

associatedvith a singletest. After launch,anin ight DISR checlout (F4) shovedthe
dark signalfor the VLNS modeto have only a singlepeakat415 1.6 DN (n = 36).
TheVLNS measurementsn Titanareunimodal,andl usedthein ight darkvalues.The
distribution of the pre-launchsurfacemodedark signalwasfoundto have threepeaksat
39, 49, and62 DN), one of these(62 DN) uniquely associatedavith the testmentioned
above. Thein ight darkfor thesurfacemodewas41 DN (n = 2). Presumablyhadthere
beenmoremeasurements secondoeakwould have beenfound at around51 DN. The
surfacemodemeasurementsn Titan arebimodal,andl madeno e ort to cornvertthem
into intensities.

3.2 CCD layout

Centralto theDISR focal planeisthe524 512pixel sizedCCD. It wasreadoutby means
of anelectronicshutter notinvolving any mechanicahction. For thisthelower524 256
pixelswerecoveredby anopaquemetal Im, with theupper524 256 pixelsbeingthe
exposedarea. After exposurethechagewastransferredrom thetopto thecoverediower
partto be subsequentlyeadout by meansof a serialregisteranddigitized. Transfertook
about2.2 seconddor imagedata,time during which extra chage could accumulaten
rows not yet transferreddueto light exposure which is known asthe electronicshutter
e ect. TheCCDwasnotonly usedfor imagingTitan'ssurface but alsosenedasdetector
for solaraureolecamerasndthevisualspectrometerBLVS andULVS, their light being
led to the focal planeby optical bers. Furthermoreto gaugethe spill of light from
the MRI to the spectrometecolumns.known as “crosstalk',the lower 200 pixels of the
49" columnwere also transmitted. Inadwertently this column sened as an additional
camerajts ‘images'beinglinearbrightnesgro les. Figure3.2 shavsthelocationof the
sectiongesenredfor thedownwardlookinginstrumentnthe CCD. Notethatviewedin
the CCD coordinatesystemthe imagesareupsidedown. Table3.1lists the columnsand
rows occupiedoy thedi erentsub-instrumentselevantto thisthesis.
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3 DISR InstrumentCalibration

Figure3.2: Layoutof theDISR CCD, shavn with atypical post-landingsignal. The pixel
in the lower left cornerhascoordinateg0,0). The imagersequencdrom right to left is
HRI/SLI/MRI. Column49is locatedimmediatelyleft to the MRI, andtheDLVS is atfar
left. Not showvn arethe ULVS (left of the DLVS) andthe solaraureolecamerasectionsn
thetop left cornerof the CCD. SeeTable3.1for columnandrow numbers.

3.3 Column 49

Thelower200pixelsof column49 of the CCDwerereadoutatthesamdime astheDLVS
andits contentsstoredin aseparatele. This columnis known as the extracolumn’, but
| will referto it as’Column49'. Locatedbetweernthe MRI andthe ULVS (seeFig. 3.2),
it providesa measureof theamountof “crosstalk’,or light spilled over from the MRI to
theULVS andDLVS. Like the DLVS it wasreadoutin afastmode,andthereforedoes
not su er from the “electronicshuttere ect' (the accumulationof chage during read-
out) which a ectsthe images. The CCD temperaturevasso low for all measurements
relevantto this thesisthatthe dark currentwasessentiallyzero. Eventhoughthe primary
function of Column49 wasto provide a correctionfor the visual spectrometerst acted
asacameran its own right, re ecting the brightnesdglistribution of therightmostcolumn
of the MRI. Interestinglyit wasthe only ‘camera‘active aroundthetime of landing,and
| analyzeits brightnessro les in Section7.1.

3.3.1 Bias

The pre-landingbiasfor eachpixel of Column49 wasestimatedy the LPL teamto be

9 DN for all measurementglevantto thisthesis.Thepost-landingiiascanbedetermined
empirically. Possibly the probe moved for a few secondsafter landing, but after that
DISR essentiallyviewed the samespoton the surfacefor the remainderof the mission.
By comparingasetof measurementgcordectloselyin time, but with di erentexposure
times,we canderive the (constantpiaslevel (Fig. 3.3). | usedColumn49 measurements
827, 829 831, 833 835 and837, recordedaround2 minutesafterlanding. Thesewere
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3.4 DownwardLooking Visual Spectrometer
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Figure3.3: Theextrachage,or bias,of Column49 afterlandingwasestimatedy tting
aline to measurementatdi erentexposuretimes. Left: A linear t to theintensityfor
pixel 50. The interceptis equalto the bias. Right: The biasderived for all pixels of
Column49. Theerrorbarsprovideal measurefthegoodness-of-t.

recordedat the samemissiontime andwith the sameexposuretime asthe DLVS spectra
with thesamesequentiahumber(seeTableA.8). | assumedhebiasnotto have changed
for theremainingtime on the surface.

3.4 Downward Looking Visual Spectrometer

TheDLVS is sensitvein the480-980nm wavelengthrange.lts eld of view is rectangu-
lar, rangingfrom 12 to 45 in nadirangle,andbeingapproximately6 wide atthetopand
17 atthebottom.ltsslitisimagedona20 200pixel sizedsectiononthe CCD.Gener

ally, adjacentolumnsweresummedn-boardoeforebeingtransmittedyielding anarray
of 10 columnsby 200rows. Exceptionsarethe SpectrophotometriMap mode,in which

all 20 columnswerereturnedandtheVery Low NearSurfacemode,whichreturnedonly

2 outof 10 summedcolumns.Thedi erentmodesof obsenationarediscussedn more
detailin Chaptedd. TheDLVS wasreadoutin afastmode(in around300ms),andthere-
fore, like Column49, doesnot su er from the "electronicshuttere ect' thata ectsthe

images(accumulatiorof chage during readout). Therearetwo issuescomplicatingthe

calibrationof DLVS spectra.The rst is thatthe spectraareprojectedslightly warpedon

the CCD, which necessitatergecti cation by a geometriccorrection.Second]ight spills

overfrom theMRI to the DLVS sectiononthe CCD ( crosstalk'),andhasto beremoved.

Thentheintensity in unitsof W m 2 m ! sr 1], is calculatedrom theraw dataas

raw data (darkcurrent+ bias) crosstalk
exposuretime responsiity

intensity= (3.1)
The raw data,dark current,bias, and crosstalkare all in DN. Exposuretime is in sec-
onds,andresponsiity in [J 1 m*> m sr]. Dark currentis calculatedfrom a model, but
for all measurementselevantto this thesisthe CCD temperaturevasso low thatthe it
wasessentiallyzero. As calculatedthe dark currentdoesnot includebias,which hasto
be addedseparately The spectrunwavelengthscaleis a function of the cameraoptics
temperatureandhasto be determinedor eachexposure. The di erentaspectsf the
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Figure 3.4: Theresponsiity of the 200 DLVS rows (pixels) as determinedor various
CCDtemperaturegleft, column10), andcolumns(right, CCD temperaturd 69K). The

wavelengthscaleatthetopis thatfor the standardemperaturef 200K. Division by the
responsiity corvertsDN to intensityin [W m 2 m ®sr].

calibrationarecoveredin moredetailin the following subsectionsThe spectralresolu-
tion wasdeterminedbeforelaunch: a thin spectraline wasobsered by the DLVS asa
Gaussiarpro le with aFWHM of 5.5-6.0nm, valid over thewholewavelengthrange.

3.4.1 Responsvity

The responsiity of the 20 columns 200 rows DLVS sectionon the CCD was deter
minedbeforelaunchby the LPL teamat ninedi erentCCD temperaturebetweenl69
and290K. Figure3.4 showvs how theresponsiity stronglydependon row number(i.e.
wavelength),but weakly on temperatureand columnnumber Note thatthe wavelength
scalerunsoppositeto row number Thetemperatureatthe endof the descentverewere
low (rangingfrom 183K for the SM2 modeto 170K for the VLNS mode),but abore the
minimum calibrationtemperatureso no extrapolationwas necessary The responsiity
for eachpixel wasfoundby cubicsplineinterpolationto the measuredCD temperature.
Theuncertaintyin theresponasiity determinationss unknavn, but we cansafelyassume
thattheerrorsarelargestwheretheresponsiity is lowest.We haveto becarefulinterpret-
ing resultsfor wavelengthsat which the responaiity is relatively low. The gure shovs
thatthisis roughlybelonv 500nm andabove 900nm.

3.4.2 Geometriccorrection

The spectrumasit is projectedon the DLVS areaon the CCD is warped,with di erent
rows looking atdi erentzenithangles.The situationis sketchedin Fig. 3.5. The lower
half of the gure representthe200rowsontheCCD,with thezenithangleof thecenterof
somepixels(columns)indicated.The verticaldottedlines delimit the zenithanglerange
thatis commonto all rows. Theintensitieswithin thisrangeareinterpolatedo oneof the
standardizedjrids of footprintsassociatedvith the modeof obsenation, depictedin the
upperhalf of the gure. Thenumberingcorventionusedin thisthesisfor thestandardized
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3.4 DownwardLooking Visual Spectrometer

footprintsrunsoppositefor thatof the CCD columns.The columnnumberrunsfrom O at
theleft endof the DLVS sectiononthe CCD, wherelight comingfrom the highestzenith
anglesis projectedo 19 at theright endof the DLVS section(comparerig. 3.2). If the
columnsaresummedhecolumnnumbemrunsfrom 0 to 9. In contrastthenumberof the
standardizetbotprintsarede nedto increas@owardshigherzenithangleqor decreasing
nadirangles).The 20-columnSpectrophotometriMap modehas16 standardizedpatial
footprints of approximatelythe samespatialextent asthe original CCD pixels. In the
regular 10-columnmode,usedin panoramiaycles,the DLVS returnedonly the sumof
adjacentolumns. Theintensitieswereinterpolatedo 8 footprintshalf the sizeof those
of the Spectrophotometritlap mode. The 5-columnmode,usedearly in the descent,
returnedonly thesumof 4 adjacentolumns,andhastherefore4 footprints.In the VLNS
2-columnmodethe DLVS returnedonly the sumof columns4 and5, andthatof column
6 and7. Only avery narrav zenithanglerange,centeredon 159.6, is commonto all
rows,and nding theintensityatbothendof thespectrumactuallyinvolvesextrapolation.
Theextentin zenithangleof the singlefootprintof a VLNS spectrums (approximately)
givenby the shortverticaldottedlinesin Fig. 3.5. Whereador 10-columnmodespectra
intensitiesarefound by cubic splineinterpolation,thosefor 2-columnmodespectraare
determinedby linear interpolation. The availability of only two insteadof ten columns
doesnot a ectthe endresultsigni cantly beforelanding, but becomesgproblematicin
the presencef a strongbrightnesgyradientover the columnson the CCD, suchasthat
causeddy the SSL. This is why the 2-columnand 10-columnmodepost-landingspectra
look very di erent,eventhoughtheir footprintsapproximatelycover the samepatchof
ground(see83.6.2for furtherdetails).

Themostrecento cial' releaseof theDLVS calibrateddataby theLPL team(3 May
2005) interpolatesthe Spectrophotometridlap spectrato 8 footprints, and gives two
spectrdor the 2-columnVLNS mode.My reductionimproveson this, asit yields Spec-
trophotometricMap spectraat the full spatialresolutionof 16 footprintsandtreatsthe
2-columnmodespectracorrectly

3.4.3 Wavelengthcalibration

The wavelengthis a function of the DISR opticstemperaturePrior to launchthe wave-
length scalewas calibratedfor ve temperaturesn the rangeof 189to 290 K. During
ight, the opticstemperaturedroppedto valuesaslow as165K. In fact,all of the SM2
andVLNS spectravererecordedvith opticstemperaturebelov 169K. Thewavelength
scalefor thesespectramay be incorrect,eventhoughthe extrapolatedscalefor 165K is
only maginally di erentfrom thatof 189K (lessthanl1 nm). Of the spectraconsidered
in this thesisonly the temperaturesf the SM1 andsurfacespectrarom 874 onward are
within the calibratedrange.

3.4.4 Bias

Thepre-landingoiasfor eachpixel of theDLVS sectiononthe CCD wasestimatedy the
LPL teamto be 9 DN for all measurementelevantto this thesis. Lik e that of Column
49, the post-landingoiascanbe determinedempirically The measurementsgsedto de-
terminethe biasare825 827, 829 831, 833 and835 They werechoserto have awide
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Figure3.5: Theprinciple of the DLVS geometriccorrection.Seetext for details.

rangein exposuretimes,anda shortrangein missiontimes(seeTableA.8). Figure3.6

demonstratethe methodandshaows the resultsfor two out of tensummedcolumns. The

biasappeardo besimilar for eachcolumn,but notidentical. Moreover, it is not constant
in time asthe gure shavsfor column9. But sincethevariability is relatvely smalll as-

sumethatthe post-landingbiasof all columnsis is constantandequalto thatof summed
column?.

3.4.5 Crosstalk

Crosstalk,light leaking from the MRI to the visual spectrometerss much more of a
problemfor the ULVS than the DLVS. Neverthelessa correctionis calculatedfrom
Column49 (seealso Section3.3), usingcoe cientsdeterminedbeforelaunchat LPL.
Figure3.7 shavsthatcrosstalkhardlya ectspre-landingspectraput thatit becomesig-
ni cant afterlandingdueto the stronglamp signalon the MRI (seeFig. 3.2). The fact
thatColumn49wasreadout atthesametime asthe DLVS enablesusto preciselypredict
the amountof crosstalk. However, correctingthe VLNS modeDLVS spectrarequired
specialtreatment.Only half of the Column49 andDLVS les weretransmittedo Earth,
but notin pairs. Thatmeanghatnot for every DLVS spectruma Column49 is available.
Especiallyaroundthetime of landing,whenthe amountof crosstaljumpsdramatically
we musttake careto interpolatecrosstalkasaccuratelyaspossible.
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Figure 3.6: The extra chage, or bias, presenton the DLVS spectraafter landing was
estimatedby tting a line to measurementat di erentexposuretimes. Top left: An
examplelinear t to the intensity for row 50 of summedcolumn9 (out of 10). The
interceptis equalto thebias. Topright : Thebiasderivedfor summedtolumn? from 825
835 (missiontime 8949-8991sec).Bottom left: The biasderivedfor summedcolumn9
from 825-835 Bottom right: The biasderivedfor column9, but now from 905911 (20
minuteslater). Eventhoughthe errorbarsarelarger, we seesigni cant changes.

3.4.6 Overexposure

Many of the DLVS spectraacquiredafterlandingsu er from overexposure.As it strug-
gled to dealwith the ood of re ected lamp light, the instrumentvaried the exposure
time. At thetime of landingDISR wasoperatingn the Very Low NearSurfacemode,in
which the DLVS returnedspectrain the 2-columnmode. For a little lessthana minute
afterlandingit continuedto do this, after which it switchedto the 10-columnmodefor
theremaining69 minutesof the mission.Both modesinvolve on-boardsummingof two
consecutre columns. This sumreaches certainmaximumvaluein caseof overexpo-
sure.Butif in reality only oneof thetwo columnwasoverexposedwe cannotdetermine
which one,aswe have only their sum. This is why we cannotjudgefrom the raw data
numbersalonewhetheracertainintensityvalueis reliableor not. We can nd outthough,
by comparingcorrectly exposedand certain overexposedl10-columnmode spectra,as
showvn in Fig. 3.8. Overexposureoccursin the centralregion of the spectrunin theform
of adepressionSigni cantly, the gure shavsthatoutsidethisregion,in both anks, the
spectrums fully reliable. Eventhoughthesamecannotbedemonstrateébr overexposed
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Figure3.7: How crosstalka ectsthe DLVS. The correctedspectrum(dravn blackline)
is obtainedby subtractingthe crosstalk(red line) from the raw spectrum(dottedline).
Left: For atypical pre-landingspectrum(SM1 spectrum540, column 19) crosstalkis
minor, a ectingonly the strongestmethanebands. (Note: logarithmic scale.) Right:
For atypical post-landingspectrum(10-columnmodespectrunB21, summedcolumn9)
crosstalkis signi cant, especiallyat the top end of the spectrum(low wavelengthend),
dueto the stronglamp ssignalon the MRI. Notethatwavelengthrunsoppositeto the row
number
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Figure3.8: The rst seven10-columnmodespectraacquiredafterlandingwererecorded
atdi erentexposurdimes,leadingto theoverexposureof some.Theregions anking the
overexposedcoresagreewell with correctlyexposedspectra.All spectravererecorded
within oneminute (labelsdenotesequentiahumber).

2-columnspectradueto alack of data,l neverthelesassumet holdstrue.

3.4.7 Noise

Sourcesof noisearereadnoise,quantizationnoise,and shotnoise. Readnoiseis the
noise addedto the signal on read-outof the CCD. Shot noiseis the resultof random
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Figure3.9: Two examplesof how sensitve the DLVS calibrationis to noise. The black
lineisthecalibratedspectrumtheredlinesdelimitthel con denceintervals. Left: Pre-
landing SM2 spectrum718 footprint 0. Right: Postlanding10-columnmodespectrum
821, footprint 6.

uctuationsin thedetectechumberof photons.lt is signi cant only becaus¢heintensity

of light nearthe Titan surfaceis solow. Quantizatiomoiseresultsfrom the analogueo
digital conversionof the signal,andis basicallya roundingerror. If we assumehatthe
noiseis normallydistributedaroundzero,thevarianceof the measuredignalof acertain
pixel onthe CCDis the sumof thevariance®f theindividual sourcesf noise:

2 — 2 2 2
pixel — read+ quant+ shot (3-2)

Thereadandquantizatiomoisehave beendeterminedrom pre-launchandin ight tests
to be reag = 0:57 DN and guane = 0:29 DN. The shBtnoiseis assumedo follow a
Poissordistribution,so ¢ot= N electronspr «noi= d=30DN, with d theDN value
of the pixel of interest.Figure3.9 shavs two examplesof how noiseis expectedo a ect
the DLVS calibration. The intensity at wavelengthsabove 900 nm appeardo be most
sensitve to noise.For example,noisetypically constitutesl.4%of the signalat 935nm.
Notethatthis analysisdoesnot considererrorsin theresponsiities.

3.5 Downward Looking Infrar ed Spectrometer

The DLIS is sensitve in the 850-1700nm wavelengthrange,but due to secondorder
e ectsthee ectivewavelengthrangeis 850-1600nm. Its eld of view is approximately
3 by9 (azimuth nadirangle),andiscenteren20 nadirangle.ltsslitisimagedby a
lineararrayof 150InGaAsphotodiodesof which eachelements connectedo onepixel
of alinear CCD array Contraryto the DLVS, the DLIS hasa shutter(the only moving
partin DISR). A springholdsthe shutteropenunlessanelectromagneis actvated.Dark
currentis eliminatedby subtractingshutteropenfrom shutterclosedexposuresandwhen
theresultis divided by theresponsiity andthe exposuretime (shutteropen)oneobtains
theintensity The rst andlast7 pixelsof the CCD arrayarecoveredby anopaqueresin
to determinethe dark currentin caseof shutterfailure, which leaves 136 pixels for the
spectralmeasurementsThe DLIS spectralresolutionwas determinedbeforelaunch: a
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3 DISR InstrumentCalibration

thin spectraline wasobseredasa Gaussiarpro le with aFWHM of circa20 nm, valid
overthewholewavelengthrange.

During the descentgxposuresveregenerallysummedon boardover multiple probe
rotationsto yield azimuthalaveragesHowever, all the obsenationsrelevantto this thesis
wereacquiredin special,unsummednodesthatyield a singlespectrumwith arelatvely
smallfootprint (seeChapterd). In someof thesg(e.g.thespectrophotometrimapmode)
the instrumentacquiredfour samplesn sequencetwo with shutteropenandtwo with
shutterclosed,alternatingbetweenshutterstates. The shutteropenand shutterclosed
samplesveresummedon boardandthe sumswerereturnedseparatelyAroundlanding
(in the VLNS mode)the instrumentacquiredsingle sampleswith eithershutteropenor
closed.

3.5.1 Responsvity

The rst andsecondorderresponsiity of the DLIS wasdeterminedeforelaunchby the
LPL teamat elevendi erentdetectortemperaturebetweenl98and306K (Fig. 3.10).
Generally responasiities at a certainmeasuredetectortemperatureare determinedoy
cubic spline interpolation. But sincethe temperaturen the last stagesof the descent
droppedto valuesaslow as189K, | resortto extrapolationto nd the responsiities at
thesetemperatures.The secondorderresponsédecomessigni cant relative to the rst
orderarounddetectormixel number120,i.e. ataround1.6 m. Thisis why, generally |
ignoremeasurementabove this wavelength.The rst orderresponseés shovn notto be
very sensitve to the detectortemperatureexceptfor the regionswherethe responsiity
dropssharply mostly at the red end. The uncertaintyin the responsiity determinations
Is unknown, but we cansafelyassumehatthe errorsare largestwherethe responsiity
is lowest. Thereforewe have to be carefulinterpretingresultsfor wavelengthsbeyond
whichtheresponsiity hasdippeddovnward. The gure shavsthatthisis roughlybelow
900nm andabove 1550nm.

3.5.2 Wavelengthcalibration

The wavelengthis a function of the DISR opticstemperaturePrior to launchthe wave-
lengthscalewascalibratedfor twelve temperatures the rangeof 187to 288K. During
ight, the opticstemperaturedroppedo valuesaslow as165K. In fact,all of the SM2,
MNS, VLNS, andunsummedsurfacespectra(249-254) wererecordedwith opticstem-
peraturedelov 169 K. The wavelengthscalefor thesespectramay be incorrect,even
thoughthe extrapolatedscalefor 165K is only maginally di erentfrom thatof 187 K
(lessthanl nm). Of thespectracelevantto this thesis,only the SM1 andsummedsurface
spectrg261-268) temperaturearewithin the calibratedrange.

3.5.3 Noise

The SIN level dueto randomnoiseis betterthan1000in the methanewindows for the
low detectotemperatureselevantto thisthesis.A sourceof systematiaincertaintyis the
shuttertheonly moving partin DISR. The uncertaintyin thetime of openingandclosing
introducesanuncertaintyin the measuredhtensityof typically lessthan1%.
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Figure3.10: The rst orderresponsiity of the 136 detectorpixels of the DLIS asde-
terminedat various detectortemperaturesincluding one secondorder response. The
wavelengthscaleatthetopis thatfor the standardemperaturef 200K. Division by the
responsiity corvertsDN to intensityin [W m 2 m ®sr].

3.6 Surface ScienceLamp

DISR carrieda SurfaceSciencd_amp(SSL)to illuminatethe surfacejust beforelanding.
The SSLis a20 W incandescerntampwith a gold-coatedparabolicre ector. It senesa
twofold purpose Firstandforemostit allows for a studyof atmospherienethaneabsorp-
tion by creatingunsaturate@bsorptioninesin DLVS/DLIS re ectancespectraacquired
just beforelanding. Secondthere ectanceof Titan's surfacecanbereconstructedrom

thesamespectraby dividing outthe spectrunof the SSL proper

3.6.1 Calibration experiment

To determinethe SSL spectruman experimentwas carriedout in which the the DISR
downwardlookinginstrumentobsenredatargetilluminatedby the SSL. Thelampbeam
is not collimated,andits ux is afunctionof distance By knowing there ectanceof the
tamget,theSSL ux atthedistanceof thetargetcanbecalculated CombiningEq.2.1and
Eq.2.6we nd for the ux

I

N =0) 9

FssL=

wherer2®( = 0) istheradiancecoe cientof thetargetat phaseanglezero,andl the
intensityobsenedby the spectrometer

The experimentaimedat determiningthe SSL spectrumwas performedat LPL on
16 August1996. The DISR#3 ight modelobsenedan95.3 147.3cm (width  height)
aluminumtarget with small (7.6 7.6 cm) dark Krylon squarespositionedat a distance
of 4.68 m from the cameraand perpendiculato the lamp beam. Measurementsvere

acquiredoy all threecamerastheDLVS, theDLIS, andtheDLV, with theSSLalternately
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3 DISR InstrumentCalibration

switchedon ando . Houseleepingdata (temperaturesgurrents)were recorded. The
SSL currentandvoltageduring the calibrationexperimentswere nominal,andidentical
to thoseduringthedescentFigure3.11(left) shavs how theinstrumentviewedits target.
Naturally, to retrieve the surfacere ectancein absoluteunitsoneneeddo scalethelamp
ux to the distanceto the surfaceat the time of obsenration. The catchhowever is that
Titan spectravhich shov lamplight wereacquiredat distanceso the surfacegreaterthan
4.68m. SincethespectrometerandtheSSLall havedi erentlinesof sightandlocations
onDISR,parallaxe ectsaresigni cantatcloserange.As canbeseerontheTitansurface
image(Fig. 4.7), moving the surfacecloserwill shift the DLVS andDLIS footprintsto

the left andright, respectiely. Moving the surfacefurther away than4.68 m will have

the oppositee ect, andthis may causethe SSL ux to bedi erentthanthatcalculated
from the calibrationexperiment.In Fig. 3.11(right) | simulatedthe eld of view of the

instrumentdor a distanceto the target of 25 m. The expectedshift of the footprintsis

seento berelatively small, but how exactly this translatedo a changen ux cannotbe

determinedecausave only have theimagewith thetargetat4.68m. Theproblemis that
althoughthe pointing anglesof the instrumenthave beenwell determinedthe direction
of the SSL beamis poorly known. However, from the surfaceimagewe canbe surethat
the re ectancespotfollows the DLIS footprint. So at larger distanceghe DLIS ux is

morereliablethanthe DLVS ux, andfortunately the closesibbsenationswerethoseof

the DLVS. How well the calibratedSSL ux su cescanbe gaugedrom how well the

re ectancedrom spectraecordecat thevariousaltitudesagree.

The aluminumtarget was coveredwith an unknowvn type of paint. The plate's re-
ectance propertieshadbeendeterminedoy the LPL team,andarerecordedn the SSL
calibrationdocument.Due to someinconsistencien the visual part of the re ectance
spectruml asked Co-I BernardSchmittof the Laboratoire de Planétolaie in Grenoble,
Franceto measurdhere ectanceof thetamgetwith the LPG goniometerwhich hewas
willing to do. Also ChuckSeeof theLPL respondegositively to my requesto sacri cea
pieceof thetargetandsendt to Grenoble Initially Chuckwantedio sendthewholetarget
to presereits integrity for history(did he ervision aHuygensmuseum?)but hechanged
his mind whenit becameclearthatit wastoo large for the goniometeito accommodate.
Themeasurementsereperformedn April 2006.

During the calibration experiments,the target was positionedperpendiculato the
lampbeamatadistanceof 4.68m. Sincebothspectrometegpupilsarelocatedwithin 6 cm
of the SSLon DISR, we aremostinterestedn anillumination incidenceangleof 0 and
re ection anglesof 0-1 . Unfortunatelyit wasnot possibleto putthe goniometeiin this
con guration. Thereforefully characterizéhecalibrationtargetmaterial(bothaluminum
and Krylon) was measuredn the following threegeometricalcon gurations. The rst
wasto illuminate the target at an incidenceangleof 0 , and measurehe re ectanceat
10 to 40 degrees(con guration1). The secondwasto settheincidenceangleto 20 ,
andmeasureghere ectanceattheoppositeside,at0 , 20, and 40 (con guration?2).
The20/ 20 measuremerdetermineshe degreeof speculare ection. Thethird setof
measurementshangedoththe incidenceandre ection angle,keepingthe phaseangle
constantat 20 (con guration 3). The resultsareshavn in Figs. 3.12and 3.13for the
aluminummaterialandKrylon squaresrespectiely. The goniometerappeardo su er
from noisein the wavelengthrangefrom 1000to 1400nm, andjumpsaround700 nm,
increasinglyso for larger re ection angles. Bernardexpressedhe opinion that these

48



3.6 SurfaceScienceLamp

Figure3.11: A MRI imagein polarprojectionfrom the SSL calibrationexperimentswith

theDLVS (red)andDLIS (green)kslitssuperposedAt left theactualsituation,andatright

theimagesandfootprintsprojectedasif thedistanceo thescreenwas25m, which gives
animpressiorof theparallaxe ectsinvolved(notethatwe donotknow theSSLparallax).
We seethe 95.3 147.3cm aluminumtargetwith its dark Krylon squaregpositionedin a
roomat LPL. The lampre ection spotis visible in the centerof the taget. The DLVS
wasoperatingin the 20-columnmode,which yields 16 completespectrafootprintsare
numbered to 15 from top to bottom). The brightnessand contrastof the imagehave
beenadjustedo bring out detailsin the scene.

changesrenotreal,andindeed scalingall measurement® matchrevealsthatthe shape
of the spectrums roughlythesamein all cases.

