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Summary

On 14 January2005 the Huygensspacecraftlandedon the surfaceof Saturn's largest
moonTitan. Its DescentImager/SpectralRadiometer(DISR) wasequippedwith various
up-anddownwardlooking instrumentsto observe theatmosphereandsurfaceduringthe
descent.Titan's thick nitrogenatmospherecontainsa few percentmethane.Photodisso-
ciation of methanein the stratosphereleadsto the formationof aerosols,which slowly
fall to thesurface.Theresultis aglobalhazethatmakestheatmospherevirtually opaque
at visible wavelengths.Little is known aboutthesurface;it is presumedto becomposed
of waterice andcoveredby organicmaterial(`tholins'). It canonly beobservedin nar-
row wavelengthintervals in the near-IR wheremethaneabsorptionis low. DISR was
optimizedto these`methanewindows', andhasgivenus the �rst close-upviews of the
surface.Its �rst resultsweredescribedby Tomasko et al. (2005),andthis thesisfollows
uponthatpaper. It presentsananalysisof DISRobservationsof thesurfacein threechap-
ters,concentratingon datafrom thedownwardlooking visualandinfraredspectrometers
(DLVS andDLIS).

DISRcounteredthee� ectsof atmosphericabsorptionby illuminating thesurfacejust
beforelanding.Onechapteris devotedto thereconstructionof there�ectancein the0.5-
1.5 � m rangefrom spectrathatshow evidenceof lamplight. I �nd a signi�cantly higher
overall re�ectancethan otherworkers,and attribute this to a phaseangledependance.
Thespectrumhasa redslopein thevisible thatis consistentwith thepresenceof organic
material,anda featurelessblueslopein thenear-IR that,sofar, hasde�ed interpretation.
A singleabsorptionline at 1.5 � m may be dueto eitherwaterice or tholins. From the
depthof themethanebandsI derivea mixing ratioof 4:5 � 0:5% in theatmosphereclose
to the surface. Liquid methaneappearsto be absentfrom the surface. Anotherchapter
putsthe focuson two specialobservationcyclesin which DISR acquiredspectraasfast
aspossiblein aboutoneproberotation.Thesespectrophotometricmapso� er thehighest
possiblespatialresolution,andareideal for creatingfalsecolor mapsof thesurface.By
comparingthetwo maps,whichwereacquiredatdi� erentaltitudes,I eliminatethecontri-
bution of atmosphereto theobservedintensity, andreconstructthesurfaceBidirectional
Re�ectanceDistributionFunction(BRDF),which is similar to thatfoundotherdarksolar
systembodies,like CallistoandtheMoon. Hapke (1981,1984,2002)modelsthat �t the
BRDFrequirebothshadow hidingandcoherentbackscatter.

After landing,DISR observed changesin the amountof lamp light re�ected o� the
surfacefor a few seconds.In the �nal chapterI attemptto reconstructthe sequenceof
eventsby simulatingthe lamp re�ection spot. I �nd that the most likely causefor the
variability is continuedprobemovementand/or rotation,andthat the probeimpactdid
not developa cloudof large (>0.1 mm) dustparticles.TheDISR spectrometersdid not
detectsigni�cant changesin theprobeenvironmentin thehourthatfollowed.

5





1 Intr oduction

“Saturnolunasuacircunduciturdiebussexdecimhoris quatuor.” This is how Chris-
tiaanHuygensannouncedin March1656hisdiscoveryof amoonorbitingSaturn,
�rst seena yearbefore,on March25, 1655. To him, Titan appearedasno more

thanaspeckof light, andhis �rst drawing of thisnew world wassimplyacross(Fig.1.1).
Mankindhadto wait for morethanthreehundredyearsbeforeit obtainedmoredetailed
imagesof Titan. A major contribution to our knowledgeof this enigmaticworld would
comefrom thesmallEuropeanspacecraftHuygens,which landedon Titan in 2005.This
thesisdescribesmy investigationof thesurfaceof Titan usingobservationsmadeby the
Huygenscamera.

Titan is Saturn's largestmoon. It is one of the largestmoonsin the solar system,
secondonly to Ganymede,andlargereventhantheplanetMercury(althoughnotasmas-
sive). It is uniquein that it hasa thick atmosphere,which is remarkablyEarth-like; not
only is it primarily composedof nitrogen,but thesurfacepressureis oneanda half bar.
Nevertheless,with a surfacetemperatureof 94 K we would not becomfortablywalking
on Titan. Theotherdominantconstituentof theatmosphereis methane,presentin sub-
stantialquantities(a few percent).Methaneis continuouslydestroyedby Sunlightin the
upperatmosphere,soit mustbereplenishedfrom asourcestill unknown. Thisprocessof
photodissociationcreatesmethaneradicalsthatreactwith eachotherandothermolecules
to form complex organicmolecules,collectivelyknown underthenameof tholins(aword
coinedby thelateCarl Sagan).In otherwords,theatmosphereis a naturallaboratoryfor

Figure1.1: The�rst imageof Titan(atfar left), drawn by ChristiaanHuygensonthenight
of 27 December, 1657(source:Recueildesobservationsastronomiquesde Christiaan
Huygens1657-1694, p. 57,http://gallica.bnf.fr/ .).
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1 Introduction

organicchemistry. Theseorganicreactionproductscoalesceinto aerosols,which slowly
descendto the surfaceunderthe in�uence of gravity, creatinga global hazewhich ap-
pearspaleyellow to thehumaneye. BecausethehazealmostcompletelyobscuresTitan's
surfaceat visible wavelengthsvirtually nothingwasknown aboutit beforethespaceage.