Sincethe target was orientedperpendiculato the lamp beam,we needto know the
re ectanceof the targetat incidenceandre ection anglezero. Unfortunately this mea-
surementvastechnicallyimpossible. But we have measurementwith incidenceangle
zeroat variousre ection anglesandonemeasurementith phaseanglezero. Whenwe
comparehesen Fig. 3.14(left) it seemghatthezerophaseanglemeasuremens agood
approximatiorfor the desiredone.However, it is very noisy, sol judgethe bestestimate
of thecalibrationtargetre ectancetobea t tothe20 /0 measuremerdcaledo thelevel
of the20/ 20 measuremeniTheproceduras illustratedin Fig. 3.14(right). As a nal
adjustmentye needto accountfor the Krylon squaresThealuminumis about3.4times
asre ective asthe Krylon, the squaref which take up 3.5% of the spaceon the plate.
TheKrylon re ectanceseemdo have the samefunctionaldependancen wavelengthas
thealuminum(Fig. 3.13,right), sowe cansimply scaledown there ectance.We arrive

49



3 DISRInstrumentCalibration

020 T T T T T
o 1 o
o°¢2o° N
O/ o
0.15F 0°/a0° —

reflectance
o
o
T

w

L A ]

0.05 ]
0.00L . . . . .

400 600 800 1000 1200 1400 1600
wavelength (nm)

020 [ T T T T T ]

PSS G

0.15F 1

reflectance
o
o
T

0.0sF

L —— 20°/0°
L 20°/-20°
L — 20°/-40°
0.00L . . . . .
400 600 800 1000 1200 1400 1600
wavelength (nm)
0.20[
+ ——— 0°/20°
— 1 0/3 o
— 20°/40°
0.15F ]
- A~

reflectance
o
o
T

o.0sf
0.00t . . . . .
400 600 800 1000 1200 1400 1600

wavelength (nm)

reflectance

reflectance

reflectance

020 [ T T T T T ]
015} / .
0.10 ]
L 0°/10° ]
005 —— 9%J° 0°/20°
——— 1.70 = 0°/30°
. 2.45 « 0°/40°
0.00L . \ . . .
400 600 800 1000 1200 1400 1600
wavelength (nm)
020 [ T T T T T
0.15F .
0.10f ~— =
0.05F 20° gm .
0.68 « 20°/-20°
0.88 * 20°/-40°
0.00L . \ . . .
400 600 800 1000 1200 1400 1600
wavelength (nm)
0.20[
0.15F
0.10F
0.05r 0°/20° ]
2.4+ 10°/30°
i 45 s 20°/40°
0.00L . . . . .
400 600 800 1000 1200 1400 1600

wavelength (nm)

Figure3.12: There ectance(radiancecoe cient)of the aluminumcalibrationtargetin
the DISR wavelengthrangeasmeasuredby the Grenoblegoniometer We have from top
to bottom the goniometercon gurations1, 2, and 3 describedn the text, with at left
re ectancesandatright scaledre ectances.The rst andsecondhumberin the legend
aretheincidenceandre ection angle respectiely.
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Figure3.13: Theradiancecoe cientof the Krylon squareson the calibrationtarget as
measuredby the GrenoblegoniometerThe rst andseconchumberin thelegendarethe
incidenceandre ection anglerespectiely. Left: IncidenceangleO . Right: Incidence
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Figure3.14: Left: Theradiancecoe cientof thealuminumtargetat 600 nm, measured
atincidenceangle0 . There ection anglewasvaried, exceptfor the datapointat O ,
which hasbothincidenceandre ection angles20 to measurespeculare ection. Right:
To determinethe calibrationtargetradiancecoe cientl rst t aparabolao the 20 /0
data(whichis leastnoisy)in thewavelengthintervals 520-1020and1400-1600hm, then
scalethis t to matchthe 20/ 20 data, and againscalethis curve down slightly to

accommodatéor theKrylon squares.

atthefollowing expressiorfor theaverageradiancecoe cientof the calibrationtarget:
r&® = 0:148+4:87 10° 106 10° 2 (3.4)

with thewavelengthin nm. Thisis there ectancel useto determinghe SSLspectrum.

3.6.2 DLVS SSL spectrum

For the calibrationexperimentthe DLVS was setto the 20-columnmode,which o ers
the highestspatialresolution.During the actualdescenthis modewasusedonly for the
two spectrophotometriaps. Spectrashaving lamp light were acquiredeitherin the
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2-columnmode(aroundthe time of landing), or the 10-columnmode (after one minute
on the surface). It is thereforeimportantto characterizénow the instrumentbehaesin
thedi erentmodeswhenobservingthere ected lampsignal. | simulatethe 2- and 10-
columnmodesby summingcolumnsof the 20-columnmodespectra.Whenthe spectra
areprocessedh regularfashionthe appearancef the SSL spectrundependstronglyon
the mode;Figure 3.15shaws thatit is retrieved well in the 20-columnmode,but that it
shows odd dips andkinks at the red endin the 2- and 10-columnmodes. This behaior
canbeunderstoodn the following way. Thelampre ection spothasa nite sizeonthe
CCD, andcreatessteepgradientson its edgesalongthe spatialdimensionof the DLVS
(Fig. 3.16). Whenthegeometriacorrections applied(see83.4.2)thedetailedshapeof the
lampspotcanbeaccuratelyreconstructefrom 20 datapoints,but errorsresultwhenonly
10 datapointsareavailable,eventhoughcubicsplineinterpolationis used.Thesituation
is muchworsein the 2-columnmode;it is impossibleto reconstructhe peakof intensity
by inter- andextrapolationfrom only two datapoints(Fig. 3.17). Whenreconstructing
the surfacere ectancefrom the 2-columnmode spectraacquiredaroundlanding, it is
imperatve to divide out the lamp spectrumbefore applying the geometriccorrection.
Save realsurfacebrightnesgyradientstheresultant2 200 pixel arraywill be mostly at
in intensity minimizing extrapolationerrors.Soto procesghe 2-columnspectrave need
two lamp spectrapnefor eachof the summedcolumns.We mustcalculatethesein units
of obsenedintensity(insteadof DN) sincethe calibrationwasdoneatroomtemperature
andthe responasiities aretemperaturelependent Figure 3.15 (bottomright) shaws the
two adoptedSSL spectracorrectedor there ectanceof the calibrationtarget(Eqg. 3.4).

3.6.3 DLIS SSL spectrum

Deriving the SSL spectrunfor the DLIS rangeis morestraightforvard comparedo the
DLVS, becausehe DLIS featuresonly a singlefootprint. During the calibrationexperi-
mentthere ectanceof the targetwasmeasuredwice with the DLIS window uncovered
(Fig. 3.18, left). The experimentwas carriedout in the LPL lab at room temperature,
with the detectorand opticstemperaturédeingin the rangeof 304-306K and294-297
K, respectiely. Eventhoughthe air in Tucsonis generallyvery dry, atmospheriavater
is clearly detectedand its absorptionlines canbe modeledwell. After converting the
obseredintensityinto the ux at4.68m, | remove theabsorptiorines,saturategixels,
andthesecondrderresponsdérom the SSLspectruntby tting acubicspline(Fig. 3.18,
right).

Merely switchingonthe SSLimposesanextrachageontheDLIS (Fig. 3.19).1 used
alinear t totheobseredextraintensityinWm 2 m tsr?),

lera = 0:0014 6:4 10° pixel: (3.5)

to correctthe Titan obsenations.Herel assumehee ectis nottemperatureependent.

3.6.4 Full SSL spectrum

Combiningthe DLVS andDLIS obsenationswe arrive at the completeSSL spectrunin
Fig. 3.20. The DLVS peaksata higherintensitythanthe DLIS becausarelatively larger
fraction of its footprintis coveredby the brightestpart of the lamp spot(seeFig. 3.11).
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Figure 3.15: The Surface ScienceLamp spectrumas obsened by the DLVS. Top left:
The calibratedspectraof all 16 footprints of the DLVS in the 20-columnmode, with
somefootprintnumbersndicated(seeFig. 3.11). Pixel 11 0 ersthe bestreconstruction
of the true SSL spectrum.Top right: Thelamp spectrumasit appeargo the DLVS in
the (simulated)10-columnmode. Bottom left: The lamp spectrumasit appeargo the
DLVS in the (simulated)2-columnmode. Bottom right: The adoptedlamp spectrum
(red), with the labelsreferringto which of the original 20 columnswere summed.The
obseredintensitieshave beencorvertedto the ux at4.68m from thelamp. Note that
wavelengthdecreasewith increasingow number

If we scalethe DLVS spectrumto matchthe DLIS spectrum both shouldagreein the
wavelengthrangewherethey overlap. Clearly they do not; the DLVS spectrumdrops
more rapidly beyond 850 nm thanthe DLIS. The fault probablylies with the DLVS.
Eithertheresponastity, which dropssteeplybeyond830nm,is incorrect,or thegeometric
correction. Thereconstructedamp spectrums especiallysensitve to the latter because
of theaforementionedteepbrightnesgradienton the CCD. It is thereforebestto divide
the lamp spectrumout of obsenred spectrabeforethe geometriccorrection,i.e. before
reducingthe two summedcolumnsto a singlespectrum.The SSL ux adoptedor each
of thetwo columnsis shavn in Fig. 3.15(bottomright).

3.6.5 Proximity correction

The SSL calibrationexperimentwasdonewith the target positionedat 4.68 m from the
DISR sensorhead. The calibratedSSL spectrumcan be usedto derive the surfacere-
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Figure3.16: The SurfaceScience_Lampsignalasit appearednthe20 200pixel DLVS
sectionof the CCD during the SSL calibrationexperiment(correctedfor dark signal).
Top: The DLVS in the 20-columnmode. Bottom: The DLVS in simulated10-column
mode (with the sum of consecutre columnsdivided by two). Left andright are dif-

ferentviews of the samesurface. Rows and columnsrepresenthe spatialand spectral
dimensionyespectiely.

ectancefrom spectraecordedeforelanding,whenthesurfacewassu ciently distant.
After Huygenshadlandedhowever, DISR found itself approximatelyhalf a meterfrom

the surface,a distanceat which parallaxe ectsaresigni cant. To the DLVS the lamp
spectrumlooked completelydi erent;the brightnesdistribution acrossthe columnsof

the CCD hadchangedasthelampre ection spotwasobseredatadi erentangle(com-

pareFig. 3.11with Fig. 4.7). The situationwasaggraatedby the onboardsummingof

columns;if afterlandingthe DLVS hadbeenswitchedto spectrophotometrimapmode
(which returnsall 20 columns),it would have beenpossibleto usethe lamp spectrum
in Fig. 3.20to reconstructhe surfacere ectancefrom the high S/N post-landingspec-
tra. Thesituationis di erentfor the DLIS. Sincethe DLIS is alineararrayof detectors,
lookingatadi erentpartof thelampre ection spotwill not changethe brightnesdis-
tribution on the detectorspunlessthe lamp spectrumis variablewithin the beam. As the

ight modelis currently unavailable, a sparecamerawas keptin working condition at

LPL for testingpurposesl hopedthatexperimentswith the DISR#2sparecould provide
cluesto how the DISR#3 downward looking instrumentsespondedo the bright lamp
spotatcloserange.

Aided by ChuckSeel performedseveralexperimentsvith the DISR#2modelat LPL
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Figure3.17: The intensity peakon the DLVS sectionof the CCD imposedby the SSL
cannotbe accuratelyreconstructedrom only two columns. The gure shows the data
in thetwenty columnsof the DLVS in atransecthroughrow 50, with aspline t drawvn
in black. Shawvn in blue aresimulatedvalues(divided by two) thatwould be returnedin
the 10-columnmode. In the 2-columnmodeonly two of thesewould be returned(red
squares)in which casethe geometriccorrectioninterpolateghe chage (red cross)to be
muchlower thantherealvalue(greencross).
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Figure 3.18: The SurfaceScienceLamp spectrumasobsened by the DLIS. Left: Cali-
bratedintensitiesfrom two separatdLIS exposures.Visible arewaterabsorptionlines
(mostclearly around1.4 m), saturatedoixels, andthe secondorder responseéeyond
1600nm. Right: TheadoptedSSLspectrun{red)wasobtainedoy tting asplinethrough
theaverageof thetwo spectraatleft (black). Thegreenline is thespline t includingwa-
terabsorptior(coe cientsfromthe GEISA database;ourtesyfEmmanuelellouch). The
obseredintensitieshave beencorvertedto the ux at4.68m from thelamp.
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Figure3.19: The extraintensityobsenedby eachof the 136 DLIS detectorgpixels)due
to the SSL beingswitchedon. This wasdeterminedaspartof the calibrationexperiment
by covering the DLIS window and switchingthe SSL alternatelyon ando . In reda
linearbestt tothedata,whichwasusedto correctthe Titan spectra.
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Figure3.20: Thefull spectrunof the SSLasobsenedby the DLVS andthe DLIS during
the calibrationexperiment.ThedashedLVS spectrumnis thatof footprint 11 (Fig. 3.15,
topleft). TheDLIS spectrums aspline t (Fig. 3.18,right). Thedravn DLVS spectrum
hasbeenscaledo matchthe DLIS spectrumat850nm.
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3.6 SurfaceScienceLamp

in Decembe2005. On 9 Decembeia cardboardarget sprayedwith white Krylon paint
wasplacedperpendiculato thelampbeamat4.46m, andmeasurementsereperformed
with all downward looking instrumentswith the SSL switchedalternatelyon ando .
After the targetwasmovedin a positionparallelto the cameraat 51 cm (asmeasured
from the SLI tip), the samesetof measurementwasrepeatedTheratio of the intensity
obseredby the DLIS at far andclosedistanceto thetametis shavn in Fig. 3.21(left).
Like in the calibrationexperiment(Fig. 3.18), the result shavs absorptionlines from
watervaporpresenin the 4 m optical path. Assumingthelamp ux scalesfrom 4.68to
4.46m accordingo 1/d?, we nd thatatcloserangethe SSLis percevedto be3.04times
wealeraswould beexpectedrom the calibrationexperiment(again,scalingaccordingo
1/d?); aclearconsequencef parallax.In addition,the ratio appeargo oscillateat lower
wavelengths Theresponasiity is low here,sodividing probablyampli ed fringes,which
areknown to plaguethe ight model. The ratio shavs a signi cant changearoundl1.5

m. Theresponsiity is nominalhere andthereasorwhy theintensitymeasuredavith the
targetat closerangeis relatively low is notclear A spline t wasusedto correctthe SSL
spectrunfor processinghe post-landingdLIS spectra.

On 19 Decembetthe procedurewas repeatedat distancesf 4.48 m and 50 cm to
acquirethe DLVS ratiosin Fig. 3.21(right). The DLVS wasin the 20-columnmode,and
to simulatethe 2- and10-columnmodesl summedconsecutie columns.| thendivided
thesummecdcolumnsof thefar exposureby thoseof thenearexposure Only thesummed
columns4+5 and6+7 (the 2-columnmodecolumns)wereof use,asthe othersweretoo
noisy. Apart from the noisy edges(wherethe responsiity is low), the ratio curvesare
quite smooth,exceptfor somefeaturesof unknown origin aroundrow 130. To getrid
of the noisel constructedpline ts to the data,andusedtheseto corvert the calibrated
pre-landingSSL spectruminto a hypotheticalpost-landingspectrumfor processinghe
2-columnmodespectraNotethatthe correctionfactorswereappliedto thetwo summed
columnsbeforeperformingthe geometriccorrection.
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Figure3.21: The SSL of the DISR#3 ight modelwasnever calibratedwith a tarmgetat

closerange. We performedan experimentwith the DISR#2 sparewith tamgetsat both

far (4.5m) andclose(50 cm) range,andcalculatedhe closéfar ratio of the SSL spectra
asmeasuredy the DLIS (left) andDLVS (right; 2-columnmode). Drawn throughthe

dataarecubic spline ts. The DLIS spectrumshovs waterabsorptionines, outsideof

whichthesplinepoints(blue)werechosenthegreenline is thespline t includingwater
absorptioncourtesyEmmanuelellouch).
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DuringthedescenDISR switchedbetweerdi erentmodesof operationto maximizethe
sciencereturn. The maintrigger for this wasthe probealtitude. The modedetermined
which sub-instrumentaereactive,thewayin whichthey acquireddata,andtheformatin
which datawasreturned.Closeto the surfacethe cameranterchangeanodesrapidly to
make optimumuseof thelimited bandwidthavailablefor datatransferto Cassini.As the
focusof thisthesisis thesurfacewe areprimarily interestedn themodesactive latein the
descentln the next sectionl provide anoverviewn of thesemodes concentratingn their
e ectontheoperationof the downwardlooking instruments Especiallythe operationof
theDLVS andtheDLIS wasalteredsubstantiallyalteringthenumberandspatialextentof
theirfootprints.In Sec.4.21 determinghesurfacecoverageof thespectrometefootprints
in variousnearsurfacemodes,andprojectthemon DISR mosaicsof the surface. In the
following chapterd will frequentlyreferto the mapspresentedn this section.

4.1 Operational modes

Measurementby the variousDISR sub-instrumentsvere organizedin cycles. Huygens
datastream524b containsl165 cycles, eachlabeledwith a sequentiahumber A single
cycle generallycontainsmeasurementsy multiple instrumentsThe cycle numbersand
other details, of all measurementeelevant to this thesisare talulatedin Appendix A.
DISR operationamodesconsistof multiple cycles,with theexceptionof the spectropho-
tometricmaps.Modesearlyin the missionwereoptimizedfor observingheatmosphere.
In thesecondhalf of thedescenDISR enteredrarious‘nearsurface”modespettersuited
for observingthe surface. Thenjust beforelandingit switchedmodesrapidly to ensure
that a diversesetof measurementsould be recordedof the landing site itself. In all
modestheimagersandtheviolet photometer®peratedn the sameway, with the excep-
tion of the HRI returningonly half imagegust beforelanding. The spectrometerdjow-
ever, operatedn distinctly di erentwaysdependingonthe DISR mode.Two modesthat
a ectedtheir operatiormoststronglyarethe spectrophotometrimapmode,the Medium
Low NearSurface(MNS) mode(DLIS only), andthe Very Low Near Surface(VLNS)
mode.In the next paragraph provide a detailedoverviewn of the DISR modesin chrono-
logical ordet but rst | explainthedi erentoperationamodesavailableto thedownward
looking spectrometersThe DLVS sharedhe CCD with the DISR imagersoccupying an
areaof 20 columnsby 200 rows. Generally adjacentcolumnsof the DLVS sectionon
the CCD weresummedandtheresultingl0 columnswerereturned. referto thisDLVS
modeof operationasthe 10-columnmode Dueto thefactthattheslit projectiononthe
CCD waswarped(see83.4.2),thesel0 columnsyield 8 completespectra.Around the
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time of landingonly 2 out of 10 summedcolumns(4+5 and6+7) werereturned,from

which a single spectrumis retrieved. | referto this modeof operationasthe 2-column

mode Thefull setof 20 columns,whichyields 16 individual spectrawasonly returned
in the spectrophotometrimapmode. The DLIS hadits own lineararrayof sensorslts

regular modeof operationwasto sumobsenationsacquiredat (perceved) identicalaz-

imuthintervalsover multiple proberotations.Thefailure of the Sunsensomeanthatthe

instrumentactuallysummedcontritutionsacquiredat di erentazimuthanglesyielding

azimuthalaveragedor mostof the descentHowever, in threespecialmodesit operated
distinctly di erent. In the spectrophotometrimapandMNS modesthe DLIS summed
only two exposuresacquiredover a very shorttime. The operationincludedacquisition
of two darkexposuregwith shutterclosed).In the VLNS modeit just acquiredasingle,

brief exposurewithout summingatall. Dark exposuresvereacquiredseparately

In the rst half of the descenDISR alternatedbetweentheimagingmode,in which
all instrumentsacquiredmeasurementgnd the non-imagingmode,in which the three
imagerswerenot active, interspersedvith calibrationcycles. In the latter stagesof the
descenthe cameraventinto a seriesof specialmodesdependingn the probealtitude.
Thesemodesarelistedin Table4.1 andtheir sequenceés depictedin Fig. 4.1. The rst
wastheHigh NearSurface(HNS) mode activatedat23.3km altitude,whichlastedfor al-
most50 minutes.Imagingin this modewasstrictly panoramicj.e.imageswereacquired
in groupsfor the durationof around100 secondswith 200 secondsn between.A 10-
columnmodeDLVS spectrumwasalwaysrecordedwithin a secondof animagetriplet.
DLIS exposuresveresummedover mary rotationson board,resultingin azimuthalav-
erages.The HNS modeis of limited relevanceto thework describedn this thesis.More
importantarethe two special singlecycle modescalledspectrophotometric map 1 and
2 (SM1 andSM2). In the spectrophotometrimap modeonly the DLVS andDLIS ac-
quiredspectraasfastaspossible. They weremeantto coverthefull rangeof azimuthsn
onerotation,to build acompletepictureof thesurfacebelown. Dueto thefailureof theSun
sensothe spacecraftlid not know whereit waspointingatary time, but fortunately full
azimuthalcoveragewasalmostachieved for both maps.Only in the spectrophotometric
mapmodethe DLVS achievedfull spatialresolutionby transmittingall 20 columns.The
operationtime of the DLIS wasvery short,only half a secondjn which it acquiredtwo
samplesvhich weresummedon board. The SM1 cycle interruptedthe HNS modeat an
earlystage.The SM2 cycle wassandwichedn betweerthe HNS andthe Medium Near
Surface (MNS) mode. Apart from images the MNS modereturnedregular, 10-column
modeDLVS spectraTheDLIS obtainedspectrasimilar to thosein the spectrophotomet-
ric maps,only with largersamplingtime, e ectively integratingover anazimuthrangeof
about50 . The SurfaceScienceLamp (SSL)was switchedon at the end of this mode,
at missiontime 8734s, andwasleft on for theremaindeiof the mission. The Low Near
Surface (LNS) modewas very brief (13 seconds)and had DISR only returnfour half
HRI images,the lastimagesof the descent.The subsequenVery Low Near Surface
(VLNS) modewasinitiated 210 m above the surfaceandremainedactive pastlanding. It
wasa strictly non-imagingmode,in which only thevisualandinfraredspectrometerand
theviolet photometersveregatheringdata. The DLVS returned2-columnmodespectra,
while the DLIS recordedsingle,brief exposuresgitherwith shutteropenor closed.After
landingat missiontime 8869.77s (Zarneckiet al. 2005),the DLVS quickly reducedts
exposuretime to dealwith the ood of re ectedlamplight. It obtainedcorrectlyexposed
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Figure4.1l: Thealtitudepro le of the Huygensprobeasdeterminedyy the HASI exper
iment (Fulchignoniet al. 2005),with the low altitude operationaimodesindicated. The
insetzoomsin onthetime of landing.

spectrathroughoutthis phaseapartfrom two partly overexposedspectradirectly after
landing.All the post-landingdLIS spectran thismode however, areoverexposed After
46 secondsfter landing DISR ran throughvariousbrief surfacemodes(A/B/C), at the
endof whichimagingwasresumedThe DLVS returnedo the 10-columnmode,initially
varyingits exposuretime, leadingto a seriesof overexposedspectra.TheDLIS returned
to the summingmode,addingvery brief exposureson boardfor a durationof 2 seconds.
As a safgguard(the probes software might have beenwrong abouthaving landed!) the
HNS modewasactivatedagainafter2 minutesand20 second®nthesurface.TheDLVS
continuedo operatdn the 10-columnmode,while the DLIS summedhousand®f sam-
plesin operationdastingover 70 secondsBoth spectrometeragaininitially variedtheir
exposure(sampling)times, leadingto a seriesof overexposespectra. Sadly no more
spectrophotometrimapswereacquiredwhich would have givenusthe completesetof
20 (unsummedgolumnsfor the DLVS.

In the next chapterl reconstructthe surfacere ectancespectrumfrom DLVS and
DLIS spectrarecordedin the VLNS and Surface B modes. Then Chapter6 investi-
gateshow the intensity coming from the surfacedependson the solar phaseangle,us-
ing DLVS andDLIS spectrarom bothspectrophotometrimaps,the MNS mode(DLIS
only),andthe VLNS mode.Chapter7 concludeghisthesisby lookinginto therapidtem-
poralchange®bsenedaroundandingby variousdownwardlookinginstrumentgVLNS
mode),andtheir long termbehaior on the surface(SurfaceB andsecondHNS mode).

4.2 Context

The Huygensattitudeandtrajectoryreconstructiorof Karkoschkaet al. (2007),shavn
in Fig. 4.2, wasusedto projectthe DLVS andDLIS footprintson DISR imagesof the
surface. The probedrifted from westto eastwith ever decreasingelocity, to eventually
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Table4.1: DISR modesof operationin the latter stagesof the descent(cycles 50-165
from datastreamb24b).Notethatthe rst HNS modewasinterruptecby the SM1 mode.
Cycle62wasa ‘dark' cycle. Landingoccurredexactly in the middle of the VLNS phase
atmissiontime 8869.77s. Seetext for details.

mode cycle missiontime(s)  duration altitude(km)
HNS 50-60 4856-7845 49m49s  23.3-4.9
SM1 52 5534-5571 37s 18.3-18.0
SM2 61 8046-8086 40s 3.9-3.7
MNS 63-86 8222-8783 9m2ls  3.0-0.39
LNS 87-90 8810-8823 13s 0.27-0.21
VLNS 91-140 8824-8916 1m32s 0.21-0
SurfaceA-C  141-151  8917-9009 1m32s 0
HNS 152-165 9010-13006 1h6m36s 0

landin alake bedapproximatel\8.5km southof thecoastlinevisible in the DISR mosaic
(Fig. 1.10). Figures4.3 to 4.6 shav the location of footprints of spectraacquiredin

selectedspecialmodesduringthe latter stagef the descent All mapsarein gnomonic
projectionand have the probelanding site exactly in the center SM1 was acquiredat
18 km altitudeandcoversboththe lake bedandthe landriver areanorth of the landing
site(Fig. 4.3). Remembethatthespectrophotometrimapmodeo ersthehighestspatial
resolutionfor theDLVS: 16 spectrgerexposureversusd for theregularmode.TheDLIS

acquiredorief, singleexposureswith relatively smallfootprints. At thetime of recording
of the SM2 the probe had descendedo 4 km altitude, henceit coverslake areaonly
(Fig. 4.4). In Fig. 4.5we zoomin onasmall (1.4 1.4km) areaenclosedyy the SM2.

Herewe nd the MNS andVLNS spectragpiralinginwardtowardsthelandingsite. The
VLNS modeo eredthelowestspatialresolutionfor theDLVS, only asinglespectrunper
exposure.Hencethe VLNS footprintscaneasilybeidenti ed; they arethe smallgroup
of 11 single-footprintDLVS (red) and 7 DLIS (green)spectrain the centerof Fig. 4.5,
all acquiredwithin a singleproberotation. This areais enlagedin Fig. 4.6, which shavs
the immediatesurroundingsof the landing site. Unfortunately mostof this areawas
imagedat very poor resolution;the lastimageto shav the landingsite itself (HRI 384)

wasrecordedat an altitude of 20 km. Consequentlynoneof the terraincoveredby the
VLNS footprints hasbeenimagedat a resolutionof betterthan circa 100 m per pixel.

Most likely the probelandedin the featurelesgray terrainthatdominateghe area,but
we cannotexcludethatit landedon an extensionof the relatively bright ridge thatruns
diagonallythroughFig. 4.5from centerright to bottomleft.

Remarkablythefootprintsof thelastfew pre-landingspectramayhave beencaptured
by theimagestransmittedrom the surface.Figure4.7, albeitnot necessarilcompletely
accuratdn its positioningof the footprints, shavs the view from the surface. The foot-
printsof thelasttwo DLVS andlastDLIS spectraarelocatedonly afew metersfrom the
probe. It is thereforereasonabléo assumehattheseobsenationsarerepresentatie for
theterrainvisible in the surfaceimages.Therocksvisible in the SLI imageappeato be
smallboulders.Thisis becausehe probes perspectieis thatof a cravling toddler with
DISR positionedalittle bit lessthanhalf ameterabove thesurface.In reality therounded
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Figure 4.2: The trajectory of the Huygensprobe accordingto the reconstructionof
Karkoschkaet al. (2007). The trajectoryis givenin Titan coordinateglatitudevs. east
longitude) with azoomonthelastpart(inset).Indicatedin redaremissiontimesin steps
of 1000s.

rock in the centeris a decimetersizedcobble. To createa more naturalimpressionof
whatthelandingsitelookslike, | reprojecttheimagesto matcha humans perspectiein
Fig. 4.7 ontheright. Notethatthis vertically stretchesocksin theforegroundthatdo not
lie at onthesurface,but alsomakesthe DLVS footprintsappeaicloserto the probe.
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Figure4.3: Theareacoveredby the rst spectrophotometrimapin Gnomonicprojection
(45 45 km). The SM1 DLVS andDLIS footprints are overlayedin red and green,
respectrely. The SM2 DLIS footprintsareshown in the centerfor reference Northis at
thetop, eastat the right. Huygendandedexactly at the center(backgroundnosaicfrom
Karkoschkaetal. 2007.)

64



4.2 Contt

Figure4.4: The areacoveredby the secondspectrophotometrimapin Gnomonicpro-
jection (10 10 km). The SM2 DLVS andDLIS footprints are overlayedin red and
green,respectiely. The MNS modeDLIS footprints(in reality wider thanshown here)
areshavn in the centerfor reference(BackgroundKarkoschkaetal. 2007.)
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Figure4.5: Theareaof thelandingsitein Gnomonicprojection(1:4 1:4 km). TheMNS
andpre-landingLNS modeDLVS (red)andDLIS (green)footprintsareoverlayed.The
MNS DLVS spectraare 10-columnmodespectrathe DLIS MNS footprintsarewider in
reality thanshavn here. The VLNS footprintsare locatedin the center(seeFig. 4.6).
All availablehigh-resmageqHRI 651-721, MRI 664-700) areshavn. Terrainfor which
only low-resimagesareavailableis left gray Thelasttwo full HRI imagesandthe four
half onesin thecenter(HRI 711-721) shawv internally scatteredamplight atthe bottom.
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Figure4.6: A closeup of the areaof the landing site in Gnomonicprojection (220
220m). All pre-landing/LNS modeDLVS andDLIS footprintsareoverlayedn redand
green,respectrely. All available high resolution(low altitude)images(HRI 651-721)
areshovn. The lasttwo full HRI imagesandthe four half ones(HRI 711-721) shov
internally scatteredamplight atthe bottom.
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Figure4.7: The view from Huygensafter landingin Mercatorprojection(7 -100 nadir
angle)from the probes (MRI altitude46 cm, left) anda humans (altitude 1.7 m, right)

perspectie. Thelasttwo DLVS andlast DLIS pre-landingfootprints are overlayedin

redandgreen respectiely. The post-landingvVLNS footprintsarevisible at the bottom.
Images: HRI 1211, MRI 102Q SLI 742 The intensityin the SLI imagewas scaled
di erentlyfrom the MRI andHRI for displaypurposesThelampre ection spotis more
or lesselliptical in shape;the lamp light at the bottom of the HRI imageis internally
scatteredight (compareFig. 3.2).
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Attemptsto investigateTitan's surfaceare generallyhamperedy its thick atmosphere.
Aerosolsgeneratedy the photodissociatiof methanen the stratosphergirtually ob-
scurethe surfaceat ultraviolet and visible wavelengths,while methanepredominantly
absorbdight in the nearinfrared,exceptin certainnarrov wavelengthintervals. Ground
based Coustenistal. 1995,Gri th etal. 2003,Lellouchetal. 2004)andCassini(Mc-
Cordetal. 2006)spectroscopiobsenationsof the surfacein thesemethanevindows are
usuallyinterpretedn termsof waterice anda seconddark material. An importantcan-
didatefor thelatteraretholins,the solid end-producbf the photodissociatiolf methane
(SagarandKhare1979,Cruikshanketal. 1991 ,Bernardetal. 2006).In supportCassinis
radar(Elachi et al. 2005) and Huygens'GCMS (Niemannet al. 2005) have found evi-
dencefor the presenceof organic materialon the surface. But so far, tholins have not
unequvocally beendetected And sincethe nearlIR methanenindows roughly coincide
with the waterabsorptionline cores,the lines themselescannotbe resohed andtheir
existencehasthusfar beeninferred. This is whereDISR's Downward Looking Visual
(DLVS) andInfrared(DLIS) SpectrometerenterthediscussionBy actively illuminating
the surfacewith its SurfaceScienceLamp (SSL) DISR could recorda completesurface
re ectancespectrum,albeitin a limited wavelengthrange. Complementaryto ground
basedandCassiniobsenations,the DISR re ectancespectrummay betterconstrainthe
surfacecompositionat the Huygenslandingsite, which will certainlyleadto furtherun-
derstandingf theatmospherienethanecycle (Tobieetal. 2006,Atreya etal. 2006).
Tomaslo et al. (2005) madethe rst attemptto reconstructhe surfacere ectance
spectrunfrom DISR measurementd.hey scaledhelastDLIS spectrunacquiredbefore
landing, which shaws a contritution of re ected lamp light, to the ratio of the up- and
downward ux determinedrom spectrauncontaminatedby the lamp. They wenton to
modelthe methaneabsorptionn there ectancespectrumusingthe Stronget al. (1993)
coe cientsto estimatehe atmospherienethanemixing ratio closeto the surface. Their
treatmenbf theDLVS partof re ectancespectrunwaspreliminary andledto signi cant
artifacts. Their analysideavesenoughquestionpento merit furtherinvestigation.For
example,whatdowe nd for the absolutere ectanceif we take the lamp ux from the
original calibrationexperiments?What is the shapeof the visual re ectancespectrum
asderivedfrom the DLVS?Whatis the sensitvity of there ectancereconstructioro the
choiceof backgroundgpectrumMow do newly availablemethaneabsorptiorcoe cients
andtherevisedaltitudescaleof Huygens'descent ectthe analysis?And nally , what
is the signi cance of the inconsisteng betweenthe re ectancederived from pre- and
post-landingspectrahatis seenaroundl.5 min Fig. 15ain Tomaslk etal. (2005)?
Thischapteraddresseall thesequestionsFirstl presentny methodsn detailin Sec-
tion 5.1. Then,in Section5.21 explain how the DLVS spectraneedto be processedvith
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specialcare,andwhy the re ectancecannotbe reliably reconstructedrom post-landing
spectra.In Section5.3 | re-analyzethe DLIS spectra,ncluding the second-before-last
pre-landingspectrumwhich had not beenanalyzedpreviously, to arrive at an absolute
re ectancescalewhichis verydi erentfrom thatof Tomaslo etal.. In thelasttwo Sec-
tions5.4and5.51 reconcilethe DLVS andDLIS re ectancesandinterpretthe resultin
termsof materialghoughtto be presenbn the surface(e.g.tholins,waterice).

5.1 Method

During the last 200 m of the descenDISR wasin the Very Low Near Surface(VLNS)
mode,in whichit acquiredDLV exposuresDLVS andDLIS spectrabut noimages(see
84.1). The SSL had alreadybeenswitchedon in the precedingMedium Near Surface
(MNS) mode, but evidenceof lamp light can be found only in a handful of spectra
recordedust beforelanding. From thesewe canreconstructhe re ectanceof the sur
faceby subtractinga backgroundspectrumanddividing the resultby thelamp spectrum.
The backgroundspectrumis thatwhich would have beenobseredif the lamphadbeen
turnedo . Asiit is obviously not available,it needgo be constructed! approximatehe
true backgroundoy selectinga spectrunrecordedcloselyin time with, andat approxi-
matelythe samesolarphaseangleasthe spectrunof interest,andthenvary its intensity
(by multiplying with a constant)to accountfor possiblesurface brightnessvariations.
The criterionfor judging the quality of a backgroundspectrumis the smoothnessf the
nal re ectancespectrum.Thatis, the shapeanddepthof the methaneabsorptiorbands
which appeardueto the interveningatmosphereshouldconformto reasonabl@assump-
tions on methaneabsorption. | assesshis by modelingmethaneabsorptionusing the
Karkoschka(1998)coe cientsbelov 1050nm, andthe Irwin et al. (2006)coe cients
above (Fig.5.1).

The surfacere ectanceis reconstructedrom spectrawhich shav evidenceof lamp
light. For the DLVS thesearespectra785and786, acquiredat 16.1and8.2 m above the
surface,respectrely. The detailsof theseandall otherspectramentionedn this chap-
ter (sequentiahumbersare printedbold) canbe foundin AppendixA. As background
spectrd usetwo spectraacquiredshortly before(772and779), for reasongliscussedn
detailin the next section. The rst threespectraacquiredafter landingare partly over
exposed.| selectthe rst correctlyexposedpost-landingspectrum(791) andthreelater
spectrgincludingthelastonereturned)or additionalanalysis.Two DLIS spectravhich
show clearevidencefor lamplight are206and210, acquiredat 55and24.8m above the
surface,respectrely. As backgroundspectral usetwo spectraacquiredshortly before
(199and202). After landing,spectraacquiredprior to 249 areall severely overexposed.
| selectthreecorrectlyexposedpost-landingspectra(includingthe rst andthe last) for
additionalanalysis.

Figure4.5 shavs thefootprintsof the spectraacquiredn thelaststageof thedescent
projectedon high resolutionimagesof the surface. Shavn is thesmall (1.4 1.4 km)
areasurroundinghelandingsite,which s locatedin thelake bed,approximately3.5 km
southof the coastlinevisible in the DISR mosaic(Fig. 1.10). The pre-landingVLNS
spectraarethesmallgroupof elevensingle-footprintDLVS (red)andsevenDLIS (green)
spectran the center all acquiredwithin a singleproberotation. Unfortunately the area
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5.1 Method

directly surroundingHuygens'landing site wasimagedat very poor resolution;the last
imageto show the landing site itself (HRI 384) wasrecordedat an altitude of 20 km.
Consequentlynoneof theterraincoveredby the VLNS footprintshasbeenimagedat a
resolutionof betterthancirca100m. Mostlikely Huygendandedin thefeaturelesgray
terrainthatdominateghearea but we cannotexcludethatit landedon anextensionof the
relatively bright ridge that runsdiagonallythroughFig. 4.5 from centerright to bottom
left. Figure4.7,albeitnotnecessarilgompletelyaccurateshovsthefootprintsof thelast
threepre-landingspectrao be locatedcloseto the probe,possiblyin sightof the camera
afterlanding. It is thereforereasonabléo assumehatre ectancecurveswe reconstruct
for thesepatcheof groundarerepresentate for theterrainvisible in thesurfaceimages.

To retrieve there ectancein absoluteunitswe needthelamp ux at Titan's surface,
whichis unknavn. But we canwork aroundthis problemby scalingthe SSL ux mea-
suredby the DISR#3 ight modelprior to launchby 1=d?, with d the distancefrom the
spectrometewindow to the centerof thefootprintonthe surface.This canbeunderstood
in thefollowing way. Considerthe lampbeamto be a cone. Thenthe lamp spoton the
surfaceis the intersectionof this conewith the surfaceplane,or ellipse. The intensity
re ected backfrom the surfaceis thenproportionalto the inversesquareof the areaof
theellipse,itself proportionatto d. This scalingis valid aslong asparallaxe ectscanbe
ignored(i.e. d is large enough),andtip andtilt of the probearezero. The spectrometer
windows are locateda few centimetersapartfrom the lamp on the DISR sensorhead,
leadingto parallaxe ectscloseto the camera.We calculatedthat parallaxcanbe safely
ignoredfor the DLIS beyond 4 m, but thatit makesthe lamp ux asobsenred by the
DLVS decreasslightly morewith distancethan expectedfrom the 1=d? scaling. This
e ectof the DLVS footprint “drifting away' from the lamp beammay leadto a lower
re ectanceasreconstructedrom 785 (we did not correctfor this). Swingingof theprobe
doesnot a ectthe reconstructiorsigni cantly; tilt valuesof lessthana degreeare pre-
dictedby Karkoschkaet al. (2007). Thenwe canestimated accuratelyfrom the altitude
h andthe nadirangleof thespectrometers, if thesurfaceis at, asit appearso bein the
post-landingSLI images(Fig. 4.7).

We reconstructhe re ectanceasthe radiancecoe cientrc, or the bidirectionalre-
ectanceof the surfacerelative to thatof anidenticallyilluminatedLambertsurface(see
Sec.2.1),alsoknown as“1=F". We would like to subtractfrom a spectruml; with clear
presencef re ected lamp light a backgroundspectrumj.e. onethat would have been
recordedf thelampwereo . As we do not have suchanidealbackgroundspectrumwve
approximatet by taking an earlierrecordedspectruml, with muchlessre ected lamp
light. Both spectracontainre ected lamplight (atidenticalphaseangle ) andre ected
sunlight(atdi erentphaseangles °and . Then

(I 12) =rea( JF(h) +rea( OF  rea( )Fulh)  rea( ®)F (5.1)

with F_ thelamp ux andF thesolar ux atthesurface(in Wm 2 m1). We now
make two simplifying assumptionsThe rst is thatthe radiancecoe cientis spatially
constantrc; = rc = re. Theseconds thatthe solarphaseangleof both spectrais the
same: °= % Thisleadsto

(I 1)

Filh) Fuh). (5-2)

re( )=
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Figure5.1: Methaneabsorptioncoe cientsusedin this chapter corvolvedto the reso-
lution of theinstrument.Coe cientsabove 1050nm arefrom Irwin etal. (2006),belov
from Karkoschka(1998). Left: The DLVS wavelengthrange.Right: The DLIS wave-
lengthrange.Notethedi erencean scale.

The rst assumptions reasonabléseeChaptel6), andaboutthe secondve have to make

sureby carefully selectingthe backgroundspectrum. Whatis left now is to determine
thelamp ux on Titan's surfaceF (d) = Fss(d) cos ss. from the ux Fss. measured
prior to launch(see8§3.6)andthe SSL pointing nadirangle ss.. With Fss. having been
measuret4.68mwe nd Fsg (d) = (4:68=d)°Fsg (4:68 m), with distanced in meters.
Thenthelamp ux atthesurfaceis F_(d) = Fss (d) cos ss;, andEqg.5.2becomes

(d?* d** (I 1)

re( )= 468  Fgg(4:68m)cos sg

(5.3)

The distanceto the surfaceis calculatedasd = h=cos g, from the altitude h andthe
spectrometenadirangley sp) to the centerof thefootprintonthesurface( pus = 21:4
and ppys = 20:0 fortheVLNS mode).TheDLVS andDLIS wavelengthrangesoverlap
betweerB00and1000nm. Agreemenbf theresultsfor bothspectrometerms thisrange
would beanimportantcon rmation of the validity of thereconstructede ectance.

5.2 DLVS

The DLVS in the VLNS modereturned2 out of 20 CCD columnsfrom which a single
spectrumis constructed.TableA.6 lists the VLNS spectraacquiredbeforelanding. The
lasttwo of these,785and786, shav thepresencef lamplight. Theformerwasrecorded
3.5sbeforelandingatanaltitudeof 16.1m, thelatter1.8 sbeforelandingat8.2m. From
thesespectrawe canretrieve the re ectanceof the surfaceby subtractinga background
spectrum,and dividing the result by the lamp spectrum. However, nding a suitable
backgroundspectrumis not straightforvard. Spectrum772 appearso be a goodchoice,
asFig. 5.2 shows that it wasrecordedat approximatelythe samesolar phaseangleas
785 and 786. But its altitude is more than twice as high as, for example,779. The
additionalabsorptiorby hazeparticlesin thelasthundredmetersmay not be negligible.
Sincethis predominantlya ectsthe blue end of the spectrum,779 may be the better
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Figure5.2: Thealtitude(red)andsolarphaseangle(black)of all VLNS DLVS 2-column
mode spectrarecordedbeforelanding. The error barsdelimit the exposuretime. The
sequentiahumbersof somespectraareindicated;the othersmaybeidenti ed by means
of TableA.6.
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Figure5.3: The DLVS spectrainvolvedin the visible surfacere ectancereconstruction
on linear (left) andlogarithmic(right) scale. The two pre-landingspectran which the

lamp signalis clearly presentare 785and786. Thetwo spectrausedasbackgroundare

772and779 they appeato bevirtually identical,exceptin the methanébands

choiceat thesewavelengths.Sinceneitherspectrumis the perfectchoice,l try out both
as background. Figure 5.3 shaws all the spectrainvolved in the reconstruction. The
procedurdo reconstructhere ectanceis illustratedin Fig. 5.4.

The re ectancesreconstructedrom 785 and 786 are showvn in Fig. 5.5. It appears
thatthe choiceof backgroundspectrum(772or 779 hardlya ectsthe endresult,soin
the remaindemwe use772becausef the betterphaseangle. What mattersmoreis how
muchbackgroundve subtract.Figure5.6 (left) shavs how changinghebackgroundy a
few percenta ectsthere ectanceof 785in the methanenindows; subtractingoo much
backgrounareatesabsorptionlines” in themethanevindows, whereasheoppositecre-
ates‘emissionlines”. Henceour strat@y is varyingthe backgroundo achieve maximum
smoothnessf there ectance.Thee ectonspectrum786is moresubtle(Fig. 5.5, right);
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Figure5.4: The procedureto reconstructhe re ectanceis illustratedfor the two pre-
landingDLVS spectraleft: 785 right: 786). Thelamp-onlyspectrashovn in red)are
constructedy subtractingoackgroundspectra(blue) from the obsened spectralblack).
Comparethe lamp-only spectrawith the simulated2-columnmode lamp spectrumin
Fig. 3.15(bottomleft).
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Figure5.5: The visual surfacere ectancesderived from the one-before-lasfleft: 785
andlast(right: 786) 2-columnmodeDLVS spectrabeforelanding.Di erentbackground
spectra772and779 weresubtractedeforedividing out thelamp.

subtractingtoo much backgroundmakesthe red slopebelon 700 nm lesssmooth,too
little createspuriousemissiorlines. Anotherimportantfactorin thereconstructiorns the
altitudeatthetime of acquisitionof aspectrumWe calculatedhealtitudefrom the probe
impactvelocityof 4.60ms ! (asdeterminedy the SSP) andtheassumptiomf aconstant
descendedelocityin thelast fty meters.Figure5.7 shav theconsequencesf changing
thealtitudeslightly. Overall,there ectanceseconstructedrom 786and786aresimilar;
increasingowards800nm anddecreasingpeyond. Naturally, the 785re ectanceis nois-
ier, buttheonly signi cantdi erences thedepthof the890nm methanebsorptiorband,
asexpectedbecause&’ 85 hasan optical pathlengthaboutfour timeslonger In Fig. 5.8
I modelthe optimalre ectancereconstructiondy superposingnethaneabsorptioron a
spline t representinghetrue surfacere ectance. The 890 nm methaneabsorptionline
in bothspectras modeledreasonablyvell with amethanemixing ratioof 6  2%.

How reliable are thesere ectancereconstructions?Iin 83.6.4we found that there
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Figure5.6: Varyingthebackgroundy afew percenta ectsthereconstructede ectance
primarily in the methanaevindows. Thelegendlists thefactorsby which the background
spectrumwasmultiplied beforesubtraction(left: 785 right: 786).
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Figure 5.7: Varying the altitude a ectsthe overall re ectance(left: 785, right: 786
nominalaltitudesin black).

may be an error associatedvith the geometriccorrectionof the lamp spectrumat the
high wavelengthend. This shouldnota ectour reconstructionsincewe divide out the
lamp spectrumbeforethe two summedcolumnsare corvertedto a single spectrum. If
the surfaceis uniform andlamplight hasbeendivided out correctly boththesecolumns
shouldbeidentical. However, Fig. 5.9 shavs thatthere ectancereconstructedrom the
individual columnsof both 785 and 786 are very di erent. As 786 was acquiredat a
distanceo the surfaceclosesto thatof thetargetdistancan the calibrationexperiments,
this is causefor concern.It probablyindicatesthat we have not correctlyaccountedor
thelamp signal,althoughwe cannotexcludea problemwith theresponsiity. Figure5.9
alsosenesasareality checkfor putatve absorptiorbandssuchasthosethatappeato be
presentaround800 nm. Becausdhesefeaturesdo not appeatin bothsummedcolumns,
they mustbe consideredartifacts.

How do the pre-landingre ectancescomparewith thosederived from post-landing
spectra?Even thoughthe latter have a very high S/N ratio, they have the disadwantage
thatthe lampilluminatedthe surfaceat very closerange(<1 m). The DLVS andthe SSL
areseparatedbhy 6.8 cm on DISR, leadingto a parallaxe ectandacompletelydi erent
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Figure5.9: There ectancereconstructedor eachof the two columnsof 785 (left) and
786 (right), eachcolumnbeingthe sumof two adjacentCCD columns(aslistedin the
legend).Thesecolumnsarecorvertedinto asinglespectrunby thegeometriccorrection.
If thesurfaceis uniformbothcolumnsshouldbeidentical. Theabsorptiorfeaturesaround
800 nm in the 786 re ectancereconstructiorarenot real; the gure shows thatthey do
notshowv up in bothsummedcolumns.

brightnesdistribution on the CCD whenthe surfaceis closeby. Figure5.10 (top left)
showvs how the changingproximity of the surfaceandthe di erentacquisitionmodeof
the DLVS (2 or 10 columns)leadto acompletelydi erentspectrakhape Especiallythe
on-boardsummingof the columnsis detrimentalto retrieving the true shapeaccurately
Thuswe cannotnaively usethe SSL spectrumin Fig. 3.15 (which wasdeterminedwith
a tamget at 4.68 m) to retrieve the re ectance. The problemis, however, that the lamp
spectrumwas never measuredvith a target at closerange. The only thing we cando
iIs measurdghesebrightnesschangesn the CCD of a spareinstrumenthopingthatit is
similar to the ight model. Unfortunately Fig. 5.10shaws thatthe re ectancesderived
from a post-landingVLNS spectrumwith andwithout sucha correctiondo not compare
well with the pre-landingre ectances.In all likelihoodthis doesnot meanthatthe post-
landingsurfacere ectanceis actuallydi erent,but thatthe ight andspareinstruments
arenotsu ciently similar. The correctionfactorsfor columnsotherthanthetwo VLNS
columnsare so noisy thatit is not feasibleto correcta 10-columnmode post-landing
spectrum. The relevanceof the post-landingspectrais thereforelimited. They merely
demonstrat¢he absencef narrov absorptiorbands.

5.3 DLIS

In the VLNS modethe DLIS recordedsingle-exposurespectrawith a relatively short
samplingtime. Sincetheseexposureswere not summed,they do not su er from the
Sun Sensoffailure that garbledregular mode spectra. Dark exposuregwhich have the
shutterclosedwererecordedseparatelyrom brightexposuresTableA.13listsall VLNS

spectraacquiredbeforelanding(post-landingspectraarenotlistedasthey areall severely
overexposed).Two spectran whichlampsignalis clearly presentareavailable: 206 and
210, Theformerwasrecordedl2.3s beforelandingat an altitude of around55 m, the
latter 5.4 s beforelandingat 24.8 m. Just0.3 s beforelandingan additionalspectrum
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Figure5.10: The re ectancecannotbe reconstructedeliably from post-landingDLVS
spectradueto the unknovn shapeof the lamp spectrum.Top left: Post-landingspectra
791 (2-columnmode)and 821 (10-columnmode;footprint 6) comparedo pre-landing
spectrum786, after backgroundsubtraction. Even thoughthe footprints of all spectra
cover approximatelythe sameterrain, eachspectrumappearsdi erentdueto the dif-
ferentmodeof acquisition. Top right: Spectrum791 with background779. Bottom:
Reconstructionsf there ectancefrom 791, with andwithouta correctionfor proximity
of the surfaceobtainedwith the DISR#2 ight spare(seeFig. 3.21),scaledto the same
maximum.

wasrecordedandtransmittedput asluck would have it, thiswasa darkexposure. Again
we arefacedwith thetaskof nding a suitablebackgroundspectrunmfor there ectance
reconstructionBecauseat wasrecordedat approximatelythe samesolarphaseangleas
206and210, spectrun02appearso bethebestcandidatgFig. 5.11). We alsotry outan
earlierspectrum 199 which wasrecordedat a slightly smallerphaseangle. Figure5.12
showsall spectranvolvedin thereconstructionandillustratesthereconstructiomprocess.

The sensitvity of the reconstructionto the choice of backgroundis illustratedin
Fig.5.13.Likefor theDLVS we nd optimally smoothre ectancesby varyingthe back-
groundspectraa few percent(Fig. 5.14): subtractingoo muchcreatesabsorptiorbands
in the methanewindows, whereagoo little leadsto methanebandswith an unphysical
shape.There ectanceis similar for all reconstructionsjecreasingteadilyfrom 800to
1500nm. Methaneabsorptiorbandsdueto theinterveningatmospherareapparentyith
a saturatedl400nm bandfor 206. Only the re ectancebeyond 1500nm appeargo be
sensitve to the choiceof backgroundspectrum(it can even becomenegative for 206),
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Figure5.11: Thealtitudes(red) andsolarphaseangle(black) of all VLNS DLIS spectra
recordedbeforelanding. The error barsdelimit the samplingtime. The sequentiahum-
bersof somespectraareindicated;the othersmaybeidenti ed by meansof TableA.13.
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Figure5.12: The procedureto reconstructhe re ectanceis illustratedfor the two pre-
landingDLIS spectran which the lampsignalis clearly presenfleft: 206, right: 210).
The lamp-only spectrum(shavn in red) is constructedoy subtractingthe background
spectrum(blue), multiplied by a constantfrom the obsened spectrum(black). The sur
facere ectanceis obtainedby dividing the lamp-only spectrumby the lamp spectrum

(seeFig. 3.18).
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(199and202). Thereconstructionshav methaneabsorptioriinesdueto theintervening
atmosphere.
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Figure5.14: Varying the backgroundby a few percenta ectsthe reconstructionn the
methanewindows (left: 206, right: 210). The legendlists the factorsby which the
backgroundvasmultiplied beforesubtraction.

andis thereforenotfully reliable. Thein uence of altitudeonthereconstructions shavn
in Fig. 5.15. In Fig. 5.161 modelthe optimalre ectancereconstructionby superposing
methaneabsorptionon a spline t throughthe methanewindows representinghe true
surfacere ectance. The 206 and210re ectancesare bestmodeledwith a4 1% and
4:;5 0:5% methanamixing ratio, respectrely. Spectrun06is quitenoisy, anda smooth
splinethroughthe methanewindows su cesasa modelfor the surfacere ectance. In
thehigh SN spectrum210we needto introducea slopearound1450nm into the spline
modelto achieve a satishictory t. Theresultingfeatureat 1500nm lik ely representan
absorptiorband. Note thatthe depressions not requiredwhenwe usethe Stronget al.
(1993)methaneabsorptiorcoe cientsinsteadof thosefrom Irwin etal. (2006).

After landingthe DLIS continuedtio operatepeeringstraightinto thelampre ection
spot(seeFig. 4.7). By adjustingits samplingtime, the DLIS wasableto copewith the
ood of lamplight re ected 0 the surface. As showvn in Fig. 5.17 (left), the obsered
intensitywasmorethana hundredimeslargerthanbeforelanding. With thelampsignal
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Figure5.15: Varyingthealtitudeatthetime of obsenationa ectsthereconstructiorleft:
206, right: 210.

sostrong,thechoiceof backgroundloesnota ecttheendresult. There ectancerecon-
structedassuminga 1=d? scalingof the SSL ux is abouta third of thatof the pre-landing
spectra.However, whenwe apply the correctionobtainedfrom the DISR#2 sparecam-
era(see83.6.5),we nd thelevel raisedto thatof the others(Fig. 5.17,right). Closely
comparingthe pre-landing206 and210re ectanceswith the (corrected249re ectance
revealsa slight mismatchbetween1450and1500nm (Fig. 5.18. This di erenceof 7%

(alsopresentbetween206 and 249) is signi cant becauséierethe responasiity is high,

andthereconstructionnsensitve to the choiceof backgroundseeFig. 5.13). We haveto

be carefulwheninterpretingthis deepeningthough. The DISR#3SSL spectrumhasnot

beenmeasuredvith atamgetat closerange,andDISR#2o0bsered a dropin intensity of

5% at 1500nm (seeFig. 3.21;thisis includedin Fig. 5.18).