Only four spacecrafthaveseentheSaturniansystemupclose.The�rst wasPioneer11
of NASA/Ames, which �e w by Saturnin September1979. Pioneer11 was meantto
serve as a path�nder for the NASA/JPL Voyagermission. Its “camera” was a simple
photometer, and imageswere built up line-by-line by scanningthe photometerof the
spinningspacecraftacrosstheobject.Titan appearedto Pioneer11 asa tiny yellow disk
(Fig. 1.2). A potentialPluto encounterwassacri�ced to enablea close�y-by of Titan
by Voyager1 in November1980.Somewhatdisappointingly, its cameramerelyobtained
close-upsof Titan's featurelessyellow haze. Only a decadelater it was realizedthat
thereare `windows' in the spectrumof Titan, whereabsorptionby hazeand methane
are low, throughwhich the surfacecanin fact be seen. Nevertheless,Voyager1 made
many importantdiscoveries,suchasa north polar hoodanddetachedhazelayers. Its
infraredspectrometercon�rmed thepresenceof numerousspeciesof organicmolecules
in theatmosphere.TheVoyager2 �y-by of Titan in August1981wasmuchmoredistant
than that of Voyager1, and addedlittle to our knowledge. The Voyagerobservations
were extremely important for preparingthe next missionto Titan thirteenyearslater.
TheNASA/JPLCassinispacecraftwith theESA Huygensspacecraftattachedto its side
enteredinto orbit aroundSaturnin July 2004. Half a year later, on 14 January2005,
Huygenssuccessfullydescendedthroughtheatmosphereto gentlylandon thesurfaceof
Titan. The DISR cameragave us the �rst close-upview of the surfaceof this strange
world. Thelandingsiteprovedto beeerily earth-like,with abundantevidencefor �uvial
activity in theform of channels,acoastline, andadry lakebed.

The DISR camerawas a versatile,ingeniouslyconstructedinstrument,which con-
taineda variety of sub-instrumentslooking up, down, and sideward at variouswave-
lengths.It wasbuilt by PrincipalInvestigatorMartin G. Tomasko andhis teamat theLu-
nar andPlanetaryLaboratory (LPL) in Tucson(AZ), USA, with contributionsfrom Co-
Investigatorsfrom FranceandGermany. DISR's focal planewasdevelopedunderlead-
ershipof Co-I HorstUweKellerof ourMax-Planck-Institutefür Sonnensystemforschung
(MPS,formerlyMPAe). With HerrKellerasmy principalsupervisorI havebeenamem-
ber of the DISR teamfor the last threeyears,which, amongothers,haso� eredme the
exhilaratingexperienceto be oneof the �rst to seeimagesfrom the surfaceof a new
world. This thesisdescribesmy studyof thesurfaceof Titan,whichconcentratesonanal-
ysisof datafrom theDISR downward-lookingspectrometers.Onechapteris devotedto
my reconstructionof there�ectancespectrumof thesurfaceat thelandingsite,whichcan
provide importantcluesonthecompositionof thesoil. Anotheranalyzeshow thesurface
re�ects Sunlightunderdi� erentangles. The last chapterof this thesisinvestigatesthe
changesover time observedby variousDISR sub-instrumentsafter landing. But �rst, in
thenext section,I giveanoverview of thecurrentstateof knowledgeof Titan'ssurface.In
theremainingsectionsI brie�y describetheHuygensmissionandtheDISR instrument,
andprovide a summaryof the�rst resultsof all instrumentsasthey werereportedin the
Nature journal. As I felt that this thesiswould not becompletewithout introducingthe
readerto thediscovererof Titan, afterwhomthemissionwasnamed,a shortbiography
of ChristiaanHuygensformsthelastsectionof this chapter.
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1.1 A new view of Titan

Figure 1.2: Pre-Cassini-Huygensspacecraftimagesof Titan. Left : Voyager 1 im-
age(November1980). Note the north-southbrightnessasymmetryandthe north-polar
hood(copyright CalvinJ.Hamilton,http://www.solarviews.c om/, dataNASA/JPL).
Top right : Pioneer11 image(September1979) (imageprocessingby Ted Stryk, data
NASA/Ames).Bottom right : Recently, Richardsonet al. (2004)uncoveredsurfacefea-
turesfrom theVoyager1 orange�lter images.

1.1 A newview of Titan

Titan is largeenoughto have di� erentiatedearly in its history, andwe expectits surface
to bemadeup of waterice, just like thatof thesimilarly sizedgalileansatellites.A ma-
jor di� erencewith GanymedeandCallisto is that Titan' surfaceis not exposedto deep
space.Kuiper (1944)discoveredTitan hasan atmosphereby detectingabsorptionlines
of methane.Theatmosphereis substantial(surfacepressure1.5bar),andprimarily com-
posedof nitrogen(N2, � 98%) andmethane(CH4, � 2%). Photodissociationof methane
in the upperatmosphereleadsto the formation of global hazelayer, which gives the
moonits yellow color. Methaneis key to theexistenceof thethick atmosphere.Without
warmingprovided by the hazein the stratosphereand the opacity in the infrared(par-
ticularly by CH4-N2 andN2-N2 collisionsin the troposphere),the atmosphericpressure
would only be a few tensof millibar (Atreya et al. 2006). Photodissociationwould de-
stroy all presentmethanewithin ten to a hundredmillion years(Yung et al. 1984). So,
unlesswe arewitnessinga uniqueevent in Titan's history, this requiresthe presenceof
a stablemethanereservoir. Sincemethaneandethane(a major photochemicalproduct)
areliquid at the94 K surfacetemperature,theexistenceof a deep,globaloceanseemed
long reasonable(SaganandDermott1982,Lunineet al. 1983). Becausethehazeis vir-
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1 Introduction