We nd otherabsorptiorfeaturesn the post-landingre ectancearound1160,1330,
and1400nm. The1160nm featureis a methanéand,andwell modeledwith amethane
mixing ratio of 45 1:0% (Figure5.19, left), assuminghe DLIS is positioned45 cm
above thesurface(Karkoschkaetal. 2007). This agreewith the mixing ratio determined
beforelanding,implying thatlandingdid not changehe methaneabundancen the DLIS
optical path. We canalsoturn the agumentaroundand presumethe mixing ratio to be
constantithenthe optimal t is achievedfor a heightof the DLIS above the surfaceof
45 5 cm (Fig. 5.19, right). But wherewe also expectthe presenceof the 1400 nm
methanebandin the 249 re ectance,we nd thatit cannotbe modeledsatistctoryin
the 1300-1450nm rangewith our methaneabsorptionmodel (Figure 5.19, left, inset).
The natureof this region remainspuzzling,and might evenre ect imperfectionsin the
responsiity. Assumingthe methanemixing ratio is indeedthe samebefore and after
landing, this leavesvery little room for absorptionby liquid methane.The depthof the
methaneabsorptiordinesin pre-landingspectras governedby atmospherienethanebut
afterlandingthereis solittle gaseousnethangresentn the opticalpaththatthe spectral
signatureof liquid methangresenbnthe surfacewould leave its markon theabsorption
lines. Usingthe coe cientsof Grundyetal. (2002)1 determinean upperlimit of circa
20 m for the thicknessof a liquid layer on the surface,basedona t to the 1160nm
comple.
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Figure5.16: There ectancereconstructeftfomthetwo lastpre-landingDLIS spectracan
be modeledby superposingnethaneabsorptioron aspline t throughthe methaneawin-
dows (redline), representinghe surfacere ectance.Top: There ectancereconstructed
from 206, albeit noisy, is modeledwith a 4% methanemixing ratio. Bottom: There-
ectancereconstructedrom 210is modeledwell with a 4.5% methaneamixing ratio. A
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slopearound1450nm wasintroducednto the splineto achieve agood t.
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Figure5.17: Reconstructiorof the surfacere ectancefrom 249, acquiredafterlanding.
Left: The measuredntensities. The backgroundspectrumis 202 Right: The recon-
structedre ectance.Shown herearereconstructionsvith the SSL spectrunmuncorrected
(black)andcorrectedred)for proximity of thesurface,usingresultsfrom the ight spare
(DISR#2)experiment(see83.21). The correctionincreaseshere ectanceby afactorof
three,andchangeshe shapeof theredendslightly.
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Figure5.18: The correctedpost-landingspectrum249 from Fig. 5.17 agreesvery well
with pre-landingspectra206 (left) and210(right). We nd amismatchonly in the 1450-
1500nm range,wherethe reconstructions insensitve to the choiceof backgroundsee
Figs.5.13and5.14).
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Figure5.19: Methaneabsorptiorin apost-landingspectrumLeft: The1160nmmethane
absorptiorline in there ectancespectrunreconstructedrom 249is modeledwell with
a4.5%methanemixing ratio,assumingheDLIS is located45cm abovethesurface.lt is
di cultto de ne the continuum thereforethe zeromethanemodelis a line with a slope
similar to that of the obsenations. The methaneabsorptioncomplex around1400nm is
lessrevealing (inset). Right: Methaneabsorptionasa function of heightof the DLIS
window above the surface,assuminga mixing ratio of 4.5%.

5.4 Synthesis

5.4.1 Surfacere ectance

In the precedingsectiond have reconstructedhe surfacere ectancefrom thelastDLVS
and DLIS spectrabeforelanding, making as few and simple assumptionss possible.
Ideally, all pre-landingre ectancesshouldconform,with the DLVS andDLIS agreeing
at overlappingwavelengths.Figure5.20(left) compareghe DLVS andDLIS spline ts
representinghe true surfacere ectance(thered curvesin Figs.5.8 and5.16). Thetwo
DLVSre ectanceq785and786) arequitesimilar, asarethethreeDLIS re ectanceq206,
210 and249). This suggestshatthe methodof re ectancereconstructiorby scalingthe
SSL ux is sound,andthatwe successfullycorrectedDLIS 249for parallaxe ects.But
the DLVS re ectancesare somavhat lower that thosefound by the DLIS. Figure 5.20
(right) attemptsto reconcilethe resultsfrom both spectrometers.When we scalethe
DLVS 785re ectanceup by afactor0.25we nd reasonablegreementvith the DLIS
210re ectance. A slight discrepang occursin the wavelengthrangeof overlap,where
the DLVS re ectanceappeargo drop andthe DLIS re ectanceis moreor lessconstant
(curiously it is worsefor DLVS 786). The sametrend canbe obsened in the recon-
structedSSL spectrum(seeFig. 3.20). If, aswe suspectthereit wasdueto a smallerror
in thegeometriccorrection it wouldnota ectthere ectancebecaus¢helampspectrum
is divided out beforethe correctionis applied,andwe do not expect steepgradientsto
remainafterdivision. If it wascausedoy anincorrectresponsiity (i.e. if the true lamp
spectrunfollowstheDLIS curein Fig. 3.20insteadof dippingdown towards1000nm),
it would make the DLVS re ectancesbenddownward even more. Note that errorsaf-
fecting the reconstructiorof the SSL spectrumdo not necessarilya ectthe calibration
of Titan spectrabecausef the muchlower temperaturesvolved (and, consequently
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Figure 5.20: The re ectanceof the surfacearoundthe landing site. Left: The spline
ts through methanewindows in the re ectancereconstructedrom the last two pre-
landingDLVS andDLIS spectracomparedseeFigs.5.8and5.16). Labels: 206: DLIS
206 0:980 199 210: DLIS 210 1:01 202 785: DLVS 785 1:.00 772 786: DLVS
786 1:.03 772 Thick linesindicatethe spectrawith the highestS/N. Right: To nd the
re ectanceover the full wavelengthrange(grayline), valid for phaseanglezero,| scale
theDLVS 785spectrunto matchthe DLIS 210spectrum.

di erentdetectoresponsiities). In ary casethe DLVS re ectancereconstructions af-
fectedby uncertaintieghatarenot relevantto the DLIS, sothefault likely lies with the
DLVS calibration.

My re ectancereconstructiorrepresents re nementof the preliminaryreconstruc-
tion by Tomaslo et al. (2005). The shapeof my spectrumis similar, with the DLVS part
now properly calibratedandthe DLIS part slightly improved. Eventhoughthe DLVS
reconstructions fraughtwith uncertaintied believe thereis su cientevidencefor the
presencef aredslopein thevisible. There ectancepeaksetweerB00and900nm, be-
yondwhichit slopesdown to abouthalf the peakvalueat 1500nm. This blueslopeis vir-
tually featurelessvith the exceptionof anabsorptiorfeatureat 1500nm. Wheread nd
there ectanceby scalingour resultto thelamp ux measuredeforelaunch, Tomaslko
etal. scaletheir reconstructiorio the averageof theratio of the up- anddownward ux,
derived from seven low-altitude DLIS and ULIS spectra. This methodrequiresa good
estimateof the probeazimuthat the time of obsenation, andan accurateknowledgeof
theUULIS spatialresponsewhichin its turndepend®ntheinputof anatmospherenodel.
BrunoBézard(pers.com.)recentlyrepeatedhis e ort usingthemostrecentazimuthand
atmospherenodels,broadlycon rming the earliervalues.Surprisingly Fig. 5.21shavs
thatmy approacHeadsto muchhighervaluesof the overallre ectance.

How doesmy re ectancespectrumcompareto thosefound by otherteams?Gri  th
et al. (2003)determinedhe surfacealbedoin nearlIR methanewindows of the leading
andtrailing sideof Titan by meansof aradiatve transfermodel. Theleadinghemisphere
featureghebright "continent'Xanaduandthereforehasa higheraveragealbedaothanthe
trailing hemispherewhich hasdark terrain distributed aroundthe equator(Porcoet al.
2005). Huygens'landingsite is closeto the equatoron the trailing hemispherebut the
laketerrainobseredby DISRis notcoveredby thevery darkduneswvhich areubiquitous
in theequatoriadarkterrain(Lorenzetal. 2006b).Hence the albedoof the landingsite
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Figure5.21: The zero-phase-angle ectancespectrumfrom Fig. 5.20(thick grayline)
comparedo re ectancedrom theliterature.Plottedarethe surfacealbedogrom the LPL
atmospheranodel (Lyn Doose,pers.comm.) ( ), the albedosfound by Gri th et al.
(2003)for the leading(N) andtrailing (H) hemisphereof Titan, the albedosfound by
McCord et al. (2006) for dark equatorialterrain( ), andthe DLIS-derived re ectance
from Tomaslo etal. (2005)(thin line).

mustbelowerthanthatof thetrailing hemispherehut higherthanthatof thedune-ceered
terrain (reconstructedy McCord et al. 2006). Figure 5.21 shavs that my re ectance
spectrumdoesnot meetthis requirementijt is higherthanthe others,comparingonly to

thatof Titan'sleadinghemisphereThe Tomaslo etal. (2005)re ectancebettermeetshe
expectationsRecently Tomaslko etal. (2007)determinedhevisualpartof there ectance
of theHuygendandingsiteby meanof acomprehensieatmospherenodel. Theirresults
(Fig.5.21,diamonds)on rm thelow re ectanceof the landingsite,andwe mustaccept
thatthediscrepang with my resultsis real.

Theoverallre ectancel nd is higheroverthefull wavelengthrangethanthatdeter
minedby all otherteams.Doesmy reconstructiorfail? If thereareproblemsassociated
with scalingthelamp ux andor parallaxe ects,the re ectancesderived from the two
DLVS andthreeDLIS spectrawvould disagreamore. Perhapsny altitude scaleis incor-
rect. | usethe SSPlandingvelocity of 4.60m s ! (Zarneckiet al. 2005, con rmed by
Towneretal. 2006)to computethe altitudeof thelastobsenrationsbeforelanding.Using
the HASI velocity of 4.33m s ! (Fulchignonietal. 2005)would decreas®urre ectance
only by 12%. Perhapsheprobewasviolently swinging?No, theKarkoschkaetal. (2007)
reconstructiorpredictstilt valuesof lessthana degreefor the last part of the descent,
which would changethe resultby lessthana percent.Otherunlikely explanationsange
from anunidenti ed problemwith the SSL calibrationto thelastthreefootprintscovering
unusuallybright terrain. Thereis no evidencefor either The mostlik ely explanationhas
to dowith thephaseangleatwhichtheobsenationswereacquired.If thesurfaceof Titan
at the landing site exhibits an oppositione ect(a strongincreasen brightnesgowards
zerophaseangle),e.g.througha combinationof shadev hiding and coherentbackscat-
ter (Hapke 1981,2002), my re ectancecanbe muchhigherthanthoseof othergroups
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becausehe phaseangleof the last pre-landingspectraverelessthana degree. We can
calculatethe phaseanglesfrom the size of the SSL window (5.2 cm diameter)andthe
distanceof its centerto the spectrometewindows on eitherside (DLIS: 3.2cm, DLVS:

6.8cm). DLIS spectra206and210, associatedvith the highestoverall re ectance were
acquiredatthesmallesipphaseangles:0:031 0:025 and0:069 0:056, respectiely.

Thephaseangleof DLVS 786is higher(0:45 0:17 ) andits re ectancelower ( 20%)
thanthatof DLIS 210, aswould be expectedin caseof anoppositione ect. The phase
angleof DLVS 785is intermediateto the previoustwo at 0:23  0:09 , andwe would

expectits re ectanceto beintermediateaswell, contraryto whatwe obsere. However,

parallaxwould have pushedhelampbeamandthe DLVS footprintaway from eachother
(seeFig. 3.11),andthetrue SSL ux musthave beenlowerin reality thanthatusedwhich

makesthe reconstructed85 re ectancean underestimatePost-landingDLIS spectrum
249 obsenedthe surfaceover a wide rangeof phaseangles(approximately0:70 -6:7 ),

sothe associatede ectanceis expectedto be lower thanthatof 210. Thefactthatit is

not couldimply eithersurfaceheterogeneityasseenin the post-landingmages) or that
DISR#2is notsu ciently similarto DISR#3.

Albedosfrom otherworkershave all beenderivedfrom obsenationsthatweresignif-
icantlya ectedby theatmospherel-or example theratio methodemployedby Tomaslo
etal. (2005)averageceightDLIS obsenationsof re ected sunlightat phaseanglesrang-
ing from 13 to 57 . Butthedi usenatureof Titan surfaceillumination would subdue
shadaev hiding, the dominantmechanismat thesephaseangles. Zero phaseangle ob-
senationsfrom outsideTitan's atmospheravould not registeranincreasede ectance,
becauseventhoughthe surfaceis visible throughthe nearIR methanevindows, hardly
ary directsunlightreachest, which is anessentiaprerequisitdor coherenbackscatter
Thus,we suggesthatour highre ectancerepresentshe oppositionbrightnessuige, the
apparenttrengthof which is within reasonabldounds. | explore this topic furtherin
Chapter6. Notethatwhile | considertheoppositione ectto bea naturalexplanationfor
our high re ectance,we cannotexcludethe possibility that Huygenslandedon a bright
ridge, sincethelandingsitewasnotimagedin detail (seeFig. 4.5).

5.4.2 Methane abundance

The methanemixing ratiosfound by tting a methaneabsorptionrmodelto the various
re ectancespectran thischapteragreewell. The6 2% mixing ratio estimatedrom the
DLVS 785and786 spectras notwell constrainedlueto the factthatthe mainmethane
absorptiorine is locatedat therededgeof the spectrumyhereit isdi  cultto de ne the
underlyingsurfacere ectancebecaus®f low responsiity. The4 1%ratio derivedfrom
DLIS 206 s relatively uncertainbecausehe spectrumis very noisy; it wasacquiredat
high altitude,whenthe lampre ection wasbarelyvisible. The high /N spectrunDLIS
210 givesus the mostreliable determinatiorof the mixing ratio: 4.5 0.5%. The post-
landingDLIS 249ratio of 4.5 1.0%is agreeswith this value,but is relatively uncertain
becauseave can t only oneout of four methanebands. Sinceall determinationsagree
within the rangeof uncertaintyandthe mostreliablemethanemixing ratio of 4.5 0.5%
is consistenwith the 4:9 0:3% measuredy Huygens'GCMS instrument(Niemann
etal. 2005),we canbecon dentthatthealtitudescalewe useis correct.Interestingly my
estimateagreewith thatof Tomaslo etal. (2005),who deriveda mixing ratio of 5% from
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DLIS 210atanaltitudeof 21 m. Adjustingthealtitudeto the24.8m | presumas correct,
would decreaseheir mixing ratio by 0.8%. The authorsusedthe Stronget al. (1993)
methaneabsorptioncoe cients,which apparentlyoverestimateahe degreeof absorption
in the strongmethanebandsaround1150and 1400 nm. Using the Irwin et al. (2006)
coe cientswould bring their mixing ratio backto around5%. Comparedo the Strong
etal. coe cientsthelrwin etal. coe cientsmodelthe 1320 nm absorptionshoulder
well. The detailedshapeof the 1000 nm band, modeledwith the Karkoschka(1998)
coe cients,is notreproducedor 210 Thepost-landingdLIS spectrado not supportthe

presenceof a layer of liquid methaneon the surfaceof the landingsite. If present,ts

thicknessis in the orderof micrometers.This suggestghat while the soil may be wet

at a depthof a few centimeter§Niemannet al. 2005,Zarneckiet al. 2005,Lorenzet al.

2006a) the surfaceitself is dry.

5.5 Surfacecomposition

The re ectancespectrumin Fig. 5.200 ersus cluesaboutthe surfacecompositionat
Huygens'landingsite. Whatspectrakignatureslo we expectto see?Titanis big enough
to have di erentiatedafterits formation,with metalsandsilicatessinkingto theinterior,
pushingwaterandothericesoutto thesurface.Thisis how we think Garymede of sim-
ilar size,hasevolved. So presumablyTitan's surfaceis composedf waterice, andthe
rockswe seein the surfaceimageareice pebbles.Eventhoughwaterice behaeslike
rock at Titan's surfacetemperatureit is not as strong,andtall mountainscannotform
sincethey would collapseundertheir own weight. The strongestelief aroundHuygens'
landingsiteis only a few hundredmeterg(Tomasko etal. 2005). Otherices,like carbon-
dioxideandammoniaarepossiblymixedin with thewaterice. Ammoniais thoughtto be
animportantconstituenof theproposedsubsurbceocean(Tobieetal. 2006),andshould
be presenbnthesurfaceif cryovolcanismoccurson Titan. Coveringall thisis alayerof
organicmaterial. Predictedon theoreticalgrounds gvidencefor the presencef organics
on the surfaceof Titanis overwhelming.Cassinis radardeterminedhe relative permit-
tivity of the surfaceto be closeto 2, a valuetypical for organic material(Elachi et al.
2005),whereaHuygens'GCMSdirectly detectednethaneethanecyanogenandother
morecomplex moleculeonthesurface(Niemannetal. 2005). Thesourceof this organic
materialis the upperatmosphereHere,at 500 km altitude,photodissociationf methane
createsnethaneaadicals,which reactwith otheratmosphericonstituentgo form com-
plex organicmolecules Thesehencoagulatento small(0.05 m) spherespr monomers,
to form Titan's characteristig/ellow haze. While the monomersslowly descendo the
surfaceunderthe in uence of gravity, they aggreateinto aerosols.At around100 km
altitudeorganicices(e.g.etheneacetylene)nay condensateut of the atmospherento
the aerosols.Nearthe surface,an aerosolconsistsof hundredsof monomergTomaslo
etal. 2005). Many workersattemptto simulatethe processesaking placein Titan's at-
mosphere By subjectinggasmixturesof methaneandothersimplemoleculeso sparks
or UV radiation,they createcomplec organicsolids. Saganand Khare (1979)werethe
rst to dothis, andthey establishedhattheir solid brown, sometimesticky residuewas
notapolymer but somethingli erentwhichdeseredanew name:tholins. Eventhough
laboratorytholinsaresticky, tholin aerosolon Titan arethoughto hardenon theirway to
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thesurface(Dimitrov andBar-Nun 2002). Thenon the surface tholinsmight befoundin
theform of dustor sand.Thethicknessof thetholin layeron the surfaceis unknown, but
it is clearthatthe constantrizzle of aerosolshouldleave its mark on the surface. The
presencef ice rockson the landingsite indicatesthatit doesnot form a thick uniform
blanket. Whethertholin particlesadhereto the rocksis not clear;if indeedthey behae
like dust,wind mayblow themo andexposecleanwaterice.

Eachof the proposedsurface materialshasits own spectralcharacteristics.Let us
rst considerhow the (presumably)dominantconstituentof Titan's surface,waterice,
re ectslight. There ectancespectrunof watericefrostis shavnin Fig.5.22for di erent
grainsizes. Clearly visible in all spectraarethe 1.5and2.0 m vibrationalabsorption
bands. The shapeof the spectrumis seento dependstrongly on the grain size; with
increasinggrainsizethe overall re ectancedrops,the slopebecomesnoreblue,andthe
1.04and1.25 m overtonebandsbecomestronger Thedropof overallre ectancecanbe
understoodby consideringhow apowderexposesnoresurfaceto theincominglight than
acoarsayravel, which coverspartof its surfaceby shadevs. A possibledetectiorof water
ice on Titanwasreportedby Gri th etal. (2003),who compareda reconstructiorof the
surfacere ectancein nearlR methanewindows with a spectrumof Garymede. Even
thoughthey found an acceptablanatch,their methoddid not have the requiredspectral
resolutiornto resohethewaterabsorptioriines. Thel.5 mabsorptiorfeaturein theDLIS
spectrunmaybeawaterline. However, asalreadypointedout by Tomaslo etal. (2005),
the problemis thatif the nearlR blue slopeis dueto waterice, the 1.04and1.25 m
overtonelines, conspicuouslyabsentfrom the DLIS spectra,oughtto be present. On
the otherhand,the blue slopemight be causedoy the presencef as-of-yetunidenti ed
organic material(RogerClark, pers.com.); thenthe overtonelines may simply be too
weakto detect(very shallov depressionsre actually presentin post-landingspectra),
consideringthe 1.5 m absorptionine is not very strong(especiallyin the pre-landing
spectra).BernardSchmitt(pers.com.) suggestshe overtonewaterlines arepresentput
hiddenfrom view by simpleorganicices,lik e etheneandacetylenewhich aretheorizedo
condensatentothesurfaceof tholin aerosolsn thelowerlayersof theatmosphereClark
(1981a)experimentednixing waterwith charcoakndminerals.He foundthat,generally
whenwateris addedthe overall re ectancedecreasesandthe spectralslopebecomes
slightly moreblue. Charcoal,when mixed with up to 30% (weight) water completely
suppressethe nearlR waterabsorptiorbands put alsotheblueslope.A relatively small
amountof charcoalsprinkledon water frost can dramaticallylower the re ectance. A
relatively small amountof dark materialcovering the waterice of Titan's surlacemay

accountor thelow overallre ectancewe obsere.

Canwe nd evidencefor organicmaterialin the Titan re ectancespectrum?harac-
teristicfor thespectrunof organicsis aredslopeoverthevisible andnearlR wavelength
range.Simpleorganicmoleculeshave absorptiorinesin theultraviolet dueto the excita-
tion of covalentbondingelectrons.The mostcommontypesof covalentbondsare - and

-bonds.In -bondstwo lobesof oneinvolvedelectronorbital overlaptwo lobesof the
otherinvolvedelectronorbital. The -bondis wealerthanthe -bond,whichhasasingle
lobe of oneinvolvedelectronorbital overlappinga singlelobe of the otherinvolvedelec-
tronorbital. A singlebondis usuallya -bond,andthecarbondoublebondoftenfoundin
organicmatterconsistof one -bondandone -bond. It is thelatterthatis responsible
for the decreasen re ectancefrom the visible towardsthe UV. With increasingcom-
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Figure5.22: The obsenedre ectancespectrunof waterice frostof di erentgrainsizes.
Figurefrom Clark (1981b).

plexity of anorganicmolecule,individual absorptionbandsassociatedvith -electrons
startto overlap,andabsorptiormovesinto the visible wavelengthrange.Note thatsome
silicatesalsodisplay a red slopein the visible (e.g.Fig. 5.25). Unfortunately the pre-
dictedwavelengthqCloutis 1989)of the mostintensestretchingandbendingabsorption
bandsof organicmoleculesandtheir overtonesareoutsidethe DISR wavelengthrange.
Spectraof tholins display this red slopetoo. Figure5.23 shavs re ectancespectraof
the Saganand Khare tholins and thosepreparedoy Bernardet al. (2006). The latter's
experimentwassetup to mimic the conditionsin Titan's stratosphereyheretholinsare
thoughtto be formed. The re ectancespectraof the Saganand Khare “tholin 3' and
“tholin 4" aresimilar to thoseof the Bernardet al. yellow andblacktholins, respectiely.
The color of thesetholinsis roughly correlatedwvith elementatompositionnitrogenen-
richedtholinsaredark, nitrogendepletedholins moreyellow (Eric Quirico, pers.com.).
The red slopeof tholin 3/black tholin continuesall theway to 2.0 m, andis relatively
constanbeyondupto 2.7 m. Tholin 4/yellow tholin exhibits a blueslopein thenearIR
andabsorptionbands. Its 1.5 m bandmay be associatedvith the drop in re ectance
at1.5 min the Titan spectrum;ithenDISR did not nd evidencefor water Our Titan
re ectancespectrumalsofeaturesa red slopein the visible, a tentatve con rmation of
the presenceof organic material. However, it doesnot resemblethat of the tholins in
Fig. 5.23,mostnotablydueto alack of absorptiorbandgthefeatureles®lueslope),and
thelow wavelengthof thepeakre ectance(0.8-0.9 mversusl.4-1.8 m). To explainthe
latter, couldtemperaturelay arole? Although RoushandDalton (2004)foundthatthe
re ectancespectrunof (hydrated}holinshardlychangedvhenthetemperaturevaslow-
eredfrom roomtemperaturéo 100K, for thesilicatekaolinite a decreasén temperature
shiftsthepeakre ectanceto lowerwavelengthsanddecreasetheoverallre ectance(e.g.
Fig. 5.25). Thelow overall re ectanceof the Titan spectrunsuggestshatif tholinsare
presentthe dark, nitrogenenrichedyvarietyis prevalent. Note thatgrain sizecanplay a
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5.5 Surfacecomposition

role heretoo; coarselygroundyellow tholin is darker, andgrindingblacktholin canmalke
it twice asre ective (Eric Quirico, pers.com.).

The chance®f identifying carbondioxideor ammoniaaresmall. The carbondioxide
frostre ectancespectrums almostcompletely at (Fig. 5.24,left). It hasessentiallyno
featuresn the DISR wavelengthrange,exceptfor atiny 1.4 m band,which coincides
with the strongesimethaneabsorptionline. The re ectancespectrumof ammoniafrost
hasa moderateblue slope,with severalsmallabsorptiorlinesat1.05,1.23,and1.32 m,
andadeeperoneat1.5 m (Fig. 5.24,right). In the Titan spectraa weakdepressiorns
visiblearound1.05 m (Fig. 5.18,right), but thereis nothingaround1.23 m. Theother
linesarenotmuchuse,asthe1.32 m line coincideswith a methandine (althoughthere
may be somethingpresenin the 249re ectance),andthe1.5 m line with the proposed
waterline. Sincethe strongesbf the wealer absorptionlinesis absent| concludethat
pureammonigrostis absenfrom the surfaceat thelandingsite.

Silicatesarenot expectedon the surface,which, of course doesnot meanwe should
notlook for them. Titan's re ectancespectrunshavs no evidencefor commonsilicates
like olivinesand pyroxenes thattypically have broadabsorptionline complexesaround
0.9-1.0and2.0 m dueto the presencef iron ionsin their crystalstructure.But the low
temperaturee ectancespectrunof acommonclay minerallik e kaolinite (usedin tooth-
pasteandglossypaper)uncannilysharesnary characteristicsvith the Titan spectrum:
aredslopin the visible, a peakin re ectancearound800 nm, and a blue slopein the
nearlR (Fig. 5.25). Theonly di erencegin the DISR wavelengthrange)arethe water
absorptiorines.

It is not clearwhetherthelake terrainseenin the DISR imagescanbeidenti ed with
the dark terrain obsered by Cassinito be distributed aroundthe equator(Porcoet al.
2005). The dark terrainis believed to be coveredby even darker dunes(Lorenzet al.
2006b),which are absentfrom the lake. At leastthe re ectancespectrumof the dark
terrain,asreconstructedy McCord et al. (2006)from CassiniVIMS data,is similarin
shapeto the lake spectrum. While their analysisis restrictedto the methanewindows,
theadvantageof VIMS is its wider wavelengthrangecomparedo thatof the DISR spec-
trometers.Signi cantly, McCord et al. concludethatthe dark materialspectrumis not
consistenwith puretholin, andmay be composef waterice mixedwith a dark mate-
rial. My conclusionsoncerninghe lake spectrumaresimilar; it featuresa red slopein
the visible wavelengthrange,which is consistenwith the presencef organicmaterial.
The blue slopein the nearlR may be dueto waterice, but an organicorigin cannotbe
excluded.It is importantto stresghateventhoughthe shapeof there ectancespectrum
is now known with reasonablaccurag, notasinglecompoundnakingupthesurfacehas
beenidenti ed with certainty Themainabsorptiorfeatureat 1.5 m absorptiormay be
associatedavith waterice, but it is alsopresenin the spectrunof (yellow) tholin, where
it is notdueto water Dueto uncertaintiesn the calibration,we tentatvely concludethat
this featuredeepenedfterlanding. It is temptingto speculatehatthe landingdispersed
materialfrom thelandingsite,exposingwaterice.
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5 SurfaceRe ectanceSpectrum

Figure5.23: Tholin re ectancespectra.Top: Tholinspreparedy SagarandKharefrom
di erentmixturesunderdi erentconditions(labeled1-4). Tholins 3 and4 were made
by subjectinga 9:1 nitrogerimethanegasmixture to an electricaldischagein di erent
experimentabketupsFigurefrom Cruikshanketal. (1991).Bottom: Bernardetal. (2006)
preparedyellow ("YQO') andblack ('BB'") tholins by subjectinga 98:2 nitrogerimethane
gasmixture to an electricaldischage underlow pressurego mimic Titan stratosphere
conditions.(Figurefrom their paper)
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5.5 Surfacecomposition

Figure5.24: Re ectancespectraof CO, (left) andNH3 (right) frost. Figuresfrom Hapke
etal. (1981).

Figure5.25: Exampleof temperaturea ectingthe re ectanceof anintimate mixture of
mineralandwater Spectraof the clay mineral kaolinite (Al ,Si,Os(OH),) mixed with
25% water at room temperaturglabeled’A’ at left) and 150 K (labeled B' at right).
Figuresfrom Clark (1981a).
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6 SurfaceBRDF

In thelatterstage®of thedescenDISR acquiredmostof its imagesn so-calledpanoramic
cycles. As the namesuggeststhesecyclesweredesignedo build a full 360 panorama
of the probes surroundingsn a relatively small numberof rotations. In principle, this
would requirethe acquisitionof a total of twelve triplets. As the probewould be able
to returnonly oneto two triplets per rotation, the on boardsoftware neededo predict
the pointing of eachexposureas accuratelyas possibleto avoid overlap,andtherefore
requiredgood knowledge of the actualazimuthangle. Due to the failure of the Sun
sensorthis schemdailedin ight, andpointingangleswere calculatedbasedon a pre-
loadedmodel of rotation. With Cassinitransmittingback only half of the images(the
“ChannelA anomaly”discussedby Lebretonetal. 2005),theresultingpanoramasrefar
from perfect.

Below 25 km DISR recordeda total of nine panoramas.The taskof reconstructing
an accurate seamlessnap of the surfacefrom thesepanoramass complicatedby the
fact that the obsered intensityis a function of nadir and azimuthangle,and altitude.
We caneliminatealtitudeasa complicatingfactorby regardingpanoramagdividually,
sincethey wereacquiredwithin arelatively shorttime span,duringwhich the probede-
scendednly by a kilometeror so. Cluesto thein uence of nadirandazimuthanglecan
be found by collectively scalingthe brightnessof all imagesin a panorama.Figure6.1
shovs someexamples:two panoramasaken at a relatively high altitude (23-28km) and
two lower ones(14-18km). We seethe familiar coastline running diagonallythrough
the scene,with the landriver areain the northwest,and the lake areain the southeast
(comparerig. 1.10). Oncomparisonthemutinge ectof theatmospherbecome<lear;
the panoramascquiredat lower altitude shav the surfaceat highercontrast. Also, the
imagebrightnesgyenerallyincrease®utward (with increasingnadirangle)dueto atmo-
sphericscattering.Conspicuouslythe brightestpartin the panoramas alwaysfoundin
the northwestcorner andthe darkestpart just southeasof center The factthatthe lo-
cationof theseextremesis the samein eachpanoramdeadsto the suspicionthatwe are
dealingwith backscatteringgitherby theatmospheresurface,or both. It is the subjectof
this chaptetto disentangléhe contributionsof surfaceandatmosphereandto retrieve the
surfaceBidir ectional Re ectance Distrib ution Function (BRDF). By nding out how
thesurfacere ectslight underdi erentviewing andre ection anglesl hopeto nd clues
to its physicalnature.

With theimagerpassbandoughlyextendingfrom 650to 950nm, DISRimagesof the
surfacearesigni cantly a ectedby hazescattering.This is why we turn our attentionto
thedownwardlooking spectrometersl hesurfaceis bestobsenedin thenearIR methane
windows of theDLVS andDLIS. Ideally suitedfor our purposearetwo specialobserving
cycles,calledspectrophotometrimaps(seeSec.4.1). Two mapswereacquired;SM1 at
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Figure6.1: Examplesof panoramidmagingcycles.For eachpanoramaall MRI andHRI
imagesaredisplayedin gnomonicprojection,their brightnessscaledsuchthat pixels of
minimumbrightnesgasdeterminedor all imagescombinedaredisplayedasblack,and
pixelsof maximumbrightnessaaswhite. Clockwisefrom top left: panoramaacquiredat
27-28km, 23-24km, 17-18km, and14-15km altitude.Northis atthetop, andthe Sunis
at4 o'clock.
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6.1 Huygendandingsite

18 km altitudeand SM2 at 4 km. Apartfrom o eringthe highestpossiblespatialreso-
lution, the mapshave the advantagethatthe DLVS andDLIS recordedspectrain rapid
successiorin lessthanone proberotation, therebyeliminating altitude asa complicat-
ing factor The spectrophotometricnap modewas especiallyimportantfor the DLIS.

Whereagdn its regular modeof operationit summedexposuresover mary rotationson
board,therebyaveragingthe intensity over all azimuthangles,the mapso er the clear
advantageof spatialresolution.

This chaptetis devotedto analyzingthe DLVS andDLIS spectrophotometrimapsof
thelandingsite. To correctlyinterpretthesemapsit is essentiato understandvhatwe see
in theimages.Thisis why | attemptto bettercharacterizéhe landingsite by comparing
DISR imageswith Cassiniobsenationsin the rst sectionof this chapten(Sec.6.1). The
spectrophotometrimapscontaina wealth of information. In Sec.6.2 1 shov how they
allow usto disentangleéhe atmospheriandsurfacecontributionsto the obsened inten-
sity, andproceedto reconstructhe suriaceBRDF. This analysisalsoincludesMedium
NearSuriace(MNS) andVery Low NearSurface(VLNS) modespectraln thefollowing
section(Sec.6.3),| modelthe BRDF usingthe well-known Hapke modelfor particulate
soilsto nd out more aboutthe surfaceproperties. In the nal sectionof this chapter
(Sec.6.4), | mapthe colorsaroundthe landing site and discussthe implications. This
sectionis afollow-up onthe preliminaryanalysisof the color of the surfacel reportedn
Tomaslo et al. (2005),wherel dealtonly with DLVS spectrawithin a single panoramic
imagingcycle. Herel includethe spectrophotometrimapsof boththe DLVS andDLIS,
which provide betterspatialcoverageat a higherresolution.

6.1 Huygenslanding site

Huygendandedatlongitudel67:6 E andlatitudel0:2 S,to0:1 accurag (Karkoschka
etal. 2007). TheDISR cameraprovide clearimagesof thelandingsiteandits surround-
ings. Thecoveredareais largeenoughto allow for acomparisorwith theviewso eredby
theinstrumentsonboardCassini. The Imaging ScienceSubsysten{lSS), VisualandIn-
fraredMappingSpectromete(VIMS), andSyntheticApertureRadar(SAR) instruments
all have obsenedthe landingsite; ISS andVIMS mary timesandthe SAR only twice,
acloseview during yby T8 andadistantview during yby T13. The VIMS imagesof
thelandingsite areof relatively low resolution(Rodriguezet al. 2006),andonly allow a
comparisorof largescalefeatures Theresolutionof the SARandISSimagesssu cient
to permitdetailedcomparisorwith the DISR mosaicof Karkoschkaetal. (2007).Lunine
etal. (2007)identify thelocationof thelandingsite by matchingthedarklinesseenn the
northof the DISR mosaicto the“cat scratches”or dunegLorenzetal. 2006b),visible in
the T8 SAR image. Here,we discusgheimplicationsof this nding in termsof surface
morphologyandincludelSSimagesof thelandingsitein theanalysis.
DISRimagegevealthepresencef two majorgeologicalunits(Tomaslo etal. 2005):
“land” terrainin the north, which is relatively bright and consistsof hills incisedwith
dark, riverlike channelsand“lake” terrainto the south,which is dark, at, andresem-
bles a lake bed. Figure 6.2 shovs how the DISR mosaic ts within the SAR andISS
images A detailedcomparisorbetweerthe SAR imageandthe DISR mosaids provided
in Fig. 6.3. The goodvisual matchwith the ISSimageandthe dunesin the SAR image
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Figure 6.2: The landing site identi ed in the Cassiniradar (A) and ISS (B) images.
The rectangleoutlinesthe location of the HuygensDISR mosaic(C), shovn enlaged
in Fig. 6.3B. (ISSimageprocessingourtesyTravis Fisher)

allow for accurateplacemenbf the DISR mosaic. However, to matchthe orientationof
thedunesin the ISSimagewith thosein the DISR mosaic,the latter needso be rotated
5 counterclockwiseHowever, this doesnot necessarilymply thatthe whole mosaicis
o by5 . Whereagheouterpartsof the mosaicmay containsigni cant distortionswith
orientationso by asmuchas5-10, the orientationin the center(within 5 km of the
landingsite)is probablygoodto 1-2 (Karkoschkapers.com.).Ourdiscussions mainly
concernedvith the outerpartsof the mosaic.ThelSSandSAR imagesin Fig. 6.2 showv
goodoverallagreementexceptwestof the landingsite, wherelSS bright materialshovs
up darkin SAR. The DISR mosaicoughtto shov good agreementvith the ISS since
thelISS Iter wavelength(938nm)is includedin the DISR passbandyut therearesome
notableexceptions.For example,the terrainin the north of the DISR mosaicshouldbe
darler. Its relative brightnesss di  cult to estimatesincethe MRI imagesthatwereused
to constructthis part of the mosaicbrightentowardsthe top of the imagedueto atmo-
sphericscattering. Note that the mosaicas originally published(Tomaslo et al. 2005)
su ersfrom the samede ciency. Themostnoticeabledi erencebetweerDISR andISS
is an areasoutheasbf the landingsite which is seendark by DISR, but bright by ISS.
Signi cantly, this Dark Spot(DS; Fig. 6.5) is an areaof high SAR brightnessasis the
ruggedterraincoveredby riversnorth of the landingsite seenin detail by DISR. Given
thatthecorrelationbetweerthe DS andthe SAR bright terrainis sostrong(seeFig. 6.3),
bothterrainsare probablysimilar. A naturalexplanationfor the high SAR brightnesss
thattheriver areais roughon the scaleof the SAR wavelength(2.17cm) andor features
slopes.

The reasonwhy the two river areasappearso di erentto DISR is the viewing and
solarphaseangle.Considettheriverareanorthof thelandingsite. Figure6.4 shovs how
it appearedright relative to the lake early in the descentwvhenobsenred at a low solar
phaseangle(22 ). Justbeforelanding,whenobsenred at higherphaseangles(typically
65 ), it haddarkenedrelative to the lake, mostnotablyalongthe coastline andtherivers.
This darkening appeargo be restrictedto the river area,andis not seenfor the bright
islandsin front of the coast,whosenatureseemdo befundamentallydi erent. Thatthe
brightnessof river andlake terrainhasa di erentphaseangledependencemplies that
they cannotbothscatterasLambertsurfaces.We caninterpretthisdi erencdn termsof
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Figure 6.3: Detailedcomparisorbetweenthe Cassiniradar(A) andHuygensDISR (B)
imagesf thelandingsite. Thetop arrons pointattheriverterrainseenn detailby DISR,
thebottomarravs pointatthesuspectedverterrainseerby DISRasaDark Spot(labeled
DS). The DISR mosaic(Karkoschkaetal. 2007)is centeredbnthe Huygendandingsite.
We rotatedthe mosaicby 5 counterclockwiséo make the dunesin the north have the
sameanglewith the horizontalandto bettermatchthe DS with the radarbright features
in the south.

surfaceroughnessndshadav hiding (e.g.Hapke 1981,1984).Highersurfaceroughness
leadsto strongerdecreaseén brightnesswith phaseangle,with the implication that the
river terrainis moreroughthanthe lake, consistentith the radarobsenations(albeitat
adi erentspatialscale).Thefactthatthestrongestarkeningis associateavith the coast
line andtheriversthemseles,suggestshatsteepslopesalsoplay arole. This hypothesis
is consistentwvith the view thattheriver terrainis an old and eroded(perhapsoriginal)
partof the crust,andthatthelake is sedimentaryn nature.

The DS wasimagedonly by the SLI in the last stageof the descentjn the general
directionof the Sun (Fig. 6.5). It wasobsered at even larger solar phaseangles(90 -
105) thantheriversnorth of thelandingsite just beforelanding (65 , seeFig. 6.4). The
fact that the DS is also dark in the visible, but bright in radarstrongly suggestst is
anotheriverarea;in thecenterSLI imagearivercanbediscernedSowe haveidenti ed
the natureof the SAR-brightterrainin the vicinity of the landingsite; it is hilly terrain
crisscrossety rivers. It is alsobrightat visible wavelengthsput only atlow solarphase
angles.SAR-darkterrainis at andlies belav the bright terrain. The conclusionis that
Huygendandedon a oodplain in betweenwo river systemspnecloseby to the north,
thesecondargerandfurtheraway to the southeast.
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Figure6.4: The brightnesf theriver arearelative to the lake beddependon the solar
phaseangle. Thesetwo panoramashon the samestretchof coastlinein perspectie
view (Mercatorprojection),but onewasrecordedat high altitude (low phaseangle)and
the otherat low altitude (high phaseangle). They arereprojectedo the sameviewpoint
1 km directly over the landing site in the lake bed. Brightnessand contrasthave been
adjustedto make the lake bedlook the samein both panoramasA: HRI 402-480 and
MRI 436, acquiredat altitudes12.4—-16.7&m, typical solarphaseangle22 . B: SLI 698~
710 altitude0.46—0.91km, typical solarphaseangle65 .

Figure6.5: ThreeSLI imagesof the Dark Spot(DS) in Fig. 6.3. Theimageshave been
processetb minimizethein uence of theatmospherécourtesyerich Karkoschka) Note
thatSLI 524 showvs river-lik e structureswithin the spot. The altitudeat which theimage
wasacquiredandthe DS solarphaseanglecanbefoundatthe bottomof eachimage,and
arronvs denotethe DS location.
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6.2 Spectrophotometric maps

As outlinedaborve, the intensity obsened comingup from the surfacenot only depends
on the local surfacealbedo,but alsoon the directionof obsenation dueto the presence
of the atmospherejt varieswith azimuthangle,generallyincreasesvith nadir angle,
and decreasesvith altitude. Most strongly so at visible wavelengthsbecauseherethe
hazedominates.To disentanglehe contributionsof atmospherandsurfacewe turn our
attentionto the spectrophotometrimmap, MNS (DLIS only), and VLNS modespectra.
Thesespecialmodespectrao er speci ¢ advantagever spectraacquiredduring regu-
lar panoramiccycles. In the spectrophotometrimapmodeDISR acquiredspectraat as
rapidly aspossiblefor the durationof aboutoneproberotation(seeChapterd). In case
of the DLVS, the CCD columnswerenot summedn boardbeforetransmitting yielding
spectrawith the maximumspatialresolution. The decreasen altitude during acquisi-
tion of the mapswassmall comparedo the startingaltitude (SM1: 1%, SM2: 5%; see
AppendixA), sothatwe may considerthe altitude constant.This advantagecomesat a
price. In contrasto the usualpanoramiayclesnoimageswereobtainedclosein time to
ary of the mapspectra.Sowhereasspectrarecordedduring panoramiccyclescaneach
be tied to animage,herewe needto rely on a proberotationmodelto orientthe maps
andto determinethe anglebetweerthe individual spectra.The Karkoschkaet al. (2007)
attitudemodelprovidesreliableazimuths but the probetip andtilt duringacquisitionof
mapspectraareunknownn (but estimatedo besmallerthan5 ). TheVLNS spectrawhich
wereacquiredbelov 206 m altitude,su erfrom thesameuncertainties.

Without altitude asa disturbingfactor we cananalyzehow intensityvarieswith the
viewing directionat di erentwavelengths. First we considerthe intensity in methane
windows obsenedby theDLIS; theresultsfor the0.93,1.07,1.28,and1.59 mwindows
aredisplayedin Fig. 6.6. In the gures ontheleft we nd theintensityasa function of
azimuthanglewith respecto theSun.Firstwe notethatatall wavelengthghe SM1inten-
sitiesarehigherthanthe SM2/MNS/VLNS intensities.SinceSM1 spectravereacquired
atamuchhigheraltitudethantheothers(18 km versus<4 km), thisimpliesthattheatmo-
spherecontritutesto theintensity This contribution becomesvealer with wavelength,
andat 1.59 m the lower atmospheras virtually transparent.This behaior is typical
for hazeaerosokcattering.Below 4 km altitudethe atmosphericontribution appeardo
be ngyligible sincethe SM2, MNS, andVLNS intensitiesoverlap. Secondwe notethat
the intensityin Fig. 6.6 reachesa maximumat azimuthangle180 , anda minimum at
0, regardlesof the modeof obsenation. Sinceat azimuth180 the Sunis in our back,
therisein intensityfrom 0 to 180 mustbe causedoy backscatteringDeviationsfrom
this smoothrise canbe attributedto suriacefeatureswith di erentintrinsic albedo.Most
notablein the SM1 curve arethe jumpsin intensityat 80 , andbetweer200 and250,
bothrelatedto the transitionfrom lake to land andvice versa(seeFig. 4.3). Notice also
thebumpat320, which coversalocationin thelake areaoppositeto theland. A similar
featureis presentn the SM2 intensitiesbetweerf0 and140 , wherethefootprintscover
arelatively bright, elongatedisland” in thelake (seeFig. 4.4). To comparethesedi er
enttypesof terrainwe considethow intensityvariesasa functionof solarphaseanglein
Fig. 6.6 ( gures ontheright). Judgedrom the SM2 obsenations(all of cleanlake area,
apartfrom thefew mentionedabove), theintensityis a smooth,almostlinearly declining
function of phaseangle. At the SM2 altitudethe surfacedominatesover the atmosphere
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in all DLIS methanevindows, whichimpliesthatatthesenvavelengthghesurfaceitselfis
backscatteringThe SM1 obsenationsof thelandriver areacanbe clearly distinguished
from thoseof thelake. Figure6.19shavs how eachsetof obsenationsoccupiests own
phasecurve, having thesameshapeasthatassociatevith SM2butadi erentslope.Note
thatfor now we approximatethe phasecurve by a line, but we will re ne our approach
in the next section. Deviationsfrom the line canbe relatedto surfacefeatures.Exam-
plesarethe aforementionegbositve bumpat 50 -55 andthe negative bumparound20 ,
the latter associateavith the relatively dark areadirectly eastof the long, straightriver
(seeFigs.1.10and4.3). The slopesof the SM1 phasecurves(a ectedby both surface
and atmosphereare steepethanthat of the SM2 curve (dominatedby surface),which
impliesthatthe hazeaerosolsare backscatteringoo. | usethe factthatthe lake terrain
wasboth obserned by SM1 and SM2 to devise a (crude)correctionfor the atmospheric
contrikution, andderive the colorratio of thedi erentterrainsin Section6.4.

The situationis someavhatdi erentfor the intensityin methanewindows obsened
by the DLVS, asherethein uence of the atmospherihazeis muchstronger To enable
a comparisorbetweenthe spectrophotometrimap with the VLNS mode,we approxi-
matethe spatialcoverageof a VLNS spectrumby calculatingthe averageof footprints
11 and12 of eachmapspectrum.Figure6.7 shaws thatthein uence of the atmosphere
reachesll the way down to the surface,asthe SM2 intensitiesno longercoincidewith
thoseof the VLNS. We seethe samephenomenandfeaturesasin the DLIS methane
windows, albeitmoresubdued.Thereis someoverlapin wavelengthrangebetweerthe
DLVS andDLIS. If we comparethe intensityin the 0.93 m DLIS window (Fig. 6.6)
with thatin the935nm DLVS window (Fig. 6.7)we nd thatoveralltheDLVS shavsthe
samefeaturesasthe DLIS, but its datais muchmorenoisydueto thelow responsiity at
thiswavelength.Also, the DLVS intensitiesarehigherthanDLIS intensitiesduethefor-
mer's higherspectraresolution.The DLVS coversalargerrangeof phaseangleshanthe
DLIS, reachingall the way up to phaseanglezero;Figure6.8 shavs thefull range.Note
thatthe scatteringoehaior of the surfaceitself at smallphaseanglesmaybe completely
di erentthanshowvn here.There ectanceof mary solarsystembodiessharplyincreases
at small phaseangles,a phenomenoiknown asthe oppositione ect. Two mechanisms
proposedo contrituteto the oppositione ectareshadaev hiding andcoherenbackscat-
ter, andbotharea ectedby the presencef anatmosphereShadaev hidingis ine ective
atvisible wavelengthsecaus@f the predominancef di useillumination,andcoherent
backscattefa form of constructve interferenceyequiresa signi cant fraction of the di-
rectsolarbeamto reachthe surface(estimatedo beonly 1% at830nm, Lyn Doosepers.
com.).| returnto theoppositione ectin thenext section.

It is clearthatif we wantto reconstructhe BRDF of the surfacewe needto turn our
attentionto thelow altitudeDLIS obsenations.Closeinspectiorof the SM2/MNS/VLNS
measurementm Fig. 6.6 revealsthat even thoughthey all broadly overlap,the VLNS
phasecurwe is alwaysintermediateto that of the SM2; at low phaseanglethe VLNS
intensitiesare lower thanthoseof SM2, at high phaseanglethey are higher This can
be explainedby the fact thatthereis anintrinsic large scalesurfacebrightnesgyradient
runningacrosshe lake, with the probehaving landedin the midstof it (Fig. 6.9). By act
of acosmicconspiray this gradientrunsmoreor lessalongthe Sunline, resultingin an
expecteddrop intensityasobsered by the SM2 of about3%. The areacoveredby the
VLNS measurements very smallcomparedo thatcoveredby SM2 (compareFig. 4.5
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Figure6.6: Theintensitiesn the0.93,1.07,1.28,and1.59 m methanevindows (top to

bottom) plottedfor all single(unsummedpPLIS measurementasa function of azimuth

angle(left), de ned running counterclockwiseand solar phaseangle(right). The last
pre-landingLNS measurememnwasdiscardedecausef lamplight, andthe othershad

theintensityin aneighboringmethanésandsubtracted.
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Figure6.7: Theintensitiesin the 751,827,and935nm methanevindow plottedfor the
spectrophotometrimapandVLNS modeDLVS measurementgsa functionof azimuth
anglewith respecto the sun(left) andsolarphaseangle(right). Azimuth angleis de-
ned runningcounterclockwiseThelasttwo VLNS measurementseforelandingwere
discardedbecausef the presencef lamplight. To enablecomparisorwith the VLNS
datathe SM1/SM2 intensitiesareshovn asthe averageof footprints11 and12 (footprint
15is closesto nadir).
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Figure6.9: Thelake areain which Huygendandedexhibits anintrinsiclargescalebright-
nessgradient. The gure ontheleft showvs the brightnesgro le acrossHRI 384 onthe
right. Thecoastine is justbeyondB. Thelandingsiteis indicatedwith a cross.Bright-
nesss givenasl=F, with F thesolar ux atthetop of theatmosphere.

to Fig. 4.4), soif we consideronly VLNS datawe canignorethe large scalebrightness
gradient. Eventhoughthe phaseanglecoverageof the VLNS spectras not asdenseas
thatof SM2, it doesextendover the full rangesubtendedy the DLIS. From the SM2

spectrawe caninfer the regularity of the BRDF in betweentheseextremes. The DLIS

VLNS measurementhenrepresenthe surfaceBRDF for anincidenceangleof 34 and
phaseanglesn therangel3 -57 .
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6.3 Modeling the BRDF

Having identi ed theBRDF, we maystudythepropertieof thelake areaaroundthe Huy-
genslandingsite by modeling.Firstwe take a closerlook at Titan's surfaceto searchHor
cluesto its scatteringpehaior. Theimagesacquiredby DISR afterlandingo eraclose-
upview (Fig. 6.10).In theSLI imagewe seeroundeddecimetesizedrocks,presumably
madeup of waterice,onasmoothsoil. It appearshatthemostsphericarocksareresting
ontop of thesoil, asif they have beenrolling overtheplain,whereasnoreelliptical rocks
areembedded.The MRI imagesrevealthe soil to be granular perhapsnadeup of wa-
terice ‘sand'. Most likely, but invisible to the cameragverythingis coveredby organic
matter(tholins?),which constantly drizzles' out of Titan's atmosphere.Theseimages
suggesthattwo factorscontrituteto thesurfaceBRDF: the soil throughits intrinsic scat-
teringpropertieymicroscopicshadaev hiding andpossiblycoherenbackscatterjandthe
cobblesthroughmacroscopishadav hiding. Our approacho modelingtheseprocesses
is two-fold aswell.

Toinvestigatehee ectof macroscopishadavs onthesurfaceBRDFwe employ the
open-sourc®ersistenceof Vision Raytracer (POV-Ray 3.6, www.povray.org). We con-
structtwo typesof surfaces,onewith a Titan-like distribution of cobbles(“r ealistic”),
andthe otherwith identical 8 cm diametersphereq“spheres”). The realistic surface
emulateghe obsenationthat sphericalcobblesare more elevated. Lighting is provided
by a point sourcewith parallellight rays, placedin the samedirectionasthe Sunfrom
Huygens'perspectie. We malke the simulatedcobblesslightly morere ective thanthe
surface,but bothre ect isotropically Themodelhasno atmospherandconsiderssingly
scatteredight only, soshadavs areblack. In reality we would expectmultiply scattered
light to illuminate the shadavs, henceour simulationrepresents worst casescenario.
Figure 6.11 compareghe virtual surfaceswith the SLI post-landingview. The simula-
tions give us a senseof scalefor the scenein the SLI image. On comparisorwith the
spheessimulation,the diameterof the roundedcobblein the centercanbe estimatedo
becircal0cm. Thedistribution of light onthecobbleds well reproducedby therealistic
simulation,asis the position of the shadavs. The agreemenbecomesvorsewhenwe
addspeculare ection to the cobbles,the mismatchbeingmostnotableon the cobbles
in the foreground. This implies that the cobblesdo not exhibit specularre ection, but
scatterdi usely Surprisingly sincethe simulateddistribution of spheress completely
random the post-landingviewing perspectie creategheillusion of “channels'devoid of
cobbles.Especiallythe similarity of the spheeschannelwith thatseenin the SLI image
is striking, which senesasa warningagainstover-interpretingpatternsseenin the Titan
surfaceimage.

We now view thesimulatedsurfacesrom the perspecitie of theprobeduringacquisi-
tion of the spectrophotometrimaps.Figure6.12scaleghe simulatedntensitiesto those
obsened by the SM2. As expected,the e ectof the spheesshadavs on the BRDF is
largerthanthatof therealisticshadaevs, but thevariability associateavith bothsimulated
surfacess muchsmallerthanthatobsenedon Titan'ssurface.Remembethatthesphees
simulationis a worst casescenariosinceit shovs muchmoreshadav thanis visible in
theSLI image,andits shadavsarecompletelyblack. Thetruemacroscopishadev e ect
is mostlik ely evensmallerthanthatin therealisticsimulation sinceit too hasblackshad-
ows,andFig. 6.12(right) shovsthatit mustbevery smallindeed.This simplesimulation
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Figure6.10: Titan's surfaceasseenby the probeafter landing. The left andmiddle are
MRI images,an SLI imageis on theright. The black ellipsein the lower right corner
of the MRI imagesis the overexposedlamp spot. The middle imagewas processedo
remove the lamp brightnesggradient(courtesyMichael Kippers);the dark ring around
thelampspotis anartifact.

Figure6.11: Titan's surfaceandtwo simulatedsurfaceswith randomlydistributed cob-
blesasseenfrom the DISR's perspectie after landing, all displayedat the sameimage
resolution.TheHuygensSLlI view (far left) is shavn with arealistic(“r ealistic”, center
left) andanidealized(“spheres”, center right) simulatedsurfacecoveredwith identical
8 cm diameterspheres.The simulationconsidersonly singly scatteredight, with rocks
andsurfacere ecting di usely The simulationat the far right addsspeculare ection
to therealisticscene.

suggestshat macroscopishadavs contritute very little to the obsened surfaceBRDF,
andthatsoil scatteringoropertiesddominate.

The theory of Hapke (1981,1984,1986,2002)is widely usedto modelthe BRDF
of particulatesoils (e.g.Buratti 1985,DomingueandVerbiscerl997,Clark et al. 2002,
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Figure 6.12: Simulationsof the macroscopicshadaev hiding e ectcomparedo obser
vationsat 1.28 m. Left: The brightnessof the two surfacesin Fig. 6.11relative to an
emptysurfaceasit would be obseredby the DLIS for afull proberotation. Right: The
simulatedintensitiesscaledto matchthe maximumof the SM2 1.28 m obsenations.

Cruikshanketal. 2005).It o ersadescriptionof the microscopicShadev Hiding Oppo-
sitionE ect(SHOE), andthe CoherenBackscatteE ect(CBOE), anda correctionfor
macroscopicoughness.The SHOE s dueto shadaevs castby soil particles,the CBOE
is the enhancedoil brightnesbsened nearphaseanglezerodueto constructve inter-
ferenceof di erentlight raysscatteredn the samedirection. While the SHOE s almost
entirely causeddy singly scatteredight, the CBOE arisesfrom both singly andmultiply
scatteredight. Macroscopicroughnesgsefersto structures(“fairy castles”)composed
of facets,anda ectsthe obsered intensity by meansof shadavs. Hapke's theoryis
explainedin detailin Section2.2. The basicmodelhasinput parametershe singlescat-
teringalbedo(w ), the amplitudeandpeakhalf width of the SHOE (Bsg andhs), andthe
amplitudeand peakhalf width of the CBOE (Bco andhc). In addition, it allows for the
speci cation of an intrinsic particle scatteringphasefunction P( ) asa function of the
phaseangle( ). Inclusionof macroscopiadoughnessequiresspeci cation of the mean
slopeangle of the facets. Note that the macroscopiaoughness ectis not only a
functionof thephaseangle,but alsoof the anglesof incidenceandre ection.

The datato which we t the Hapke modelarethe DLIS VLNS obsenationsin the
methanewindows at 0.93,1.07,1.28,and1.59 m. We discardthe last measurement
beforelandingbecausef stronglamplight, which leavesuswith 6 datapointsbetween
solarphaseanglel3 and57 . We corvertthe VLNS intensitiesto absolutere ectances
by scalingtheir averageto the averagere ectancedeterminedoy Bruno Bézard(pers.
com.),who calculatedhesefrom theratio of up- anddownward ux derivedfrom early
VLNS ULIS andDLIS spectrathat shov a negligible lamp contrikution (averagesolar
phaseangle40 ). Figure6.13 (left) shavs that his re ectancescomparewell qualita-
tively with thelastpre-landingDLIS re ectancespectrumexceptat1.28 mwherehisis
slightly higher Bézardcalculatedhere ectancefor 1.55 m, andwe scaleour1.59 m
datato this value. To thesedatapoints we add the single measuremenat phasean-
gle0:069 0:056 fromtheabsolutere ectancereconstructedrom thelastpre-landing
DLIS spectrum(to be calledthe zerophaseangledatahereafter}o arrive at the surface
BRDF in Fig. 6.13(right). This givesus a total of 7 datapointsfor eachmethanewin-
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Figure6.13: Reconstructinghe re ectancein the DLIS methanenindows asa function
of thesolarphaseangle.Left: Re ectancesalculatedby BrunoBézardfrom theratio of

DLIS andULIS intensitiegust beforelanding(reddots)comparewell with thescaledre-

ectancereconstructedrom DLIS 210(scalefactor0.51),exceptat1.28 m. Right: We

scalethe VLNS intensities(phaseanglesl3 -57 ) to Bézards re ectancesandcombine
thesewith the210re ectanceat zerophaseangleto reconstructhe surfaceBRDF in the
methanevindows.

dow. The VLNS intensitiesare averagesover a small phaseanglerangebecausef the
apparensizeof the Sunin theTitan sky. In thediscussiorthatfollows| considertthe Sun
apointsourcejgnoringary di useillumination by theatmosphereHow reasonabl¢his
assumptions canbe seenn Fig. 6.14,which shovs thatmostof thedi useillumination
at1.29 mis containedwithin arelatively smallsolaraureole(width at half maximumis
20-30). At higherwavelengthshe hazeis moretransparentso the situationshouldbe
betterfor 1.59 m. Signi cantly, the zerophaseanglemeasurementarenota ectedby
thise ectbecausehe SSLactsessentiallyasapointsource(its diameteris only 5.2cm).