Figure1.3: Methanewindowsexplained.Shown is thealbedoof Titan from Karkoschka
(1998)in black,andthesolar�ux at the top of Titan's atmospherein orange.At visible
andnear-IR wavelengthsweobserveprimarily re�ectedSunlight.Eventhoughtheirradi-
anceis high between300and600nm, theatmospherichazeabsorbsandscattersmainly
at thesewavelengths,andso createsTitan's yellow appearance.At higherwavelengths
thealbedois dentedby methaneabsorptionbands.In thenear-IR methanewindowsboth
hazeandmethaneabsorptionarelow, andthesurfacecanbe observedfrom outsidethe
atmosphere.Indicatedare the 751, 829, and935 nm windows; thereareseveral more
beyond1 � m (e.g.at1.07,1.28,1.6� m).

tually opaqueat visible wavelengths,spacecraft�ybys at the time hadnot revealedthe
surface. A decadelater Muhlemanet al. (1990) disproved a global oceanby obtain-
ing signi�cant radarechoesfrom thesurface,which areinconsistentwith a deepethane
ocean.Around the sametime it wasrealizedthat Titan surfacecanin fact be observed
in so-calledmethanewindows, narrow wavelengthintervals in the near-IR wavelength
rangein which hazeandmethaneabsorptionarelow (Gri� th andOwen1990,Grundy
et al. 1991). The principle of methanewindows is illustratedin Fig. 1.3. Subsequent
observations�nally revealedthesurface,andexposeda dichotomybetweenTitan's lead-
ing andtrailing hemisphere(Gri� th 1993,Smithet al. 1996,Gendronet al. 2004). The
leadinghemispherefeaturesa bright region, dubbedXanadu,anddark terrainis mainly
concentratedaroundtheequatoron the trailing hemisphere.Initially it wasthoughtthat
Xanaduexposeswaterice (Gri� th et al. 2003),andthat thedarkequatorialregionsare
bodiesof liquid hydrocarbons(Campbellet al. 2003). This picturewasaboutto change
with thearrival of Cassini/Huygensin theSaturniansystem.

With Huygensattachedto its side,Cassiniwaslaunchedon 15 October1997from
theCapeCanaverallaunchpadin Florida,USA. After asevenyearjourney thespacecraft
enteredinto orbit aroundSaturnon1 July2004.Mostof theorbitsfeatureaTitan�yby , as
Titanis theonly satellitemassiveenoughto allow for asigni�cant adjustmentof Cassini's
�ight path.TheCassinimissionhassofarbeenextremelysuccessful,andits observations
havechallengedmany preconceivednotionsaboutTitan. TheImagingScienceSubsystem

10



1.1 A new view of Titan

Figure 1.4: Cassiniimagesof Titan. Left : Approximatelytrue color view. Middle:
The surfaceobserved in the 938 nm methanewindow. Right: A false-colorcomposite
createdby combiningimagestakenat 420nm (blue),938nm (green),and889nm (red).
GreenrepresentsareaswhereCassiniis ableto seedown to thesurface.Redrepresents
areashigh in Titan'sstratospherewhereatmosphericmethaneis absorbingsunlight.Blue
along the moon's outer edgeemphasizesthe organic haze. (ImagePIA06227,credit:
NASA/JPL/SpaceScienceInstitute.)

(ISS)andVisualandInfraredMappingSpectrometer(VIMS) areoptimizedfor imaging
thesurfacein thenear-IR methanewindows. Theuseof di� erent�lters allows to discern
hazefrom methaneabsorption,or to imagethe surfacedirectly (Fig. 1.4). With each
Titan �yby addinga piece,ISSandVIMS areslowly building globalmapsof themoon
(Porcoetal.2005,Barnesetal.2007).ThemonochromeISSmap(Fig.1.5)clearlyshows
thecontrastbetweendark terraindistributedaroundtheequatorandbright Xanadu.All
brightnesscontrastin the map is due to albedodi� erences;no shadingis visible due
to the di� useillumination causedby atmosphericscattering. Note that the north pole
region hasnot beenimagedyet, becauseit washiddenin darknessat the beginning of
the mission. Huygenslandedat longitude167:6� E (192:4� W in Fig. 1.5) andlatitude
10:2� S (Karkoschkaet al. 2007). The multi-wavelengthVIMS map (Fig. 1.6) shows
the samedichotomy. Conspicuousarethe two 5 � m bright regionsTui Regio (130� W,
25� S) andHotei Arcus (80� W, 20� S), which arethoughtto be freshsurfacedeposits,
possiblyof cryovolcanicorigin (Barneset al. 2005,2006). Becausethe atmosphereis
transparentat cm wavelengths,Cassini's SyntheticApertureRadar(SAR) is ideal for
studyingthe surface. Figure1.7 shows someof its mostsigni�cant discoveries: impact
craters,equatorialdunes,cryovolcanism,andpolarlakes.