Clearly, the problemwe facemodelingthe obsened BRDF with the Hapke modelis
thatwe have a plethoraof parametersbut a dearthof data. The threedi erentscatter
ing mechanismsve have to considerare shadev hiding (SHOE), coherentbackscatter
(CBOE),andmacroscopicoughnessFirst| investigateahee ectof macroscopiecough-
nessin Fig. 6.15. In thetop gure | try outdi erentvaluesfor the meanslope of the
facetsthatbuild up the macroscopistructures.Becausehe modeldependsiot only on
the phaseanglebut alsoonincidenceandre ectanceanglesthere ectanceis calculated
for the viewing conditionsfor the DLIS during the VLNS phaseof the descent.From
the shapeof the model curve we nd 40 ; highervaluesdo not t the high phase
angledata. Macroscopicroughnesswill alwaysleadto a decreasen re ectancewith
increasingphaseangle;there ectancefor a smoothsurface( = 0) is the maximum.
Fromthe gure it is clearthatthe model cannotreproducethe lower phaseangledata
points(extendthe = 0 modelto phaseanglezero); SHOEandor CBOE mustplay a
role aswell. Hapke (2002)arguesthat a modelwith a broadSHOE andnarrav CBOE
peakaroundphaseanglezerois the physically correctone. Soin the bottom gure of
Fig. 6.151 addSHOEto t thedatapointsaroundl5 phaseangle,adoptingthe maxi-
mum possibleroughnesg = 40 ). Fitting this modelinvolves ne-tuning w for each
methaneavindow, while keepingBsg andhs constant.The SHOEmodelincludingmacro-
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Figure6.14: Theintensityof thedi useilluminationin thesky at1289nm asseenfrom

the Huygenslanding site, predictedby an early versionof the LPL atmospheranodel
(Lyn Doose pers.com.). Thedirectsolarbeamaccountdor 31% of the total dovnward
ux atthesurface(26% of thedirectbeammalkesit to the surface).

Table6.1: Bestt parametersor the Hapke macroscopicoughnessnodelsin Fig. 6.15
with = 40 . Particle scatterings isotropic;w is thesinglescatteringalbedoat wave-
length (in  m). hs andBg, arethe peakwidth andamplitudeparametersf the SHOE.

Woo3  Wio7  Wiog  Wiss hs Bso
0.700 0.680 0.640 0.410 0.01 1.0
0.695 0.670 0.630 0.400 0.04 0.5
0.705 0.680 0.640 0.410 - 0.0

scopicroughnessts the datawell in all methanewindows over the full VLNS phase
anglerange(t parametersirelistedin Table6.1). The gure depictslimiting casedor

the SHOE;whereaghe amplitudeis not well constrainedthe half width parametemust
berelatively small (hs < 0:05).

If we assumehe surfaceis perfectly at (i.e. zeroroughnessyve canstudythe per
formanceof theHapke SHOEandCBOE modelsseparatelyFirst| considetfSHOEonly.
The free model parametersre the single scatteringalbedo(w ), the SHOE amplitude
and peakhalf width (Bso and hs), andthe soil particle scatteringphasefunction P( ).
As the surface must be coveredby aerosolsthat continuouslyprecipitatefrom the at-
mospherejt seemgeasonabléo employ similar phasefunctionsfor both aerosolsand
soil particles. Whereaghe aerosolsarethoughtto be intrinsically backscatteringvhile
suspendedn the atmospheredueto their u ness,on the surfacethey may be com-
pactedor coated andnot exhibit internalre ectionsthatleadto backscatterin thatcase
soil particlesmay scattermore or lessisotropically at leastin the backscattedirection.
Therefore] considertwo limiting casedor the particlephasefunction: isotropicscatter
ing (P( ) = 1), andscatteringaccordingo thedouble-Hegey-Greensteiphasgunction
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Table6.2: Best t parameter$or the Hapke SHOEmodelsin Fig. 6.16. w is thesingle
scatteringalbedoat wavelength (in m), hs and Bsg arethe peakwidth andamplitude
parametersThedoubleHenyey-Greensteirphasdunctionis shovnin Fig. 2.2.

particlescatteringype w hs Bso
isotropic 0.93 0:60500%> 0:06'5%7 1.0
0.600 0.10 0.8

1.07 0:580,0%. 0:07739%. 1.0

0.565 0.15 0.8

1.28 0:540,0% 0:08'%2 1.0

0.532 0.15 0.8

1.55 0:335,292> 0:087372 1.0

0.330 0.15 0.8

doubleHeryey-Greenstein 0.93 0.652 0.01 1.0

0.653 - 0.0
1.07 0.635 0.02 1.0
0.638 - 0.0
1.28 0.610 0.02 1.0
0.613 - 0.0
155 0.460 0.01 1.0
0.463 - 0.0

(dHG), i.e. the aerosolphasefunctionat 1.28 m in an early versionof the LPL atmo-
spheremodel (Fig. 2.2). Figure6.16 (top) shavs model ts for isotropically scattering
particles.There ectanceis t for eachmethanevindow individually, andTable6.2lists
the parametersMany parametecombinationst thedatawell, exceptat zerophasean-
gle. The SHOEpeakwidth hg is foundto inverselydependn the amplitudeBs,. For the
maximumamplitudeBsp = 1we nd 0:05 hs 0:20,dependingnthesinglescatter
ing albedo,with the best ts achievedfor hg = 0:06-008. For the smalleramplitudeof
Bso = 0:8 the best tting valuesarehs = 0:10-0:15. In Fig. 6.16 (bottom)we let the soll
particlesscatteraccordingo thedHG phasdunction,and nd thatintrinsic particlescat-
teringcanalmostcompletelyreplacethe SHOE.Now only a very smalldegreeof SHOE
(hs = 0:01-002)is requiredto t theVLNS data(Table6.2). Again,thezerophaseangle
dataareout of reachof all models.

Thefactthat SHOE-onlymodelsfail to t thezerophaseangledatasuggestshatwe
have to take coherenbackscatteinto account.But the non-zerophaseangledatashould
not be modeledwith CBOE, becausef the lack of direct (coherent)sunlightreaching
the surface. Thenthe correctapproachis to superposa narrov CBOE peakon a broad
SHOEmodel. In Fig. 6.171 usethe best tting SHOEmodelsfrom Fig. 6.16 (top), and
restrictthe CBOE peakwidth by addinga single datapoint at phaseangle0:45 to the
0.93 m set. There ectanceof this point is derived by scalingdown the DLIS 0:069
phaseanglere ectanceby afactorof 1.17,whichis roughlythefactorrequiredto match
the DLVS 786 re ectanceto that of DLIS 210. Even thoughthis datapoint is rather
speculatre, it is our only meango estimatehe CBOE peakwidth. The gure shavsthat
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Figure6.16: The Hapke shadev hiding model tted to the reconstructed/LNS mode
DLIS re ectances. The model doesnot include coherentbackscatteend macroscopic
roughnessTop: Soil particlesscatteringsotropically Hapke model: Eg. 2.30. Bottom:
Soil particlesscattelik e aerosolgphaseunctionis the doubleHeryey-Greensteiriunc-
tion in Fig. 2.2), Hapke model: Eq. 2.28. All modelswere t to the dataaroundphase
angle50 ; parameterarelistedin Table6.2.
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Figure6.17: Whereshadaev hiding alone (brown line) fails to t the zerophaseangle
data,coherenbackscattedoesthejob (blackline). TheCBOEmodel(Eq.2.27)doesnot
includemacroscopicoughnessandhassoil particlesscatteringsotropically;parameters
arelistedin Table6.3. All dataarefrom the DLIS, exceptfor the 0.93 m datapoint at
phaseangle0:45 , whichis from the DLVS.

Table6.3: Bestt parameterfor theCBOE+ SHOEHapke modelsin Fig. 6.17.Particles
scatterisotropicallywith singlescatteringalbedow atwavelength (in m). Parameters
hs andBsg (hc andBcg) arethe peakwidth andamplitudeof the SHOE(CBOE).

W hs Bsp hc Beo
0.93 0.605 0.06 1.0 0.01 0.39
1.07 0.580 0.07 1.0 0.01 0.40
1.28 0.540 0.08 1.0 0.01 0.27
1.55 0.335 0.08 1.0 0.01 0.36

by including coherentbackscattewe can t all dataperfectly Whenwe look at the t
parametersn Table6.3we nd thatregardingthe CBOE amplitude(Bcg), the 1.28 m
dataarethe odd oneout. Thisis a directconsequencef the mismatchbetweenrthe the
DLIS 210 re ectancespectrumandthe re ectancesderived from the DLIS/ULIS ratio
methodyvisible in Fig. 6.13(left).

Before we discussthe implicationsof our modelingexercise,we needto establish
whethemmy BRDF is reasonableAfter all, | madethe bold movein the previouschapter
to attribute the ratherlarge di erencebetweenmy re ectancereconstructiorof Titan's
surfaceandthoseof otherworkersto the oppositione ect. To explain sucha suge in
re ectancetowards phaseanglezero| invoke coherentbackscatterwhich, becausat
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6.3 ModelingtheBRDF

requiresmultiple scatteringevents,seemaunlikely to occurin the low-albedosoil of the
landingsite. But then,my phasecurwe is very similar to that obsered for anothedow-
albeddbody, theMoon; Pohnetal. (1969)foundthere ectanceof thesurfaceasmeasured
by Apollo 8 to drop by 35% from O to 7 solarphaseangle,similar to whatwe nd
in Fig. 6.17. It hasbeenproposedhatboth coherenbackscatteandshadev hiding are
requiredo explaintheLunaroppositionsuige (Helfensteiretal. 1997,Hapke etal. 1998).
Similarin sizeto Titan, there ectanceof Jupiters moonCallisto dropsby roughly 40%
from 0 to 10 solarphaseangleat0.47 m (DomingueandVerbiscerl997).Like Titan,
Callisto'sicy surfaceis alsocoveredby a darksubstancepossiblyorganic(McCordetal.
1997).Soit appearshatthephasecurvein Fig. 6.17is notatall unusuafor alow albedo
body.

What doesHapke modelingtell us aboutthe physicalcharacteristicef Titan's sur
face?Beforedrawving ary conclusiond mustemphasizéhattheaim of this chapteiis not
to evaluateor validateHapke's theory His theoryis oftencriticizedfor beingoverly sim-
plistic andnot explicitly containingphysicalparameterasgrainsizeor refractve index.
Alternative theoriesfor the scatteringoehaior of particulatesoils exist (seee.g.Petro/a
etal. 2001,Shkurate etal. 2002),but, becaus®f our extremelylimited dataset,in this
casesimplicity is a virtue. However, the Hapke modelhasmary free parameterandthe
best- t solutionsarenotunique.

The rst ambiguitywe faceis thatof macroscopicoughnesyersusparticleshadov
hiding. The upperlimit we nd for the macroscopicoughnesgmeanfacetslopeangle
40 ) is not very constrictve asthe theoryis invalid for large slopeanglesanyway
(Hapke 1984).Shadaev hidingis requiredto t thedata,but its magnitudedepend®nthe
degreeof macroscopicoughnessilf, in reality, roughnesss high thenthe SHOE s very
narrav pealed (hs = 0.01-0.05) put if roughnesss low thenSHOE peakcanbe broader
(hs = 0.05-0.20).By meansof Eq. 2.34 parametehs canbe interpretedn termsof soil
porosity P and parametety which depend=n the particle size distribution. On Earth,
soil porosityvarieswith grainsize;generally larger grain sizesleadto lower porosities.
Typically, the(total) porosityrangedrom 0.28for coarsegravel to 0.43for ne sandwith
clay porositiesbeingashighas0.57 (McWorterandSunaddl977). The porosityof lunar
regolith (which is highly comminutedor pulverized)at the Apollo 11 landingsite was
measuredh thelaboratoryto be0:54 0:06 by Wilson (1973),andtheorizedo bearound
0.78onthelunarsurface. The naturallower limit for P seemdo bearound0.3. Particle
distribution parametelY is not easilyinterpreted.Hapke (1986) calculatesy = 0:25 as
typicalfor comminutedlunartype)soils. Soilsconsistingof uniform sizedparticleshave
Y = 1.0, themaximumvalue.Hence theporosityandparametel cannotbeindependent
and certain(P, Y) combinationsamustbe unphysical.| nd hs mustbe small (< 0:15),
possiblycloseto zerodependingon the macroscopicoughness Figure 6.18 shows the
full (P,Y) parametespacewith curvescorrespondingo the hs valueswe nd. It shavs
thatlow valuesof hs aregenerallyassociatedvith high porosity unlessy is very small.
Asremarledabove, thesurfaceof theMoonandCallistoexhibit similar oppositionpeaks,
andamodelinge ortby DomingueandVerbisce(1997),whoassume comminutedsoil
type (Y = 0:25), shaws thatthe Hapke parametersor thesebodiesarewithin the range
of thesurfaceatthe Huygendandingsite. TheotherSHOE t parametermpeakamplitude
Bso, appeargo be inverselyrelatedto the peakwidth hs. The amplitudeis a measureof
particleopacity(seeSec.2.2),but is notwell restrictedn our case.
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Figure6.18: The (P, Y) parametespacewith curvescorrespondingo the Hapke SHOE
peakwidth (hs valueslabeled).Parameterangesdoundfor the Moon, Callisto,andEu-
ropaby DomingueandVerbiscer(1997)areindicated.

The secondambiguity is whetherparticlesscatterisotropically or are intrinsically
backscatteringl assessethis by usinga double-Hegey-GreensteifdHG) phasefunc-
tion, characteristicof Titan aerosols. Onceagain,the datado not allow us to clearly
distinguishbetweenthesetwo possibilities,but the bottomline is thatit doesnota ect
theresultsby much. Shadaev hiding is still required(albeitwith a smallerpeakwidth as
for isotropicscattering)anddHG scatteringcannotexplain the high re ectanceat phase
anglezero. Only the singlescatteringalbedois substantiallyincreasedby roughly 10%
at0.93 mto40%at1.55 m).

Inclusionof coherenbackscattein themodelis requiredio t thedatapointsatphase
anglezero. A cleardependencen wavelengthis not apparentn Table6.3, but notethat
the 1.28 m methanewindow behaesdi erentfrom the others. As mentionedabove,
this indicatesthat the VLNS dataat this wavelengthhave beenscaledto a re ectance
slightly too high. The CBOE peakwidth hc is a betterdiagnosticof soil propertieghan
the amplitudeBc, (seeSec.2.2), but, unfortunately hereit is poorly constrainedIf we
accepthereality of thesingle0.93 m datapointat0:45 phaseangle(Fig.6.17)we nd
hc = 0:01, with the implication (Eq. 2.37) that the transportmeanfree pathin the soil
(the meandistancea photontravels beforeits directionis changedby a large angle)is

7 m. Thisimpliesthatthescatterersredenselypacled,seeminglyin contradiction
with the SHOE modelingresults. But maybeboth mechanismscton di erentscales.
Shadavs maybecastby large (> 1 mm) particleswhereaghe coherenscatterersnaybe
placedmicrometerapartonthe surfaceof thelargerparticles.Measuringhepolarization
of lightre ectedo thesurfacecouldhelpto identify thedominantscatteringnechanism
(e.g. Shkurate et al. 2002), but unfortunately of all DISR instrumentsonly the Solar
Aureolecamerasnadesuchobsenations.

Eventhoughtthe Hapke modelsarevery sensitve to the single scatteringalbedoof
the soil particles(ws°"), requiringspeci cationto threesigni cant digits,| nd di erent
valuesfor eachof themodels.To nd anestimatefor the true single scatteringalbedol
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6.4 Surfacecolor

Table6.4: The singlescatteringalbedoof the Hapke modelsoil particleswe found com-
paredwith thoseof theaerosolsn theLPL atmospherenodel(Tomaslo etal. 2007).The
lower limit for w*°! is from the SHOE+ CBOE model(Table6.3), the upperlimit is from
themacroscopicoughnessSHOEmodel(Table6.1).

( m) \Nson Waerosol
0.93 0.60-0.712 1.00
1.07 0.58-0.68 0.99
1.28 0.54-0.64 0.98
1.55 0.33-0.41 0.96

look atthelimits imposedoy themostplausiblemodels.As | have foundthatbothSHOE
and CBOE arerequiredto modelthe scatteringoehaior of the soil, the SHOE-CBOE

modelin Fig. 6.17setsthelower limit. Macroscopiaoughnessctsto increasghesingle
scatteringalbedo.Thetrueroughnes®f the soil is unknavn, sothe upperlimit is setby

themodelwith maximumroughnesg = 40) that ts the VLNS data(Fig. 6.15). Note
thatintrinsic particlebackscatteringncreasesv*®' with respecto isotropicscatteringso
this would increasehe upperlimit in caseof maximumroughnessTheresultingranges
forw*°'inthedi erentmethanavindowsis listedin Table6.4. Thevalueswve nd for ws°

arequitelow for anicy satellite,certainlylower thanthatof the otherSaturniarsatellites
(Buratti 1985). Also in this respecis Titan similar to Callisto. The tablecomparesvs°

with the single scatteringalbedoof the aerosolgw?¢™s% in the LPL atmospherenodel
(Tomaslo et al., in preparation)which suggestshatthe aerosolgshemselesarenot re-

sponsiblefor the soil scatteringbehaior. Noteworthy is that ws*' dropsmore steeply
from1.28 mto 1.55 mthanw?®s° Ejtheraseparatesoil components responsibldor

theadditionalabsorptionpr aerosolsindego substantiamodi cation onthesurfacethat
alterstheir albedo.

Themainconclusionsf this sectionarethefollowing. Fromananalysisof the Spec-
trophotometricMapandVLNS datal nd there ectanceof thesurfacearoundhelanding
site to increaseowardslower solarphaseanglesin the nearinfraredmethanenindows.
A substantiaincreasdowardszerophaseangle,commonlyreferredio asthe“opposition
sulge”, becomesapparenivhenl combinethesedatawith the surfacere ectanceasre-
constructedn Chaptels. Theresultingphasecurvescanbemodeledwith aHapke model
for light scatteringin a particulatesoil that includesboth shadev hiding and coherent
backscatterHowever, the modelhasmary free parameterssomeof which performsim-
ilar roles,andthereareinsu cientdatato infer ary de nite characteristic®f Titan soil.
Whatwe cansayis thatthe soil aroundthelandingsite hasscatteringoropertiesimilarto
thosefoundfor the surfaceof otherdarksolarsystembodies lik e Callistoandthe Moon.

6.4 Surfacecolor

In the previous sectionsl shaved how the obsered intensityin spectraandimagesin-
creasesvith decreasingolarphaseangle . Superposeon this trendarethe relatively
small intensity variationsthat resultfrom re ectancevariability intrinsic to the surface.
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Figure6.19shavs an exampleof this for the intensityat 1.07 m. Remembethat SM1
coveredbothland andlake, whereasSM2 obsered only the lake area.We now crudely
modelthe increaseof intensitytowardslower phaseangleswith lines. Eventhoughthe
previous sectiondealtwith more advancedmodels,lines su ce for our purposesere.
Thelineslabeledl to 3 in Fig. 6.19 aremodelsfor the SM1 land, SM1 lake, and SM2
lake obsenations.With the VLNS intensitiesbeingintermediateo thoseof the SM2 we
cansafelyassumehattheatmosphereoesnotcontributesigni cantly to theobsenedin-
tensitybelow 4 km, andthatthe SM2intensitieqline 3) aresurfaceonly. Notethatlines1
and2 aresteepethan 3, implying atmospheridbackscatteringObsenationswhich de-
viatefrom SM1 lake line 2 aroundphaseangle55 areassociateavith the bright terrain
southwesbf the landingsite. Line 1 appeardo be slightly steepethan?2, re ecting the
strongedarkeningof landdiscusseth Section6.1. Fromtheobsenationsin Fig. 6.19we
canestimatetheratio of re ectanceof landandlake in the following way. Considerthat
ata certainaltitudethe obseredintensityl .4 ) atsolarphaseangle isthesumof the
intensityof thedirectbeamscatteredrom thesurfaceandtheintensityl ;m( ) contributed
by light scatterednto the beamby theatmosphere:

oo ) = 2 el )+ L ) (6.1)

whererc is the radiancecoe cient of the surfaceand Fy is the downward ux at the
surface. The direct beamis attenuatedy the interveningatmospherdayer, which has
opticaldepth  alongthe optical path. The quantitiesl s, 1atm andrc alsodependon
theangleof incidenceandre ection, but | assumeheseto be constanwithin the spec-
trophotometricmap. The contribution by the atmospheres uncertain,but we can put
limits onits magnitude As the hazeparticlesareknown to be stronglyforwardscattering
(Tomaslo and Smith 1982),it is reasonabléo assumehatthe atmosphericontribution

to theobsenedintensityis strongeifor light comingfrom thedirectionof theland. Hence
| lettheatmospherientensitycomingfrom thelandbe equalto the atmospheriintensity
comingfrom the lake timesa factor . This factorrepresent®ur uncertaintyconcern-
ing the degreeof forward scatteringof the aerosolsandhasa minimumvalueof 1 (for

identicalatmosphericontritutions),andamaximumof r2"%=r2k Exactlyhow muchthe
atmosphericontribution di ersfor land andlake canonly be investigatedoy radiative

transfermodelsthatincludea variegatedsurface. We canwrite a versionof Eq. 6.1 for

bothlandandlake andeliminateFoe . We nd

rIand I land | lake
C _ 'obs atm |

lake - |lake [lake
C obs atm

This equationprovidesaroughestimateof there ectanceratio of the brightlandandthe
dark lake terrain. | estimatethe di erentintensitiesfrom Fig. 6.6 at phaseangle35 ; |
readl 3 from line 1, 13 from line 2, andestimate 5 asthedi erencebetweerlines?2
and3.

The estimatedintensitiesand derived re ectanceratios are listed in Table 6.5 and
showvn in Fig. 6.20. First we notethatthe hazebecomesncreasinglydominanttowards
lowerwavelengthscontributingonly 10%to theobsenredintensityat1.59 m butalmost
half thelight at 751nm. Thelandlake re ectanceratio in the methanenvindows steadily

increasedrom aroundl.10at 751 nmto 1.25at1.28 m, beyondwhichit jumpsto 1.7

(6.2)

118



6.4 Surfacecolor

0'35_ \\\I T T T T T ]
- S sp-map 1 X -
= *"’“\\ sp-map 2 ¥ 1
5 <. x T~ MNS % 1
030~ *K “x, VLNS %
£ [ T T ]
1 B \\\~ \\\\
‘:‘E r \\**\ \\\\
£ 025; T % xRl
fs F ~‘\‘§% S X% S
> iw'ﬁj{*&( * * *%\2 7
= = % -
2 0.20F T e x ~
< [ -z
£ T
[ 1.07 um
0.15 A . . . .
0 10 20 30 40 50 60 70

phase angle (deq)

Figure 6.19: The intensitiesin the DLIS 1.07 m methanewindow with lines (phase
cunves) tted throughSM1land (1), SM1lake (2), SM2 lake (3) intensities.Lines 1 and
2 aresteepethang, implying atmospheridackscattering.

at1.59 m. Theratio at 751 nm may not be signi cantly di erentfrom thatat 827 nm,
but clearlythe landis redderthanthe lake over the whole nearlR wavelengthrange.In
Fig. 6.21we make a roughestimateof the shapeof theland spectrunby multiplying the
ratioswith there ectancereconstructedor thelake in Chapters. It is temptingto inter-
pretthis reddeningn termsof tholins with the implication thatthey are moreakundant
ontheland.Di erenttypesof tholinshave beensynthesizedn thelaboratory Theblack
tholinsof Bernardet al. (2006)arered over the whole DISR wavelengthrange whereas
there ectancespectrunof their yellow tholinsfeatureanabsorptiodine at1.5 m. The
presencef bothtypesof tholin cannotexplainthejumpin re ectanceat1.59 m. Perhaps
it is associatedvith waterice abundanceor grain size,asthe strongestvaterabsorption
line in the DISR rangeis the 1.5 m line. Thenwaterice would be more abundant(or
exposed)in the lake area,or it would be in the form of coarsergrains(more aboutthis
below). However, Fig. 6.21 shavs thatthe jump at1.59 m in the land spectrumcom-
pletelyerasesheshallonv absorptiorine thatwe nd in thelake spectrumit still features
abluenearlR slope,butit is notclearwhetherthereis roomfor awaterabsorptiorine at
all (thoughadmittedly we have only reliableinformationfor the methanevindows). The
brightestterrainin theland areaseemsnot to exposewaterice assuggestedby Tomaslo
etal. (2005).

How do theseobsenationscomparewith thework of others?Rodriguezetal. (2006)
reportCassiniVIMS obsenationsof the Huygenslandingsite in nearlR methanewin-
dowsfrom 1.08t0 5.00 m, severalof whicharein commonwith this study Theauthors
notea correlationof color with albedoin DLIS rangebandratio images,andattribute it
to a strongadditive scatteringcontribution by the atmosphere Eventhoughtapparently
they do not considerthe possibility of anintrinsic color di erencebetweenbright and
darkterrain,their ratioscorrectedfor atmosphericscatteringare broadly consistentvith
the surfacecolor di erencel have derved, althougha detailedcomparisonis not pos-
sible dueto the di erentresolutionof the obsenations. McCord et al. (2006) present
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6 SurfaceBRDF

Table 6.5: Albedo ratio of the bright landriver and dark lake terrains, derived from
an analysisof the spectrophotometrimapintensities(in W m 2 m * sr 1) in nearlR
methanevindows usingEq. 6.2. Thelower limit of r2"%=r@ refersto = rg"=rg@*, the
upperlimit to = 1. Theintensitieswereestimatedrom Figs.6.6and6.7 atphaseangle
35.

type wavelength 1300 (e e laeqile andake
DLVS  751nm 0.517 0.472 0.212 045 1.10-1.17
DLVS 827nm  0.509 0.457 0.164 0.36 1.12-1.18
DLVS 935nm 0.348 0.311 0.083 0.27 1.12-1.16
DLIS 093 m 0.289 0.253 0.054 0.22 1.14-1.18
DLIS 1.07 m 0.290 0.247 0.041 0.17 1.18-1.21
DLIS 128 m 0.195 0.160 0.023 0.14 1.22-1.25

DLIS 159 m 0.079 0.048 0.005 0.11 1.63-1.71
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Figure6.20: Theratio of land andlake surfacere ectancein the nearIR methanewin-
dows, asderived from DLVS/DLIS measurementsThe error barsdenotethe limiting
casedrom Table 6.5, with the symbolsbeingtheir average. The true uncertaintyin the
DLVS 935nmratiois largerthanindicatedhere. The insertshavs the atmosphericon-
tribution to the intensity (the fraction of light scatterednto the beamby the atmosphere)
obseredat 18 km altitude(optical pathlength19 km) comingfrom the lake terrain.

re ectancereconstructionfrom CassiniVIMS datafor di erenttypesof surfaceseenon
Titan (classi ed by their brightnessn di erentatmospheriavindows). My re ectance
spectruntor lake terrainresemblegheir re ectancefor darkterrain (“ddark”) in shape,
but thelandre ectancein Fig. 6.21doesnotlook like ary of theirs.