Together, the ISS,VIMS, andSAR instrumentsstartto painta clearerpictureof the
surfaceof Titan andthe dominantprocessesthat shapeit. It is still not clearwhat the
surfaceis actuallymadeof. As mentionedabove,thecrustis expectedto consistof water
ice, andobservationsin the methanewindows have hintedat its presence(e.g.Gri� th
etal. 2003),but sofar theevidenceis inconclusive. There�ectancespectrumof thedark
regionsis consistentwith thepresenceof waterice,but thespectrumof Xanadu,for exam-
ple, is not (McCordet al. 2006).Moreover, recentGeneralCirculationModel resultsare
inconsistentwith watericedominatingthesurface(Tokano2005).At leastoneprediction
hasbeencon�rmed; radarobservationspoint at the ubiquitouspresenceof organicma-
terial (Elachiet al. 2005). Sofar, all instrumentshave acquiredevidencefor widespread
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1 Introduction

Figure 1.5: A recentmap of Titan's surface compiled of Cassini ISS imagesin the
938nm methanewindow, with featurenamesdesignatedby theInternationalAstronom-
ical Union. TheHuygenslandingsite is just below thecenter, indicatedin blue. (Image
PIA08346,credit:NASA/JPL/SpaceScienceInstitute.)
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1.1 A new view of Titan

Figure1.6: A mapof Titan's surfacecompiledof CassiniVIMS imagesin the 1.6 � m
(blue), 2.0 � m (green),and 5 � m (red) methanewindows, acquiredduring �ybys T9
andT10 (seeBarneset al. 2007). (ImagePIA02147,credit: NASA/JPL/University of
Arizona.)
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1 Introduction

�uvial activity anderosionon thesurface,andascarcityof impactcraters.Many circular
featuresin the ISSimagesarethoughtto be impactcraters,but only with SAR canthey
be unequivocal identi�ed becauseof its high e� ective spatialresolution(Fig. 1.7). The
surfacehadbeenpredictedto be denselycratered(Lorenz1997),but so far only three
impactcratershave beencon�rmed (Stofan et al. 2006). The paucityof cratersimplies
thatthesurfaceis geologicallyveryyoung.Processesthatleadto modi�cation of surface
morphologyareerosionby �uids, cryovolcanism,andtectonicactivity (deformationof
the crust). All over Titan Cassinihasfound evidencefor �uvial activity, in the form of
channels,erosionpatterns,andrecently, lakes.Oncethoughtto bethoroughlywet,Titan's
oceanshave provedelusive. Hence,a senseof relief pervadedthescienti�c community
whenstandingbodiesof liquid were�nally found.First therewasthetentativediscovery
of a lake nearthe southpole by ISS, thenSAR revealedan abundanceof lakesaround
thenorthpole (Stofan et al. 2007;Fig. 1.7). On theotherhand,not all on Titan is wet.
WhenSARobservedthedarkequatorialregions,it foundthemcoveredby radar-darklin-
earfeatures,nicknamed“cat scratches”(Fig. 1.7). Insteadof hydrocarbonseas,thedark
equatorialterrain turnedout to be desert,coveredby longitudinaldunes(Lorenzet al.
2006b). The dunesarecreatedby the prevalentwinds blowing from west to east(and
sometimesin the oppositedirection),andareprobablycomposedof 100-300� m sized
particlesof unknown origin. Even thoughat placesdunesare only tensof kilometers
apartfrom channels(Elachietal. 2005),theirpresenceimpliestheprevalenceof dry con-
ditions. The fact that thepolesarewet andthe equatoris dry is probablyrelatedto the
equator-to-pole3-4K temperaturegradient(CourtinandKim 2002,Tokano2005).

The most likely candidatesfor surface liquids are methaneand ethane. Ethaneis
the dominantphotodissociationproductof methane,and is expectedto be presenton
the surfacein large quantities. Methanemay eitherrain down or be expelledfrom the
interior by cryovolcanism. Over the pastdecade,potentialrain-producingcloudshave
mainly beenobserved over the poles(Bouchezand Brown 2005,Schalleret al. 2006,
Gri� th et al. 2006)andconcentratedaroundcertaintemperatelatitudes(Gri� th et al.
2005,Roeetal. 2005).Thepresentdearthof cloudsaroundtheequatormeansthatwhile
rainstormsmaybefrequentat thepoles,on theequatorthey area rareevent,consistent
with theobserveddistributionof dunesandlakes.It is worthmentioningherethatTokano
et al. (2006)predicta slow, persistentdrizzleof methanereachingthesurfaceoverabout
half theglobe(includingequatorialregions). Eventhoughthis precipitation(� 5 cm per
year) is not expectedto contribute signi�cantly to erosion,it may be su� cient to keep
thesurfacewet. But no evidencefor this drizzlehasbeenfoundsofar, andit is di� cult
to reconcilewith the existenceof dunes.As mentionedabove, an alternative sourceof
methaneis theinteriorof Titan. This impliestheexistenceof low-temperaturevolcanism,
or `cryovolcanism'. Featuresseenwith VIMS (Barneset al. 2005,Sotin et al. 2005,
Barneset al. 2006)andSAR (Stofan et al. 2006,Lopeset al. 2007),e.g.the suspected
domeGanesaMacula (Fig. 1.7), aresuggestive of cryovolcanism.Also theappearance
of cloudsat certaintemperatelatitudeshave beenassociatedwith cryovolcanism(Roe
etal. 2005).Cryovolcanisminvolvestheemergencefrom theinteriorof waterasa liquid
or slush,and subsequent�o w over the surface. To have water acting as lava at such
low temperatures(90-94 K) requiresan agentto lower its melting temperature. It is
generallyassumedthat ammonia(NH3) performsthis function (Lunine andStevenson
1987,Lopesetal.2007),but eventhoughtheatmosphereprotectsammoniaonthesurface
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1.1 A new view of Titan

Figure1.7: A collectionof Cassiniradarimages. From top to bottom (Titan �yby in
brackets): The impactcraterSinlap(T3), equatorialdune�eld (T8), the proposedcry-
ovolcanicfeatureGanesaMacula (Ta), north-polarlakes(T25). Imagesarenot on the
samescale.(Credit: NASA/JPL.)
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from rapid destructionby energetic particles,its presencehasyet to be demonstrated.
While cryovolcanismmay be a dominantprocessshapingthe surface,tectonicactivity
doesnot seemto bewidespread.Little evidencefor it hasbeenfoundsofar (e.g.Stofan
et al. 2006). Up to 1.5 km tall mountainsmay recentlyhave beenobserved by VIMS
(imagePIA09032). As mountainson Titan areexpectedto be subdued(the strengthof
waterice is smallerthanthatof silicaterock),theirexistencewouldbeevidencefor recent
tectonicactivity.

Thestudyof Titan'ssurfaceis ultimatelyaimedatelucidatingtheglobalmethanecy-
cle. Questionswe strive to answerare:Whatis thesourceof themethane?Whatarethe
photochemicalend-products,andwheredothey endup?(This is essentiallythesubjectof
this thesis.)And, why is therenoglobalmethane/ethaneocean?A recenttheoryprovides
ananswerto the�rst andthelastquestion.Theoceanhadbeenpostulatedontheassump-
tion thatphotodissociationof methanehasbeengoingon for billions of yearsat therate
observedatpresent.Oneexplanationfor its absenceis thatthemoon's icy regolith is able
to absorbmassivequantitiesof liquid (KossackiandLorenz1996).Anotheris thatTitan's
thick atmosphereis a recentphenomenon.AccordingTobieet al. (2006)we areindeed
witnessingaspecialmomentin Titan'shistory. They proposetheexistenceof asubsurface
water-ammoniaoceansandwichedbetweena layerof waterice on top of a silicatecore
andacrustcomposedof methaneclathrate(watericewith methaneintegratedin thecrys-
tal structure).Theremusthavebeenthreemajorepisodesof methaneoutgassing.The�rst
(� 0.2-1Gyr after formation)wassustainedby coreoverturn,i.e. the internaldi� erentia-
tion of thecoreafterits formation.Thesecond(2-2.5Gyr) resultedfrom theonsetof core
convectiondueto heatingby radiogenicelements.Thethird (after3.9Gyr) continuesto
date,andwastriggeredby thegrowth of anicelayer(IceI) below theclathratecrust.This
layerquickly becameunstableagainstthermalconvection,andrelatively hot (250K) icy
plumes,enhancedby tidal dissipation,welledup towardstheclathratecrust,penetrating
it andinducingclathratedissociation.Thepredictedcurrentrateof outgassing(i.e. cryo-
volcanism)is consistentwith theobservedmethaneatmosphericabundance.Notethatan
alternative origin for themethaneis advocatedby Atreya et al. (2006),who suggestit is
synthesizedin theinterior oceanby a processcalledserpentinization.

At the time of writing we areoneyear away from the endof the Cassinimission.
But an extensionhasbeenapproved,andat least21 Titan �ybys areto follow (barring
spacecraftfailure).Every �yby will addapieceto thepuzzlethatis Titan,but it is certain
thatwewill continueto besurprised.

1.2 Huygens,the mission

DuringCassini'ssecondorbit (Tb) aroundSaturn,aspring-loadedseparationmechanism
releasedHuygenson a collision coursewith Titan. A subsequent̀orbiterde�ection ma-
noeuvre'ensuredthat Cassiniwould missTitan by 60.000km. Huygenswasaimedto
landon theboundaryof darkandbright terrainwestof Xanadu.On 14 January2005it
enteredthe atmosphereof Titan, protectedby its heatshield from the heatof the �ery
entry(Fig. 1.8). Two parachutesof di� erentsizeweredeployedin sequenceto make the
durationof thedescentmatchthelifetime expectancy of theonboardbatteries.Spinvanes
attachedto its undersidewereto ensureacounter-clockwiserotation,sothatDISRwould
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1.2 Huygens,themission

Figure1.8: Mating the backshell to the Huygensdescentmodule,which is alreadyat-
tachedto theheatshield(ESA photoSEMQWJ2VQUD).

have the full 360� �eld of view of the surroundings.A Sunsensorwould keeptrack of
thepositionof theSunin thesky to inform otherDISR instrumentswhento acquiretheir
exposures.The descentwasnot without surprises(seeLebretonet al. 2005,for a tech-
nical overview of themission). A few weeksafter themissionendDISR teammember
BasharRizk con�rmed the suspicionthat the probehadactuallyrotatedclockwise(for
reasonsstill unknown). Togetherwith an unexpectedlow sensitivity of the Sunsensor,
thismadetheprobeunawareof its attitudefor almosttheentiremission.Fortunately, the
altitudewasderived throughalternative means,andredundantradaraltimetersenabled
the probeto predict its impacttime accurately. Huygensnot only survived the landing,
but continuedto take measurementsandtransmittheseto Cassinifor morethananhour.
After Cassinihadsetbelow the horizonasseenfrom Huygens,Earth-basedtelescopes
continuedto receivea signalfor two morehours(Bird etal. 2005).