Eventhoughthe DISR imagesare monochromeandthe cameradid not carry color
Iters, we canputcolorontheimagesusingspectraThespectrophotometrimapspectra
wererecordedcloselyin time, andareideal for constructingfalse color mapsfrom the
ratio of theintensitymeasuredn di erentmethanevindows. TheDLVS o ersahigher
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Figure6.21: Thereconstructethndspectrumpbtainedby multiplying thelake spectrum
(the210spline t from Fig. 5.16)with thelandlake ratiosin the methanavindows (Ta-
ble 6.5). Notethatthe lake re ectanceis thatfor (SSL)phaseangle0 whereagheratios
weredeterminedat (solar)phaseangle35 , andthatthelake re ectancebeyond1500nm
is uncertain(it couldbeo by asmuchas20%at1.59 m). The0.93 mratiois fromthe
DLIS.

spatialresolution,but the DLIS covers more methanewindows. Figures6.24to 6.27
shav the DLVS andDLIS spectrophotometrimapsoverlaid on panoramasf the Huy-
genslandingsite, with their footprintscoloredaccordingto the ratio of theintensitiesin
thedi erentnearlR methanevindows. Table6.6 providesa summaryof the spectropho-
tometricmap color analysis,andsenesasa point of referencean the discussiorbelow.
Thelargestratio in amapis representedly purple,the smallestoy blue.
Fromthe0.751,0.827,and0.935 m methanavindows of theDLVS we cancalculate
thecolorratios0.827 m/0.751 mand0.935 m/0.827 m (atlowerwavelengthghe
atmospherihazeinterferestoo much). However, theresponsiity at0.935 m is solow
thatcalibrationartifactsdominatethe signal;whenwe calculatehe averageof eachof the
16 footprintsover all spectrain eachmap,we nd thatthey shav a similar dependence
on zenithangle. This is clearly an artifact, sinceboth mapsviewed completelydi erent
terrains.As theseartifactsdominatethe 0.927 m/0.827 m ratio, | excludeit from my
analysis.Theartifactsareminorfor the0.827 m/0.751 mratio,only signi cant for the
footprintsatlowestnadirangle.l deviseda correctionfor eachfootprint by averagingthe
intensitiesof bothmaps,andits applicationimprovesthe color balancewithin the maps.
Note thatthe positionandorientationof the individual spectraandthe mapsasa whole
arenot 100%accuratenoimageswererecordectlosein timeto eitherof thespectropho-
tometric maps,which could have constrainedheir orientation. The azimuthangle of
eachspectrumwascalculatedrom the probeattitudereconstructiorby Karkoschkaetal.
(2007),assumingerotip andtilt. Notethatthelattermayleadto inaccuracies theposi-
tioning of thefootprints;therelative orientationof thespectravithin amapis reliabledue
to therapidacquisitionof spectrabut we cannotaccounfor a possibleswingingmotion
of the probe.Figure6.24shovs the DLVS spectrophotometrimapswith the0.827 m/
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Table 6.6: Summaryof the resultsof the spectrophotometrimap color analysis. s
is thedi erencebetweenthe maximumandminimumintensityratio R, in bracletsasa
percentag®f themaximum. o isthedi erenceexpectedfrom surfacebackscattering
(Fig. 6.29),in bracletsasa percentagef thedi erenceobseredfor SM2.

SM1 SM2
ratio Rmax Rmin obs I:\)max Rmin obs exp
?%J;Q 1.007 0.929 0.078(8) | 1.107 1.043 0.064(6) | n/a
s 11.011 0.955 0.055(5) | 1.033 1.006 0.027(3) | 0.013(48)
T28m 1 0.687 0.632 0.055(8) |0.675 0.656 0.018(3) | 0.009(50)
T2 11 0.360 0.260 0.100(28) | 0.317 0.285 0.032(10) | 0.009(29)

0.748 m intensityratioin falsecolor. In the SM1 a high color ratio (pink footprints)is
associateavith the land area(labeleda), andthe lowestratios (blue footprints)with the
lake areaeastof thelandingsite (b), con rming the ndings in Tomaslo etal. (2005).As
mentionedefore atthesewavelengthst is notclearwhetherthelandareais truly redder
or simply brighterthanthe lake area;the preferentialabsorptiorof light of lowestwave-
lengthby thehazemaymerelymake thelandareaappearedder The DLVS color mapis
mostusefulfor verifying the brightnesdistribution of the DISR landingsite panorama.
For example,lake bed associatedvith blue footprintsin Fig. 6.24A is probablydarker
thanlake bedoverlayedby greenfootprints. The factthatthe footprintsthat cover what
appeargo be lake bednorth of the land area(c) arealsoblue suggestshis terrainis as
darkasthelake bedin the east(b), con rming our suspicionput forwardin Section6.1.
The bright terrainsoutheasof the landingsite (d) is characterizedby orangefootprints,
with the broaddark channeimmediatelysouthof it tracedout well by greenfootprints.
The lake bedin front of the land area(e) is brighter shaving up in greenand yellow
footprints. In termsof the brightnesgradientin Fig. 6.91 interpretlake bede to beless
cleanthanb andc, being coveredby out ow depositsfrom the mainland. This terrain
wasobsenredin detailby SM2. Figure6.24B shows thatthe highestcolor ratio is found
in front of the coastline, andthe lowestratio in the lake bed areasouthof the landing
site. This color gradientis associateavith the aforementionethrge scalebrightnesgra-
dient. Smallscalecolordi erencesnayberelatedto the presencef brightislandsin the
lake bed. However, the "banded'appearancef the spectraalongthe spatialdimension
suggestshatcalibrationartifactshave notbeencompletelyremoved.

The spatialcoverageof the DLIS spectrophotometrimapsis muchsmallerthanthat
of theDLVS maps;oneDLIS exposureyieldsonly asinglespectrumasopposedo 16 for
theDLVS. Figures5.25t0 6.27shav the DLIS footprintsof bothmapsoverlaidon panora-
masof the landingsite, coloredaccordingto the ratio of intensityin the four methane
windows. For all threecolor ratios, SM1 con rms thatthe river areais redderthanthe
lake area. This is mainly dueto the intrinsic color di erencebetweenthe two typesof
terrain;asexpectedrom Fig. 6.20,it is mostpronouncedor the1.59 m/1.28 mratio.
This explainswhy the subtlecolor variationswithin the land areaseenin the 1.07 m /
0.93 mand1.28 m/ 1.07 m ratiosdo notappeaiin the1.59 m/ 1.28 m ratio; if
presentthey aredwarfedby thelarge color gapbetweernandandlake. It mustbe noted
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Figure6.22: Theintensitiesrecordedby the DLVS in the 20-columnspectrophotometric
map modeshaow evidencefor the presenceof calibrationartifacts. For eachof the 16
footprints we calculatethe averageover all spectrain map 1 and2. Shown areratios
of theintensityin threemethanewindows; at the top the 827 nm/ 751 nm ratio, at the
bottom the 935nm/ 827 nmratio. Ontheleft averagedntensitiesfor the two maps,on
theright theaveragedntensitiesof SM1 multiplied by a constanto matchthoseof SM2.
To lower the level of noise,theintensitiesare calculatedasthe averageof threespectral
pixelsaroundthe wavelengthof interest.

thatthe SM1 color variationis largerfor the1.07 m/0.93 mratiothanfor the1.28 m
/ 1.07 m ratio, althoughit is unclearwhatthis means.As is oftendonefor spectraac-
quired from outsidethe atmospherde.g. Gri th et al. 2003, McCord et al. 2006), we
caninterpretthe color di erencein the methanewindows in termsof waterice; when
we comparethe obsered variability of the threeratioswith thatof waterice (Fig. 5.22,
measure@t methanavindow wavelengths)we nd thatit is broadlyconsistentvith land
consistingof ne andlake bedof mediumgrainedwaterice. But with theavailability of a
full lake bedspectrum(Fig. 6.21),thisinterpretatiorbecomesgjuestionableAs discussed
above, the detectionof waterice at the Huygendandingsiteis by no meanscertain,and
thecolordi erencebetweernandandlake bedmayalsoberelatedto tholin abundance.
Peculiarsinceit doesnotshowv upin theDLVS SM1 (andhences notassociateavith
surfacebrightness)is thereddishterrainin the lake bedsouthof thelandingsite (labeled
with anasteriskin Fig. 6.25). Its spectrabehaior is di erentfrom the otherlake terrain,
but it doesnot standout asunusualin the images(althoughadmittedlyit is di cult to
interpretary featurein this part of the lake). Unfortunately this partwasnotimagedat
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6 SurfaceBRDF

Figure6.23: Calibrationartifactsin the DLVS SM1. The gures at left andright show

the map beforeandafter applyinga correctionfor the artifactsin the 827 nm/ 751 nm

intensityratio (seeFig. 6.22). The correctionis especiallysigni cant for the innermost
footprints.

high resolution,but the close-upin Fig. 6.28 betraysthe presencef riversin this area.
In the SM1 overview panoramde.g.Fig. 6.27,top) it canbe seenthatthesered DLIS
footprintsareclosesto thevery darkterrain(the Dark Spot)to the south which| suggest
is landriver terrainlik e that north of the landingsite (seeSection6.1), andarelocated
within what may be an out ow channel. An exciting possibility is thatthe red color is
associatedavith out ow from the Dark Spot,with eithertheliquid itself beingredor the
sedimenit transported.

The color variability in the SM2 is lesspronouncedhanin the SM1, andthe color
spatialdistribution is di erentfor all ratios. Exceptfor the highestcolor ratios, which
oftencanbefoundin the northwestcornerof mostspectrophotometrimaps,associated
with spectraacquiredat the lowestsolarphaseangles. This raisesthe questionwhether
reddenings associateavith surfacebackscatteringl calculatedhe degreeof reddening
for the best- tting Hapke model,thatfor isotropically scatteringparticles,andshow the
resultsin Fig. 6.29. For the DLIS rangeof solarphaseanglesonly a moderateamount
of reddenings expected accountingor roughlya quarterof thatobseredfor SM2 (last
columnin Table6.6). Apparently mostof the variability obsened in the lake areaby
SM2isintrinsicto thesurface althoughat DLVS wavelengthsaatmospheribackscattering
may contribute. Otherthanthe factthat higherratiosare generallyfound closerto the
coastine, thereis no obviouscorrelationwith surfacemorphology It is unclearhow the
color variability in the lake shouldbe interpreted. It may be relatedto subtlechemical
andor particlesizedi erenceslikely associateavith the o w featureghataboundn the
darkterrain. Sincewe expectthataerosolddepositionshouldcompletelycoverthe surface
within a few decadesthe factthatthesecolor di erencesxist indicatesthat uvial or
aeolianprocessesreater maintainshem.
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6.4 Surfacecolor
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Figure6.24: Theratio of the intensityin the methanewvindows at 827 and 751 nm, dis-

playedfor thetwo DLVS spectrophotometrimaps.A: SM1(45 45km),B: SM2(10 10

km). Theratiosarecorrectedor the calibrationartifactsin Fig. 6.22. Intensitiesarecal-

culatedas the averageof three spectralpixels centeredon the wavelengthof interest.
Projectionis gnomonic,andthe landingsite is exactly at the centerof eachbackground
mosaic(Karkoschkaetal. 2007).
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Figure 6.25: The ratio of the intensity in the methanewindows at 1.07 and 0.93 m,
displayedor thetwo DLIS spectrophotometrimaps(A: SM1,B: SM2).
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6.4 Surfacecolor
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Figure 6.26: The ratio of the intensity in the methanewindows at 1.28 and 1.07 m,
displayedor thetwo DLIS spectrophotometrimaps(A: SM1,B: SM2).

127



6 SurfaceBRDF

0.360

0.260

1.99um
1.28um

0.317

0.285

1.99um
1.28um

Figure 6.27: The ratio of the intensity in the methanewindows at 1.59 and 1.28 m,
displayedor thetwo DLIS spectrophotometrimaps(A: SM1,B: SM2).
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6.4 Surfacecolor

Figure 6.28: Close-upof the anomalougegion southof the landing site which consis-
tently shavsupredin theDLIS SM1 color maps.Shovnisthe1.59 m/1.28 minten-
sity ratio of DLIS 86-1050verlaidin falsecoloron MRI 487-613in Mercatorprojection
(colorscaleis slightly di erentfrom Fig. 6.27).
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Figure6.29: The color of the lake surfaceasa functionof solarphaseangle,asexpected
fromthebestt Hapke SHOEmodelfor isotropicallyscatteringoarticles(Fig. 6.16,top).
Color is expressedsthe ratio of obsened intensityin four nearlIR methanewindows.
Thescalehasbeenchoserto facilitatecomparisorwith the SM2 projectionsn Figs.6.25
to 6.27. The vertical dottedlines indicatethe phaseanglelimits of SM2, and s the
increaseof theratio overthisintenal.
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/ Temporal Variability

After successfullylandingon Titan's surface,Huygenscontinuedto operate. About an
hoursworth of datawasrecevedfrom thesurface thecommunicatioreventuallycutshort
by Cassinisdisappearandeelon thehorizon. Earthradiotelescopesdetectedheteleme-
try carriersignalfor severalhourslonger(Lebretonet al. 2005). DISR remainedactive
too,andapartfrom 198imagesatotal of 49 DLV, 190DLVS, and36 DLIS measurements
werereturnedfrom the surface(in datastream524b). As theinstrumentinitially needed
time to adjustto the higherintensitylevelsdueto the ood of re ected lamplight, mary
of theearlyspectraareoverexposed.Thesepost-landingneasuremenisrovedto bevari-
ablein time. In thischaptell analyzethe shorttermtemporalvariability obseredaround
landing,andthegradualchange®bsenedoverthecourseof thehouronthesurface.The
detailsof all measuremenwiscussedanbefoundin AppendixA. Apartfrom thethree
aforementionedhstrumentd alsoincludecolumn49in thediscussionStrictly speaking
not aninstrumentcolumn49 wasusedasa measuref light spilling over from the MRI
to thevisualspectrometer§ crosstalk’,seeSection3.3and83.4.5),andmayberegarded
asaonedimensioncamera.lt is importantto keepin mindthedi erent eld of view of
theinstrumentsThe DLVS samplesa smallfractionontheleft sideof there ection spot
visible in the post-landingMRI image,andthe DLIS sampleshe re ection spotitself
(seeFig. 4.7). Column49 samplegheright sideof the MRI image(morespeci cally the
upper200pixels),andDLV eld of view is half thehemisphereWith the SurfaceScience
Lamp(SSL)beingthemainsourceof light, it is paramounto establistthatits outputwas
constant.The probehouselkepingdataprovide the SSL diagnosticsurrentandvoltage.
Figure7.1showvsthatthesetwo indicatorsweresteady Beinganincandesceriamp, this
impliesthatthe SSL brightnessvasconstanfrom the momentit wasswitchedon.

All active downward looking instrumentsecordedrapid changeswithin aninterval
of six secondsafterlanding. In the next sectionl discusshesein termsof two possible
mechanisms.Oneis that after landingthe probemoved for several seconds.The SSP
foundevidencethatthe probelandedon acobble lik e theoneswe seein the post-landing
images(Zarneckiet al. 2005). But the stablepost-landingaltitude of the DISR camera
is consistentwith the probes bottomrestingon the soil (Karkoschkaet al. 2007). So
it is reasonabléo assumehat eitherthe probepushedhe cobblesit landedon into the
apparentlysoft soil, or that it slid o of themwhile rotating (a 320 kg probelanding
with 1 rpm carriesa lot of angularmomentum).Both movementswould have changed
DISR's attitudeanddistanceto the surfacesigni cantly for afew secondsAn alternatve
mechanisnis the developmenibf adustcloud. Lorenz(1993)investigatedhelik elihood
of a dustcloud being generatedy the impactof Huygenswake, and predictedthatin
thepresenc®f ne particlesatthelandingsite the formationof anoptically thick cloud,
lastingfor somesecondswould be possible. The weaksurfacewind of <1 m s * (Bird
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Figure7.1: Thecurrent(left) andvoltage(right) of the 20 W SSL wereconstangfterit

wasswitchedon at missiontime 8734sec.Thesehouseleepingdataarefrom datastream
524aasthe SSL currentin streamb24bis corrupt(ChuckSee personatommunication).

etal. 2005,Lorenz2006)could have carriedthe dustaway in afew seconds.

In the last sectionof this chapterl discusshe gradualchangeobsened by someof
thedownwardlookinginstrumentoverthe courseof thehourin which Cassinicontinued
to receve datafrom Huygens.Whetherthesechangesrerelatedto the ervironmentof
thelandingsiteis questionablehut atleastthey provide usmoreinsightinto theworkings
of theinstruments.

7.1 Variability around landing

Rightafterlandingtheinstrumentvasstill operatingn theVLNS mode(seeSectioré4.1).
All downward looking instrumentswere active in the 10 secondtime interval around
landing, but only the DLV, DLVS, and column 49 yielded useful data (the DLIS just
recordeda singledarkmeasuremer@.25s beforelanding).In thefollowing paragraphs
rst dealwith eachinstrumentndividually, beforel attemptto developa comprehensie
view of whattranspiredaroundlanding.

7.1.1 DLV

In contrasto all otherobsenationmodestheDLV darkcurrentassociatedvith theVLNS
modeis unimodal. This meanghatthe raw datanumberscanuniquely be corvertedto
intensities. Figure 7.2 shavs all the DLV VLNS measurementdjoth beforeand after
landing. The rst intensityin this series,acquiredat the lowest solar phaseangle, is
clearly higherthanthat of subsequenteasurementglemonstratinghat the opposition
e ect(dueto backscatteringf sunlightby the haze)wasalsoobseredby the DLV (see
Chapter6 for adiscussiorof theoppositione ect). Thelastpre-landingntensity(441, at
3.5m above the surface)is higherdueto the proximity of thelampre ection spotonthe
surface. After landingthe intensityjumpsto a higherlevel, reachingthe stablevalue of
0.104 0.002[W m ? m ! sr ] afterabout ve seconddrom 449 on. Smallvariations
obsenred thereafterare within the limits of uncertainty The rst post-landingintensity
(445, 0.100[W m 2 m ! sr 1] after 2.7 s) is signi cantly lower, whereasthe second
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Figure7.2: The VLNS modeDLV measurementsyith errorsindicatingthe uncertainty
in the biaslevel. Left: All measurementsRight: Zoomingin on the time of landing,
with sequentiahumberdabeled.

(447,0.111]W m 2 m *sr 1] after3.8s)is signi cantly higherthanthe stablevalue.To

explainthetwo anomalougpost-landingdatapointswe have to considerthetwo di erent
mechanism§probemovementanddustcloudformation),outlinedin theprevioussection.
With the eld of view beinghalf thehemisphereit is di cult to distinguishbetweerthe
e ectsof movementanddust. Dustwouldbebrightcloseto thelamp,but atthesametiime
obscureghelampre ection spot. Probemovementcouldexplain the databy changinghe
distanceto the surfaceor bringing objectsof di erentbrightnessnto the eld of view.

We needto examinethe measurementsf otherinstrumentgor moreclues.

7.1.2 Column 49

CCDcolumn49is essentiallyaone-dimensionatameraijt collectslight spilledoverfrom
theMRI. This*“crosstalk”is mainly a nuisancedor the ULVS (aminor for theDLVS), and
column49is usedto gaugets magnitude Figure3.2 shavsthelocationof column49on
the CCD with respecto the MRI. Notethatif an MRI imageis projectedin the correct
orientation(raw imagesareupsidedown), light leaksfrom the rightmostcolumns.
Column49 wasreadout several timesaroundlanding,andFig. 7.3 shavs the asso-
ciatedbrightnesro les. Measuremen?87 was actuallyacquiredduring landing,and
its brightnesgro le appearsmoothedmostlik ely becaus®f smear(it wasinitiatedbe-
fore landing,while the probewasstill rotating).In contrastthe rst pro le afterlanding
(790, recordedafter4 s) is jagged shaving the samedetailedstructureaslaterones(791
and792. As the signalwasstrongdueto re ected lamplight, the jaggednatureof the
pro le mustbe dueto surfacefeatures.It cannotre ect pixel-to-pixel variationsin the
responsiity of column49 (which is unknovn) because&/87 is smooth,as expectedfor
a smearedro le. The smallvariationssuperposean the pre-landingpro les 783 and
784 aredueto photonnoise;their magnitudds in the orderof afew DN, visible in only
becausef theuseof thelogarithmicscalein Fig. 7.3. Figure7.4examineshecorrelation
betweenra post-landingMRI imageandcolumn49. Shovn arethetop 200 pixels of the
ve rightmostcolumnsof the MRI imagetogethemwith column49 791 The correlation
of the detailedpro le featureds weak,but appeargo be presentg.g.aroundpixel 170.
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Figure7.3: Thevariability of column49 aroundthetime of landing. Left: 783 784 (pre-
landing), 787 (aroundlanding),and 790-792 (post-landing).791 and 792 aredrawn in

black. Theinsetshavs the same gure in log-scale.Right: The variability of pixels 10
and190. Thescaleof pixel 10 hasbeenenlagedto shav changesn theintensitygradient
overthecolumn.Thecolorsarethe sameasin the gure ontheleft.
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Figure 7.4: After landing, the small-scaledetails of the columnsof the MRI that are
locatednext to column49 correlatereasonablywveakly with the latter. Left: Column49
791displayedin black, with theraw MRI 1191 columnsl1-5in red. Right: MRI 1191,
with the plotted columnsin red. The overexposedlamp re ection spotis visible in the
lowerright corner SeeFig. 3.2for thelocationandorientationof theMRI andcolumn49
onthe CCD.

This tentatvely con rms thatthe small-scale€eaturesin the column49 pro le correlate
with surfacefeatures All of this suggestshatDISR waslooking atthe samespoton the
surfacefrom 790 onward. Yet 790is brighter mostly towardshigherpixel numbersj.e.
closeto thelampre ection spot.In principle,this brighteningcould have beencausedy
a dustcloud, which would have increasedhe amountof lamp light scatteredackinto
the camera.Becausehe detailedstructureof pro le 790is similar to thatof subsequent
measurementshis cloud musthave beenoptically thin.
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7.1 Variability aroundlanding

7.1.3 DLVS

Directly after landingthe DLVS signal oscillatedfor several secondsbeforereaching
stability. Figure7.5showvs how it startedout low (788 28% lower thanthe stablebright-
ness)reachedcamaximum(789 16%higher),andthenreacheda secondninimum (790,
10%lower) beforestabilizingsomeavherebetweerfour to six secondsfterlanding(791
andlater). The rst post-landingspectrum(788 recordedafter 1.6 s) is not only a third
lowerin brightnessbut its shapds alsodi erent(redder)thanthatof thestablespectrum,
whereaghe shapeof thetwo subsequengpectras virtually identical. In view of thetwo
mechanismgroposedbore (probemovementanddustcloud),it is di  cult to ervision
how a dustcloud could have causedhe brightnesgo oscillate. The DLVS did not look
directly into the coreof the SSL beam,but wasaimedjust to theleft of it (seeFig. 4.7),
souniformly distributedinterveningdustwould have absorbedhe light re ectedo the
surface. Turbulencewithin the dustcloud could have causedi erentdegreesof darken-
ing, but only in aspecialcase(dustcloseto theground)it couldhave leadto brightening.
On the otherhand,if we assumeahat Huygenswasinitially elevatedabove the surface
by about10 cm, perchedon ice cobbles,it would leadto anintensitya third lower than
the stablevalue,exactly whatis obsenedfor 788 We cancalculatethis quite accurately
becausef the small eld of view of the DLVS in the VLNS mode(seeFig. 4.7). That
this spectrumis alsoredderthanthe stablespectrunstrengthenshe suspicionthatDISR
waslooking ata di erentpatchon the surface. As mentionedabove, the higherbright-
nessof the next spectrum(789 cannotreasonablybe explainedby dust. Togetherwith
thefactthatit alsois slightly redderthanthe stablespectrum(Fig. 7.5), this suggestshat
Huygenswasstill moving 3.0s afterlanding. The brighteningcanbe explainedby DISR
beingcloserto thesurface(inclinedforward?),or thepresencef arelatively brightobject
in the eld of view. The 10% lower brightnessof 790, recordeddirectly after 789, can
beexplainedby eitherprobemovementor a dustcloud. Theformerwouldimply thatthe
probewasstill moving 4.0s afterlanding.

7.1.4 Synthesis

Figure7.6 shovs how the signalof the downward looking instrumentsactive aroundthe
time of landing (tp) variedin a similar, but not identical, way. Secondseforelanding
the signalincreasedn strengthdueto the brighteningof the lampre ection spoton the
approachingsurface. Directly after landingthe signalwasvariablefor a periodof four
to six secondsafterwhichit stabilized. We now concentraten threesubsequentmes
of measuremenwithin this brief interval of variability indicatedin Fig. 7.6 (t; = 1.6 s,
t, = 3:0 s,andt; = 4.0 s afterlanding). Initially all instrumentgecordecarelatively low
signal. For column49 (787 at ty) this wasprobablydueto the factthatthe measurement
wasinitiated beforelanding. The low intensityof DLVS 788 (at t,) with respecto the
stablevalueis consistentith theprobebeingperchedn 10 cm diametelice cobbles Its
reddercolor comparedo thestablespectrunsupportsheideathatthe probewasinitially
lookingatadi erentpatchof surface.TheDLV (445 andDLVS (789 obsenationsatt,
aremoredi cult to explain. The DLV measurea 10% lower intensitycomparedo the
stablevalue,whereaghe DLVS wasactually 16% brighter The DLV readingsuggests
that the probes undersidehad not yet cometo reston the soil, but wasstill elevateda
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Figure7.5: The DLVS spectraexhibit changesn intensity aroundthe time of landing.
Top left: All VLNS modeDLVS spectra.Unlabeledare 768-785 at the bottom, dotted
lines indicatewherethe spectrumwas overexposed. The spacecraftandedin-between
therecordingof 786 and788 Top Right: The rst four spectrarecordedafterlanding,
scaledo matchattheredendof thespectrun{791is behind790). The rst spectrunmafter
landingis signi cantly redderthanthe others. Bottom: The intensitiesin two methane
bands,with the time of landingindicatedby the vertical dottedline. The x-error bars
delimit theexposuretime. They-errorbars,while dravn, arehardto seeasthey aremuch
smallerthanthe plotting symbols.

few cmabove the surface. Thebright DLVS spectrunmay be explainedby the presence
of a bright, or elevatedobject(cobble?)in its small eld of view. Thefactthatit is also
slightly reddersupportshe ideathatthe probehadnot yet cometo rest. It appearghat
the obsenationsat t; (DLV 447, column49 andDLVS 790) areinconsistentith probe
movement.The column49 pro le shows a brighteningtowardsthe lampre ection spot,
and hasa detailedshapethat resembleghat of the stablepro le, indicatingthat DISR
musthave viewed exactly the sameterrain. The DLV detectedorighteningby a similar
amount,but at the sametime the DLVS darkenedby 10%. How canthe DLVS have
experienceda local minimumwhile boththe DLV andcolumn49 reacheda maximum?
Theanswemusthave to do with theinstruments'di erent eld of view, andmaybethe
temporarypresencef adustcloud.