Huygenswasprimarily an atmosphericmission(it wasreferredto asa landeronly
after it had successfullylanded),and was equippedwith six instrumentsto study the
atmospherein situ. Eventhoughbeforehandthechancesof Huygenssurviving theimpact
of landingwerethoughtto beslim, oneinstrumentwasdevotedto studyingthesurface.
Theinstrumentsare
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� DescentImager/SpectralRadiometer(DISR)

� GasChromatograph/MassSpectrometer(GCMS)

� AerosolCollectorandPyrolyzer(ACP)

� HuygensAtmosphericStructureInstrument(HASI)

� SurfaceSciencePackage(SSP)

� DopplerWind Experiment(DWE)

The�rst resultsof theseinstrumentswerereportedin aspecialissueof theNature journal
in aseriesof articleswith thePrincipalInvestigatorsastheleadauthors,with anoverview
provided by Owen(2005). DISR wasthe mission's camera,andconsequentlyhadthe
highestdatarateof all instruments.Thenext sectionof this chapterdescribesDISR and
discussesthe�rst �ndings reportedby Tomasko etal. (2005).TheGCMSdeterminedthe
elementalcompositionof theatmosphere(Niemannetal. 2005).Thegaschromatograph
seemsnot to have operatedasintended,but themassspectrometerperformedwell, pro-
viding insightsinto the origin of the atmosphere.It detectedno noblegasesotherthan
36Ar and40Ar. Theformer is primordial,but the latteroriginatesonly from thedecayof
40K, whichhasahalf-life of 1.28billion years.Theamountof 40Ar detectedimpliesthatit
hasbeenproducedoverthelifetime of theSolarSystem.Thissuggestthattheatmosphere
originatesin themoon's interior, andwasreleased,possiblyepisodic,by cryovolcanism.
Thelow abundanceof primordialnoblegasessuggeststhattheatmosphericN2 is notpri-
mordial,but derivesfrom photolysisof NH3. TheGCMSsurvivedtheimpactof landing,
anddetecteda rangeof organicmoleculeson thesurface(C2H6, C2N2, C6H6). TheACP
wasessentiallya smalloven. Theinstrumentwould take a sampleof Titan's atmosphere
andleadit into theovento pyrolysetheaerosolsit hopefullycontained.Thecontentsof
theovenwould subsequentlybe �ushed into theGCMSfor analysis.While Israëlet al.
(2005)reportedthedetectionof carbonandnitrogen-richaerosols,Biemann(2006)has
recentlycasttheir resultsinto doubt. In their reply, Israëlet al. (2006)acknowledged
theneedfor additionalexperimentswith thespareinstruments.HASI providedcomplete
temperatureanddensitypro�les of theatmospherefrom analtitudeof 1400km down to
thesurface(Fulchignonietal. 2005),from which theprobe'saltitudethroughoutthemis-
sioncouldaccuratelybe reconstructed.It measuredthesurfacetemperatureto be94 K,
andfoundhintsof lightning. Eventhoughtheprimarygoalof theSSPwasthestudyof
thesurface,it carriedaccelerometers(asdid HASI) providing datathroughoutthedescent
(Zarneckiet al. 2005). The instrumentwasdesignedto copewith a variety of surfaces
(liquid, solid),andeventuallyfoundthesurfaceat thelandingsiteto besolid yet soft. Its
penetrometerwasthe�rst partof Huygensto touchTitan, andits signalindicatedthat it
hadprobably�rst toucheda cobble.A sonarfoundthedescentspeedjust beforelanding
to be 4.6 m s� 1, a relatively gentlelanding. The DWE experimentwasnearlyrendered
a completefailure by the “ChannelA anomaly” (a crucial commandto switch on the
Cassinireceiver hadnot beentransmitted),but Earth-basedradio telescopescameto the
rescue.Bird et al. (2005)reportedon thedetectionof progradezonalwinds,con�rming
superrotationon Titan,andweakwinds(<1 m s� 1) below 5 km altitude.
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1.3 DescentImager/SpectralRadiometer

1.3 DescentImager/SpectralRadiometer

DISR wasHuygens'principal remotesensinginstrumentandhadthe highestdatarate
of all during the descent. It was developedand built by Principal InvestigatorMartin
Tomasko andhisteamattheLPL in Tucson(AZ), USA,with severalsubsystemssupplied
by EuropeanCo-Investigators.DISR's maintaskswereto determinethethermalbalance
of Titan'satmosphereby measuringtheupwardanddownwardradiative�ux in thevisible
andnear-IR, determiningthepropertiesof thehazeaerosolsandtheatmosphericmethane
mixing ratio,andimagingthesurface.For this,DISRwasequippedwith awide rangeof
sub-instruments:panoramicimagingcameras,solaraureolecameras,violet photometers,
andvisualandinfraredspectrometers.Thissectionprovidesashortoverview of all DISR
(sub-)instruments,a full descriptionis givenby Tomasko etal. (2002).Theworkingsand
calibrationproceduresof thoseinstrumentsrelevant to this thesisaredescribedin more
detail in Chapters3 and4.

ThethreeDISRpanoramicimagingcameras

� High ResolutionImager(HRI)

� MediumResolutionImager(MRI)

� SideLooking Imager(SLI)

simultaneouslyimageda narrow swathfrom 6� to 96� nadiranglewith a width of 25� at
thehorizon. Rotationof theprobewould ensurea full 360� azimuthcoverage,allowing
for thecompositionof completepanoramasof thesurroundinglandscape.Optical �bers
led light from thecamerawindows towardsa CCD developedby Co-I HorstUwe Keller
andhis teamat theMPS(thenMPAe) in Lindau,Germany. TheCCD �ight modelwas
built by the US company LORAL Fairchild. The camerasweresensitive over a wave-
lengthrangeof about660-1000nm, the upperlimit determinedby the CCD, the lower
limit chosento avoid too much interferenceby the haze. Huygenstransmitteddatato
Cassinithroughanomnidirectionalantenna,which relatively low datarateforcedDISR
to compressits images(typically by a factorof 8-12 late in the descent).The Discrete
CosineTransformhardwarecompressedimagesby meansof a JPEG-like scheme,and
wasbuilt by theTechnicalUniversityof Braunschweigin Germany.