To investigatehis we simulatethe post-landingllumination of thesurfaceby the SSL
with theopen-sourc®OV-Rayraytracel(version3.6,www.povray.org). Thesimulation
putsa spotlightin the samepositionasthe SSL on DISR with Huygensrestingon the
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Figure7.6: The obsenationsof the downwardlooking instrumentscomparedaroundthe
time of landing(to). Error barsdelimit the exposuretime. Shown is the signalstrength
of theDLV, DLVS, andcolumn49,0 setby anarbitraryamount.Also indicatedarethe
threetimes(ty, ty, t3) discussedh thetext.

surface(MRI altitude46 cm). Light re ectedo asurfaceis obseredfrom the point of
view of the MRI. Thespotlightbeamis circular (not elliptical asfor theactualSSL),and
its ux dropso with thesquareof thedistance Beforelight reacheshesurfaceit maybe
scatteredy dust(if present}o beregisteredby thecameraPOV-Rayo erstwo waysto
simulatedust. The rst is with the media statemento simulatescatteringandextinction
by amediumof microscopicscatterersThistypeof simulationis notformulatedin terms
of particles,and it doesnot model extinction of light re ected o the surfacetowards
the cameras. Hence, its resultscan only be discussedn qualitative terms. The type
of scatteringcanbe speci ed. | considerboth isotropic scattering,and (morerealistic)
the stronglyforward scatteringbehaior of the Mie hazemodel. Alternatively, | model
macroscopidustparticlesastiny sphereswhich doestake into accounextinction of light
re ectedo thesurface.For thespherediameter selectavaluein therangeprovidedby
Lorenzetal. (2006b)for particlesthatmay make up theequatoriadunes.SinceHuygens
landed30 km southof two dunes(seeFigs. 1.10and 6.3), it is reasonabldo assume
theseparticlescan be found aroundthe landing site. Figure 7.7 shows the resultsfor
the microscopicdust(media) simulation. Thetop gures are simulatedMRI views of
avariegatedsurfaceilluminatedby a SSL-typelamp, the bottom gures shov simulated
column49 pro les. It is clearthatdustabsorptiondarkensthe left sideof there ection
spot(the approximatdocationof the DLVS footprint), but it is key to demonstratehat
at the sametime it canbrightenthe right side of the MRI image(which spills over into
column49). The gure shows thatisotropically scatteringdustcando this, wherethe
(more realistically) forward scatteringdust fails. In both casesdetailson the surface
remainvisible, asrequiredby the column 49 obsenations. Apparently to explain the
increasedrightnesof column49 790 substantiabackscatterings required.Figure7.8
showvstheresultsof themacroscopidust(spheresgimulation,with atleft simulatedviRI
views, andat right the associatedolumn49 pro les. Notethatthelampre ection spot
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Figure7.7: Simulationsof how column49 would perceve the presencenf microscopic
dustbetweenDISR andthe surface. Top: POV-Ray simulationsof how the MRI would

seethe lamp re ection spot. The simulationemploys the media statementwhich does
not considerextinction of light re ected from the surface. Far left: MRI image1011of

theoverexposedre ection spot. Centerleft: No dust. Centerright: Dustscatteringwhite

light isotropically Farright: To illustratethe processwve let dustscattergreenandblue

light only (redlight is transmitted). The simulatedlamp beamis circular, whereaghe

actualbeamis elliptical. Bottom: Simulatedcolumn49 pro les (i.e. the top 200 pixels
of the rightmostcolumn of the MRI images)in the presenceof isotropically (left) and
forward (right) scatteringdust. Comparehesepro les to Fig. 7.3 (left).

is displayeddarker thanin Fig. 7.7 to accommodatéor the high brightnesf particles
closeto thelamp. The particlenumberdensityis 3 cm 3, which resultsin a darkeningof
10%attheleft sideof thelampspot(asrequiredby DLVS obsenation790). Clearly, the
presencef macroscopigarticlescreatesspikesin the column49 pro le, with maxima
in brightnesgdueto particlescloseto thelamp,andminimadueto particlescloseto the
cameraln reality, the spikeswould notbeaspronouncedsin Fig. 7.8,becausgarticles
closeto the camerawould be out of focus,andbecauserosseerto column49 doesnot
only involve the rightmostcolumn of the MRI. Neverthelessthesesimple simulations
suggesthatthebrighteningof column49 pro le 790with respecto 791is de nitely not
dueto large (>0.1mm) dustparticles asthesewouldleadto spikesin thepro le thatwere
not obsened. In principle,it maybe causedy the presencef very ne particleswhich
would needto exhibit a substantiatlegreeof backscatteringandhave a scatteringcross-
sectionindependentf wavelength.This would be anunusuakype of dust.Scatteringoy
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Figure7.8: Simulationsof how column49 would perceve the presenceof macroscopic
dustbetweerDISR anda uniform surface. Left: POV-Ray simulationsof how the MRI
would seethe lampre ection spot. Dustis modeledasisotropicallyscatteringd.25mm
(left) and2 mm (right) diameteispheresatanumberdensityof 3 cm 3. Right: Simulated
column49 pro les (i.e. thetop 200 pixels of the rightmostcolumnof the MRI images)
for the0.25mm diameterspherestleft. Comparehis gure to Fig. 7.3 (left).

Titan aerosolsfor example,is foundto be strongin theforwarddirectionandwavelength
dependenfTomaslo andSmith 1982)(Tomasko etal. 2007).

In summary the downward looking instrumentmeasurementare explainedbestby
the assumptiorthat Huygenswas moving andor rotating for at least3 secondsafter
landing, probablyperchedon cobbleslik e thoseobsened in the SLI images. Because
the nal restingpositionof the probewaswith its bottomon the soil (Karkoschkaet al.
2007),it musthave slid o thecobblespr pushedheminto the(soft) ground. The DLVS
measurementwithin that interval provide evidencefor the presenceof materialswith
di erentspectrakharacteristicat thelandingsite. The measurementst 4 secondsfter
landingaredi cultto explain. They arenotcausedy the presencef largedustparticles
in the air betweersurfaceandcamerathatarethoughtto make up the equatorialdunes
(Lorenzetal. 2006b).Very ne particlesareruledout by therequiremenbf backscatter
ing andthespectrallyneutralcharacteof the putatve absorption Possiblywe do notfully
understandhe cross@er mechanismandor the post-landingoehaior of the CCD. Input
from otheronboardsensorgradio, accelerometergjould leadto further understanding,
andperhapsndicatewhetherthe probewasstill moving after4 secondsfterlanding.

7.2 Long term variability

After 47 second®n the surfaceDISR switchedto oneof the several surfacemodes(see
Section4.1). The DLVS returnedto the 10-columnmode,andthe DLIS measurements
wereoncemoresummeddn boardasif thespacecraftvasstill suspendeah theair. Some
of theDISRinstrument®bsenedslow, graduakchangesverthehourthatHuygensspent
immobilized on the surface. In this sectionl discusswhetherthesearereal, or canbe
attributedto instrumentak ects.
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7 TemporalVariability
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Figure7.9: The signalof the DLV is virtually constantover time after one minute after
landing. Themeasurement@rebimodaldueto thedarksignalassociateavith thesurface
operationamode.

7.2.1 DLV

After theinitial variability aroundlandingthe DLV signalremainedvirtually constant.
Thechangewisible in Fig. 7.9 aredueto the bimodaldistribution of the dark signal(see
83.1.1)in the varioussurface modes. The expecteddi erencein dark signalis about
10DN, moreor lessthevalueobsered.

7.2.2 CCD instruments

The long term behaior of the CCD-basednstrumentsafter landingwas peculiar The
brightnesdistribution on the imagesgraduallychangedwith the brightestpartsof the
SLI surfaceimage (the top and bottom part) becomingeven brighter over time. The
brightnesdistribution on all SLI surfaceimagesis in factidentical. The CCD wasnot
designedo dealwith the ood of re ectedlamplight it recevedafterlanding,andcould
not getrid of the excesschage completely The DLVS measurementarea ectedin a
similar way. Furthermore post-landingCCD measurementaere severely a ectedby
straylight, dueto the smalldistanceof the ber to the CCD surface(20 m).

The otherdownward looking instrumentgshat usethe CCD aslight detectorindeed
behaed similarly. Figure7.10shaows how the signalof both column49 andthe DLVS
graduallyincreaseavertime, column49 mostlywherethechagerateis highestandthe
DLVS mostlyathigherwavelengthswheretheintensityis highest.SincetheDLV andthe
DLIS obsenations,which do not usethe CCD asdetectoydid not exhibit ary signi cant
changesver time, the changebsened by column49 andthe DLVS mustresultfrom
the phenomenomlescribedabove. Thenit follows thatthe mostaccurataneasurements
arethoserecordedight afterlanding.
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Figure7.10: Chageaccumulatioronthe CCD overtime. Column49 (left) andtheDLVS

(right) werereadout at the sametime, andthereforehave identicalsequentiahumbers
(listedin thelegend).Thetime betweerthe rst andlastmeasurememnwas4074sec(1lh

8m). Theincreasds largestwherethe signalis strongest.SpectraDLVS 821 and1077

arethatof footprint 6 (out of 8) of the rst andlastcorrectlyexposedl0-columnmode
spectraecordedafterlanding.

7.2.3 DLIS

Figure7.11(left) compareshe rst correctlyexposedLIS spectrunrecordedafterland-
ing (249 with thelastone(268), obtained66 minuteslater Notethat249wasrecorded
in the single exposure(unsummed)mode,and 261 and 268 in the summedmode. A
few minutesafter landing the DLIS switchedto the summedmodeagain,in casethe
spacecraftvasmistalenabouthaving landedandin reality wasstill suspendeth the at-
mosphergseeSec.4.1). In contrastto spectrarecordedearlyin ight, summingwhile
on the surfaceis of no consequencbecausehe spacecraftvascontinuouslyiooking in
the samedirection. The gure shavsthatthe DLIS obseneda slight gradualdarkening
over the courseof the hour on the surface. Whetherthis darkening of about5% is real
cannotbe establisheavith certainty but probablynotbecausét wasnotobsenedby ary
of the otherdownward looking instruments.Instead,it may emepge from a switchto a
di erentsetof responsiities associatedvith the 14 K increasan detectortemperature.
Even thoughthe imagesshow that the probetilted slightly over the hour (Karkoschka
etal. 2007),theestimatecamountis sosmall (0.06degrees)thatthis couldhave a ected
the spectrometepbsenations. The overall re ectanceof the surfacewas mostlikely
constantasimplied by the DLV measurements.

Is the depthof the methaneabsorptionlines constantaswell? As Fig. 7.11 (right)
shows,thel.16 m methaneomplex doesnotshaov ary changesn shapeoverthecourse
of an hour. This implies that the methanemixing ratio in the atmospherdetweenthe
DLIS andthelampre ection spoton the surfacewasconstant.If evaporationof liquid
methandrom thesoil by lampor probeheatoccurrecafter90secondsifterlanding,it was
too little to be obsenedin the DLIS optical path. The presencef liquid methaneon the
surfaceatthelandingsiteis ruled out by the post-landingDLIS spectraseeSection5.3)
andobsenationsby otherHuygensinstrumentgFulchignoniet al. 2005,Zarneckiet al.
2005). However, therearehintsthatthe subsuréceis wet at a depthof severalcm (Nie-
mannet al. 2005, Zarneckiet al. 2005, Lorenzet al. 2006a). Most of the enegy of the
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Figure7.11: Evolution of the DLIS spectrarecordedon the surface. Left: 249and268
arethe rst andlastunsaturatedpectra(seeTable A.14). The recordingtimesof 249
261, and268are8960,10943and12902s, respectrely, andtheir detectotemperatures
189,196,and203K. All spectraused202asbackgroundRight: Whenspectra261and
268arescaledo match249,the1.16 m methaneabsorptiodine comple is foundto be
invariant.

20 W SSL wasdepositecbn an areaof about80 cm?, andthe heat o w downward may
have heatediquid methanen the subsuréceto theboiling pointat 116K (at Titan pres-
sure). Theresultsfrom a simple simulationof the heat o w, usingthe parametergor a
porousicy regolith from Tokano(2005),indicatethat the top of the surfacewould have
heatedup quickly, possiblyto temperatureashigh as170K dependingon the amount
of free convection(this temperatur@ssumesir o w velocitiesof 2m s 1). Evidencefor
strongsurfaceheatingis foundin the post-landingmagesin the form of changesn see-
ing (Karkoschkaet al. 2007). However, dueto thelow thermalconductvity of this type
of surface atemperaturéncreaseof atleast20K is reachednly in theupper2 cmof the
soil. If liquid methanevaspresenbelon 3 cm, evaporationwould hardly have increased
themixing ratio in the air above thelampre ection spot. The DLIS waspeeringdirectly
into the spot(seeFig. 4.7), but thefactthatit did notrecordary changesn the methane
absorptiordinesdoesnotexcludethepresencef liquid methaneafew centimeterdelow
thesurface.
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A Overview of DISR Observations

This appendixprovidesanoverview of selectedDISR downwardlooking instrumentob-
senationsfrom datastream524h Measurementarelistedin 14 tablesasfollows, DLV:
TablesA.1 to A.3, DLVS: TablesA.4 to A.8, column49: Table A.9, and DLIS: Ta-
blesA.10to A.14. Tablesarerankedin chronologicalorderandgenerallyclassi ed ac-
cordingto obsenation mode(seeChapter4 for an overview). Takulatedareonly those
modesthat we are concernedvith in this thesis: SM1, SM2, MNS, VLNS, anddiverse
post-VLNSsurfacemodes.

The rst columnin eachtableis the sequentiahumber(#) assignedy DISR. Except
for thesetables,sequentiahumbersare printedbold throughouthis thesis. The second
columnlists the measurementycle number Di erentinstrumentsanhave a measure-
mentin the samecycle, asdescribedn the le Science_Summary The third column
lists the missiontime, countedfrom the startof the descent.Other columnsmay con-
tain the probeattitudeandaltitude,calculatedaccordingto the Karkoschkaet al. (2007)
reconstructionand exposuredetails. Exceptionsare altitudesbelonv 30 m, which were
calculatedrom thetime of landingat missiontime 8869.77s, assuminganimpactveloc-
ity of 4.60m s ! asdeterminedby the Surface SciencePackage(Zarneckiet al. 2005).
Azimuth anglesarede ned counterclockwisavith respecto the east. The spectrometer
altitudeafterlandingis 46 cm, andthe azimuthis 257:.0 (Karkoschkaetal.2007).

143



A Overviewn of DISR Obsenations

TableA.1: All VLNS modeDLV measurementgsansmittedbeforelanding. Instrument
readoutwasinstantaneousThe altitudesof 435 439 and441 werecalculatedrom the
time of landing.

# cycle mission altitude azimuth
time (s) (m) angle()

403 91 8824.75 205 171.4
411 95 8843.33 119 56.3
413 96 8845.04 111 45.3
417 98 8848.47 96 23.5
419 99 8850.18 88 12.6
423 101 8853.60 74 351.0
427 103 8857.02 57 329.8
431 105 8860.45 42 309.3

435 107 8863.88 27.1 289.6
439 109 8867.30 114 270.7
441 110 8869.01 3.5 261.9

TableA.2: All VLNS modeDLV measurementgansmittedafter landing. Instrument
readoutvasinstantaneous.

# cycle mission # cycle mission
time (s) time (s)

445 112 8872.44 471 125 8893.13
447 113 8873.58 475 127 8895.40
449 114 8876.24 481 130 8900.63
453 116 8879.24 493 136 8909.75
459 119 8883.38 499 139 8914.63
465 122 8888.37 501 140 8815.76
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A Overview of DISR Obsenations

TableA.3: All post-VLNSDLV measurementsansmittedrom the surface.Instrument
readoutvasinstantaneous.

# cycle mission # cycle mission

time (s) time (s)
503 141 8918.02 554 156 10319.10
505 142 8923.64 556 156 10339.52
507 143 8931.63 561 157 10625.90
509 144 8941.57 563 157 10646.34
511 145 8949.83 568 158 10912.28
513 146 8958.77 570 158 10932.70
515 147 8967.01 575 159 11198.62
517 148 8975.43 577 159 11219.07
519 149 8983.71 581 160 11464.57
521 150 8991.99 583 160 11484.98
523 151 9000.28 589 161 11750.92
526 152 9030.43 591 161 11771.34
527 152 9050.89 603 163 12323.62
533 153 9378.19 605 163 12344.07
535 153 9398.61 609 164 12589.57
540 154 9705.45 612 164 12609.98
543 154 9725.89 617 165 12875.91
547 155 10012.27 619 165 12896.34
549 155 10032.70
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A Overviewn of DISR Obsenations

TableA.4: All DLVS SpectrophotometriMap 1 spectra.Missiontime listedis halfway
throughexposure.The phaseangleis the averageof thatof pixel 11 and12.

# cycle mission exposure altitude azimuth phase

time(s) time(s) (km) angle() angle()
537 52 5536.55 0.85 18.27 190.3 19.1
540 52 5539.98 0.85 18.25 158.1 15.0
541 52 5541.09 0.85 18.24 1476 16.3
543 52 554357 0.85 18.23 1242 22.6
545 52 554581 0.85 18.21 103.1  29.7
547 52 5548.04 0.85 18.20 82.1 36.7

549 52 5550.28 0.85 18.18 61.1 43.1
551 52 5552.75 0.85 18.16 38.0 48.8
553 52 5555.05 0.85 18.15 16.3 52.6

555 52 5557.29 0.85 18.13 355.1 54.6
557 52 5559.60 0.85 18.12 333.0 54.7
559 52 5562.09 0.85 18.10 308.9 52.5
561 52 5564.40 0.85 18.08 286.0 48.4
563 52 5566.72 0.85 18.07 262.7 424
565 52 5568.95 0.85 18.05 239.7 35.3

TableA.5: All DLVS SpectrophotometritMap 2 spectra.Missiontime listedis halfway
throughexposure.The phaseangleis the averageof thatof pixel 11 and12.

# cycle mission exposure altitude azimuth phase

time(s) time(s) (km) angle() angle()
686 61 8046.92 0.85 3.88 330.9 54.0
688 61 8049.17 0.85 3.87 316.2 52.8
690 61 8051.47 0.85 3.86 300.9 50.7
692 61 8053.97 0.85 3.85 284.4 475
694 61 8056.27 0.85 3.83 269.1 437
696 61 8058.51 0.85 3.82 254.3 395
698 61 8060.81 0.85 3.81 239.0 34.7
700 61 8063.22 0.85 3.80 223.1 29.3
702 61 8065.46 0.85 3.79 208.3 24.3
704 61 8067.69 0.85 3.78 1935 195
706 61 8070.00 0.85 3.77 178.2 15.7
708 61 8072.43 0.85 3.75 162.0 14.2
710 61 8074.67 0.85 3.74 147.1 15.8
712 61 8076.90 0.85 3.73 132.1 195
714 61 8079.14 0.85 3.72 117.1 243
716 61 8081.40 0.85 3.71 101.8 29.5
718 61 8083.82 0.85 3.70 85.5 35.0

146



A Overview of DISR Obsenations

TableA.6: All VLNS modeDLVS spectraransmittedbeforelanding.Missiontime listed
is halfway throughexposure.Thealtitudesof 785and786werecalculatedrom thetime
of landing.

# cycle mission exposure altitude azimuth phase
time(s) time(s) (m) angle() angle()

768 91 8825.43 1.36 202 167.3 14.2
769 92 8827.14 1.36 194 157.0 14.2
771 94 8842.30 1.36 124 62.9 41.8
772 95 8844.01 1.36 116 51.9 447
774 97 8847.44 1.36 101 30.0 49.6
775 98 8849.15 1.36 93 19.1 514
777 100 885257 1.36 78 3574 53.6
779 102 8855.99 1.36 62 336.1 54.0
781 104 8859.42 1.36 47 3154 52.6
785 108 8866.27 1.36 16.1 276.4 455
786 109 8867.98 1.36 8.2 267.0 43.0

TableA.7: All VLNS modeDLVS spectraransmittedafterlanding. Missiontime listed
is halfway throughexposure .Spectramarkedwith anasteriskwerepartly overexposed.

# cycle mission exposure # cycle mission exposure

time(s) time(s) time(s) time(s)
788* 111 887141 1.36 803 126 8894.41 0.30
789* 112 8872.78 0.68 806 129 8899.03 0.30
790 113 8873.75 0.34 807 130 8900.78 0.30
791 114 8876.41 0.33 809 132 8903.66 0.30
792 115 8877.52 0.30 811 134 8907.31 0.30
793 116 8879.40 0.30 812 135 8908.44 0.30
798 121 8886.65 0.30 813 136 8909.90 0.30
799 122 8888.52 0.30 815 138 891291 0.30
801 124 8891.42 0.30 816 139 8914.78 0.30
802 125 8893.28 0.30
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A Overviewn of DISR Obsenations

TableA.8: Selecteccorrectlyexposedl0-columnmodeDLVS spectraransmittedrom
thesurface(1077wasthelast). Missiontime listedis halfway throughexposure.

# cycle mission exposure # cycle mission exposure
time(s) time(s) time(s) time(s)

821 142 8931.13 0.30 905 155 10110.85 0.68
825 144 8949.31 0.36 906 155 10117.67 0.68
827 145 8957.92 1.00 907 155 10141.53 0.68
829 146 8966.49 0.36 909 156 10317.92 0.35
831 147 8974.83 0.50 910 156 10320.69 0.35
833 148 8983.18 0.36 911 156 10330.92 0.35
835 149 8991.47 0.36 950 158 10961.60 0.36
837 150 8999.75 0.36 1077 165 13005.36 0.36

TableA.9: Selectedcolumn 49 measurementsMission time listed is halfway through
exposure.

# cycle mission exposure # cycle mission exposure
time(s) time(s) time(s) time(s)
782 105 8861.13 1.36 791 114 8876.41 0.33
783 106 8862.84 1.36 792 115 8877.52 0.30
784 107 8864.56 1.36 821 142 8931.13 0.30
787 110 8869.70 1.36 950 158 10961.60 0.36
790 113 8873.75 0.34 1077 165 13005.36 0.35
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A Overview of DISR Obsenations

Table A.10: All DLIS Spectrophotometriblap 1 spectra.During an operationthe in-

strumentacquirediwo exposureqsamples)ith shuttersubsequentlppenand closed,
which were summedon board. Mission time listed is halfway throughthe operation.
Eachspectrums the averageof thetwo samples.

# cycle mission sampling operation altitude azimuth phase

time(s) time(s) time(s) (km) angle() angle()
58 52 5538.46 0.13 0.56 18.26 172.4 16.1
59 52 5539.14 0.13 0.56 18.26 166.0 14.7
60 52 5539.83 0.13 0.56 18.25 159.5 13.8
65 52 5543.25 0.13 0.56 18.23 127.2 17.8
68 52 554531 0.13 0.56 18.21 107.8 24.3
69 52 554599 0.13 0.56 18.21 101.3 26.7

71 52 5547.37 0.13 0.56 18.20 88.4 314
72 52 5548.05 0.13 0.56 18.20 82.0 33.7
75 52 5550.11 0.13 0.56 18.18 62.7 40.2
78 52 5552.16 0.13 0.56 18.17 435 46.0
79 52 555285 0.13 0.56 18.16 37.0 47.7
82 52 555491 0.13 0.56 18.15 17.7  52.0

85 52 5556.96 0.13 0.56 18.13 358.3 54.9
86 52 5557.65 0.13 0.56 18.13 351.7 55.5
88 52 5559.02 0.13 0.56 18.12 338.6 56.2
89 52 5559.71 0.13 0.56 18.12 332.0 56.3
91 52 5561.08 0.13 0.56 18.11 318.7 55.8
92 52 5561.77 0.13 0.56 18.10 312.0 553
95 52 5563.83 0.13 0.56 18.09 291.8 52.7
96 52 5564.51 0.13 0.56 18.08 2850 514
99 52 5566.57 0.13 0.56 18.07 264.2 46.5
102 52 5568.62 0.13 0.56 18.05 243.1 403
103 52 5569.31 0.13 0.56 18.05 236.0 37.9
105 52 5570.69 0.13 0.56 18.04 221.7 32.9

149



A Overviewn of DISR Obsenations

TableA.11: All DLIS Spectrophotometriblap 2 spectra. During an operationthe in-

strumentacquiredtwo exposuregsamples)with shuttersubsequentlyppenand closed,
which were summedon board. Mission time listed is halfway throughthe operation.
Eachspectrums the averageof thetwo samples.

# cycle mission sampling operation altitude azimuth phase

time(s) time(s) time(s) (km) angle() angle()
113 61 8047.21 0.13 0.56 3.88 329.0 56.0
115 61 8048.58 0.13 0.56 3.87 320.0 55.3
116 61 8049.27 0.13 0.56 3.87 3155 55.0
119 61 8051.33 0.13 0.56 3.86 3019 53.6
122 61 8053.38 0.13 0.56 3.85 288.3 515
123 61 8054.06 0.13 0.56 3.85 283.7 50.6
126 61 8056.12 0.13 0.56 3.83 270.1 47.6
129 61 8058.18 0.13 0.56 3.82 256.5 43.9
130 61 8058.87 0.13 0.56 3.82 2519 426
132 61 8060.24 0.13 0.56 3.81 2429 39.8
133 61 8060.92 0.13 0.56 3.81 238.3 38.3
136 61 8062.98 0.13 0.56 3.80 2247 33.6
139 61 8065.05 0.13 0.56 3.79 211.0 28.7
140 61 8065.73 0.13 0.56 3.79 206.5 27.0
142 61 8067.10 0.13 0.56 3.78 197.4 237
143 61 8067.79 0.13 0.56 3.78 1929 221
146 61 8069.85 0.13 0.56 3.77 179.2 17.6
149 61 807190 0.13 0.56 3.76 1655 141
150 61 807259 0.13 0.56 3.75 160.9 134
152 61 8073.96 0.13 0.56 3.75 151.8 12.8
153 61 8074.64 0.13 0.56 3.74 147.2 13.0
156 61 8076.70 0.13 0.56 3.73 1334 155
159 61 8078.76 0.13 0.56 3.72 119.6 19.6
160 61 8079.44 0.13 0.56 3.72 115.0 211
162 61 8080.81 0.13 0.56 3.71 105.8 244
163 61 8081.50 0.13 0.56 3.71 101.1  26.1
166 61 8083.56 0.13 0.56 3.70 87.2 31.2
169 61 8085.61 0.13 0.56 3.69 73.4 36.1
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A Overview of DISR Obsenations

TableA.12: All MNS modeDLIS spectra.During anoperationthe instrumentacquired
two exposuregsamplesvith shuttersubsequentlppenandclosed whichweresummed
on board. Mission time listed is halfway throughthe operation. Eachspectrumis the
averageof thetwo samples.

# cycle mission sampling operation altitude azimuth phase

time(s) time(s) time(s) (km) angle() angle()
171 64 8236.20 1.99 8.02 2.96 93.7 28.8
172 65 8275.82 1.99 8.02 2.77 2156 30.3
174 67 832495 1.99 8.02 2.53 256.9 44.0
176 69 8373.44 1.99 8.02 2.30 279.0 495
178 71 8421.82 1.99 8.02 2.08 349.2 54.9

182 75 8520.19 1.68 6.76 1.61 28,5 49.0
184 77 8569.58 1.75 7.05 1.39 52.8 426
186 79 8618.70 1.99 8.02 1.15 749 354

188 81 8668.47 1.99 8.02 0.92 110.5 22.6
190 83 8716.47 1.99 8.02 0.70 162.7 13.5
192 85 8766.83 1.99 8.02 0.47 193.8 224

TableA.13: All VLNS modeDLIS spectraransmittedbeforelanding. During an opera-
tion theinstrumentacquireda singleexposure(sample)with eithershutteropen(bright)
or closed(dark). Missiontime listedis halfway throughsampling. The altitudesof 210
and213werecalculatedrom thetime of landing.

# cycle mission type sampling operation altitude azimuth phase
time (s) time(s) time(s) (m) angle() angle()
194 91 8825.69 bright 1.00 1.02 200 165.7 14.0
196 93 8832.53 bright 1.00 1.02 169 1243 179
199 96 8845.55 bright  1.00 1.02 109 422 455
202 99 8850.68 bright 1.00 1.02 86 9.4 526
204 101 8854.10 bright  1.00 1.02 72 3479 54.9
206 103 8857.53 bright  1.00 1.02 55 326.8 554
208 105 8860.95 dark 1.00 1.02 41 - -
210 107 8864.38 bright 1.00 1.02 24.8 286.9 51.1
213 110 8869.52 dark 1.00 1.02 1.2 - -
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A Overviewn of DISR Obsenations

TableA.14: All correctlyexposedoost-VLNSDLIS spectraransmittedrom thesurface.
During an operationthe instrumentacquiredmultiple exposureqsamples)with shutter
openand closed,which were summedon board. For spectra261 to 268 the sampling
time of two of the eightregionswashalf the valuein the table. The numberof samples
takulatedis for shutteropen.Missiontime listedis halfway throughthe operation.

# cycle mission sampling samples operation
time (s) time(ms) time (s)

249 146 8960.23 16.13 54 2.05
250 147 8968.43 8.06 100 1.95
251 148 8976.84 8.06 100 1.95
252 149 8985.12 8.06 100 1.95
253 150 8993.41 8.06 100 1.95
254 151 9001.69 8.06 100 1.95
261 158 10942.72 16.13 2144 70.71
262 159 11219.25 8.06 3680 71.48
263 160 11500.50 8.06 3680 71.48
264 161 11781.75 8.06 3680 71.48
265 162 12065.27 8.06 3680 71.48
266 163 12344.25 8.06 3680 71.48
267 164 12625.50 8.06 3680 71.48
268 165 12901.64 8.06 3680 71.48
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BRDF
CBOE
CCD
DISR
DLIS
DLV
DLVS
DN
ESA
FWHM
GCMS
HASI
HNS
HRI
ISS
JPL
LNS
LPG
LPL
MNS
MPS
MRI
NASA
SAR
SHOE
Sl
SLI
SM1
SM2
SN
SSL
SSP
ULIS
ULV
ULVS
VIMS
VLNS

BidirectionalRe ectanceDistribution Function
CoherenBackscatte©OppositionE ect
Chage CoupledDevice

Descentmager/ SpectraRadiometer
Downward Looking InfraredSpectrometer
DownwardLooking Violet photometer
DownwardLooking Visual Spectrometer
DataNumber

EuropearSpaceAgenc

Full Width at Half Maximum
GasChromatograplh MassSpectrometer
HuygensAtmosphericStructurelnstrument
High NearSurface

High Resolutionmager
ImagingScienceSubsystem
JetPropulsionLaboratory

Low NearSurface
LaboratoirePlanétologieGrenoble

Lunar& PlanetaryLaboratory
MediumNearSurface
Max-Planck-Institufir Sonnensystemforschung
MediumResolutionimager
NationalAeronauticaandSpaceAdministration
SyntheticApertureRadar

Shadaev Hiding OppositionE ect
Systemdnternational

SideLooking Imager
SpectrophotometriMap 1
SpectrophotometriMap 2

Signalto Noise

SurfaceSciencd_amp
SurfaceSciencePackage

UpwardLooking InfraredSpectrometer
UpwardLooking Violet photometer
UpwardLooking Visual Spectrometer
VisualandInfraredMappingSpectrometer
Very Low NearSurface
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