Theotherinstrumentsareclassi�edaccordingto whetherthey arelookingupor down.
Instrumentslookingupwardare:

� UpwardLookingViolet photometer(ULV)

� UpwardLookingVisualSpectrometer(ULVS)

� UpwardLooking InfraredSpectrometer(ULIS)

� SolarAureoleCameras(SA)

� SunSensor(SS)

In this thesisI ammainly concernedwith thedownward looking instruments.They are
theULV, ULVS, andULIS counterparts:

19



1 Introduction

Figure1.9: Photographof theundersideof thesensorheadof theDISR#3�ight model.
The camerawas coveredby a dark porousfoam to absorbstray light. Clearly visible
arethe gold-coatedSSL, the sunshadeof the SLI, andthe ba� e of the DLV. Compare
to Fig. 3.1 for identi�cation of the instruments.Dimensions:16:7 � 13:5 cm (width �
height).(Credit: LPL.)

� DownwardLookingViolet photometer(DLV)

� DownwardLookingVisualSpectrometer(DLVS)

� DownwardLooking InfraredSpectrometer(DLIS)

In addition,theDISR undersidefeaturedtheSurfaceScienceLamp(SSL) to illuminate
thesurfacejust beforelanding. A photographof theundersideof theDISR �ight model
is shown in Fig. 1.9. The Violet photometersweresilicon photodiodes,sensitive in the
350-480nm wavelengthrange.As the intensitywasexpectedto bevery low dueto the
strongscatteringandabsorptionof theaerosolsin thiswavelengthrange,the�eld of view
of theViolet photometerswashalf theupperandlowerhemisphere.To achieve this they
wereequippedwith di� usingplatesandba� es,nicknamed“bear's ear” ba� esbecause
of their appearance.The ULV shareda ba� e with theULVS, whereastheDLV hadits
own. TheULV/ULVS ba� e includeda shadow barto permitseparationof thedirectand
di� usedownward �ux. Hencethe �eld of view of the ULVS was the sameas that of
theULV. Theslit of theDLVS mappedinto a 4� wide by 40� long region on theground
centeredat30� nadirangle.Its spatialresolutiondependedonthemodeof operation,and
either1, 4, 8, or 16 spectrawerereturnedper exposure.Light wasled by optical �bers
from the gratingto a sectionof the CCD next to the MRI. The upward anddownward
looking infraredspectrometerswereprovidedby Co-I BrunoBézardof theObservatoire
de Paris in Meudon,France. The �eld of view of the ULIS wasrestrictedby a ba� e
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to half the hemisphere.Becauseof the long exposuretimesa shadow bar wasdeemed
useless.Careful timing of the exposureswas meantto separatethe direct and di� use
downward �ux by usingtheshadeprovidedby theprobe. Theslit of theDLIS mapped
into a 3� wide by 9� long region on the groundcenteredat 20� nadir angle. Generally,
exposuresweresummedon boardto increasethe S/N, andonly in specialoperational
modesonespectrumwasreturnedfrom asingleexposure.Light wasledby optical�bers
from the grating to two linear arraysof InGaAselements(one for eachspectrometer).
Thefour SA Camerasimageda rectangular6� � 50� areaaroundtheSunat two di� erent
wavelengthsandpolarizationanglesto constrainaerosolproperties,morespeci�cally the
numberof monomersthatarethoughtto betheaerosolbuilding blocks.TheSA images
occupieda small sectionin theupperleft cornerof theCCD. TheSunSensor(a silicon
detector)wouldmonitorthepositionof theSunin thesky by meansof a three-slitreticle
anda shadow bar, andwasto time theoperationof all DISRsub-instruments.

A little lessthana yearafterHuygens'successfuldescent,Tomasko et al. (2005)re-
portedthe�rst resultsof theDISRexperimentin theNature journal. I brie�y summarize
thepaperhere.Thefailureof theSunSensorto keeptrackof theSunandthelossof half
the imageshadseverely complicatedthe dataanalysis.Nevertheless,the imagingteam
led by BasharRizk hadbeenableto reconstructtheprobetrajectory, andto compilesev-
eralmosaicsof the landingsiteat di� erentresolutions1. Thevarietyof surfacefeatures
seenin the imagesexceededall expectations(Figs.1.10and1.11). The landscapewit-
nessedby Huygensis dominatedby arugged,relatively bright landmassincisedby rivers
andcreeksterminatingin a dark lakebedalonga well de�ned coastline. Note that the
brightnessandcontrastin Figs.1.10and1.11havebeenenhanced.In reality, thesurface
is almostasdarkasasphaltandthecontrastbetweenthebrightestanddarkestfeaturesis
only 10%.Thelakebedis coveredby bright islands,with darkchannelsin between.Huy-
genslandedin thelake,3.5km southof thecoastline,onaplain litteredwith pebblesand
cobbles,someof whicharerounded.Close-upsof thesoil revealit to consistof grains.At
all scalestheimagersfoundevidencefor �uvial activity, but neithertheriversnor thelake
appearto containliquid at present.Stereographicrenderingof a sectionof landshows it
to beextremelyrugged.Theslopesin thebright terrainincisedby riversareof theorder
of 30� . It is not clearwhatfeedstherivers.Thosewestof thestraightchannelarestubby
andappearspring-fed,whereasthedendriticnetwork eastof thechannelis suggestiveof
precipitation.Thesecondhalf of thepaperdealswith the resultsfrom thephotometers,
spectrometers,andSA cameras.A preliminaryreconstructionof thesurfacere�ectance
revealsaredslopein thevisible(indicativeof organicmaterial)andanenigmaticfeature-
lessblueslopein thenear-IR. Apart from methanebandsonly asingleabsorptionfeature
(at 1.5 � m) canbe identi�ed with certainty, which may be associatedwith eitherwater
ice or tholins. Theblueslopede�es explanation,andis not matchedby any combination
of laboratoryspectraof icesandorganics.Theoverallgroundre�ectivity is low (peaking
around0.18at 830nm),andtheatmosphericmethaneabundanceis 5% nearthesurface.
The paperfurther reportsthe �rst resultof an ongoinge� ort to model the atmosphere.

1Having beenassembledshortly after the descent,thesemosaicsincorporatedan early generationof
processedimageswhich showedmany compressionartifacts.Shortlyafterpublicationof thepaperDISR
teammemberErich Karkoschkaperfectedthe calibrationof the images,and createda grandseamless
mosaicof thelandingsiteusinganimprovedtrajectoryreconstruction(Karkoschkaetal.2007).Figure1.10
showsalmosttheentiremosaic,Fig. 1.11zoomsin on thecenter.
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Figure1.10: A panoramaof the Huygenslandingsite (62:5 � 80:0 km), reconstructed
from DISRimages(Karkoschkaetal.2007).Northis atthetop,eastattheright. Huygens
enteredthesceneapproximatelyhalfway themosaicfrom theleft, andlandedexactly in
themiddle.Notethetwo “cat scratches”(dunes)at thetop.
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Figure1.11: A zoomof thepanoramain Fig. 1.10(18:75 � 24:00 km). Huygenslanded
exactly in themiddle.
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The hazeoptical depthwasdeterminedasa function of altitude. The hazeextendsall
theway to thesurface,anda discretehazelayerwasfoundaround21 km altitude. The
degreeof polarizationof light scatteredby thehazeaerosolsindicatesthey arecomposed
of a large number(hundreds)of 0.05 � m small monomers.Note that theseresultsare
preliminary; the teamis presentlypreparinga publicationon an updatedversionof the
atmospheremodel(Tomasko etal., in preparation).

My owncontributionto theNaturepaperdealtwith DLVSobservations.Usingspectra
thatwererecordedcloselyin time with imageswithin a panoramiccycle, I wasableto
accuratelypositiontheir footprintson thesurfacemosaic,andto colorizethe latterwith
eithertrue or falsecolors. The truecolor of the surface(i.e. asseenby thehumaneye)
proved to be orange,primarily asa consequenceof the illumination by the orangesky.
Furthermore,theDLVS perceivedthelandtobeslightly redderthanthelake,with redness
expressedastheratio of theintensityin the827nm and751nm methanewindows. The
work describedin this thesisexpandson theNature paper. I improve thereconstruction
of thesurfacere�ectancespectrumin Chapter5, andrevisit thetopic of surfacecolor in
Chapter6 (Sec.6.4).

1.4 Huygens,the scientist

ThegreatestDutchphysicistof all time,ChristiaanHuygens'contributionsto scienceare
enormous.He wasoneof the pioneersof the Scienti�c Revolution in the 17th century,
from which modernsciencewasborn. At �rst he wasmostly dedicatedto mathemat-
ics (he wasoneof the foundersof probability theory),and later he also venturedinto
astronomy. He built the besttelescopesof his time, devising a new andbetterway of
grindingandpolishinglenses,andwasanavid observer. He wasalsomentorof Antoni
vanLeeuwenhoek,pioneerof themicroscope.Most fundamentalwashis discovery that
light canbe describedasa wave phenomenon,which put him at oddswith IsaacNew-
ton. His discoveriesin the�eld of astronomyarenumerous:hedescribedthe�rst feature
on Mars (SyrtisMajor) andestimatedits size,he proposedthat Venuswascoveredby
clouds,he discoveredthe Orion nebula, the true natureof Saturn's “appendices”,and
mostimportantlyin light of this thesis,Saturn's largestmoonTitan.

ChristiaanHuygensis bornon14April 1629,in themiddleof theDutchGoldenAge,
in The Hagueasa sonof ConstantijnHuygensandSuzannavan Baerle. The marriage
is a goodoneandthe pair have � ve children. WhenChristiaanis only eight yearsold
his motherdiesshortlyaftergiving birth to his sisterSuzanna.TheHuygensfamily is a
dynastyof in�uential civil servantsin theserviceof thePrincesof Orange,predecessorsof
thecurrentDutchroyal family. FatherConstantijnis acivil servanttooandawell-known
poet, who teachesChristiaanand his older brotherConstantijnmusic and elementary
mathematicsat home. CountingRenéDescartes,Rembrandtvan Rijn, andplaywright
PieterCorneliszoonHooft amonghisfriends,hecreatesastimulatingatmosphereathome
for youngChristiaan,favorableto theartsandsciences.It is saidthatChristiaanconversed
happilywith his brothersin Latin andstartedcomposingat theageof nine.

As fatherConstantijnenvisionsa similar careerfor his children,Christiaanandhis
brotherConstantijnembarkuponthe studiesof Law andArts at the University of Lei-
den in 1645. Christiaanreceives training in mathematicsand physicsfrom Fransvan
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Figure1.12: Portrait of ConstantijnHuygens(1596-1687)andhis �ve childrenby Adri-
aenHanneman(1640),with ChristiaanHuygensat top left. (CollectionMauritshuis,The
Hague,http://www.mauritshuis.n l/ .)

Schooten,whoseteachingsare heavily in�uenced by his friend Descartes.After two
yearstheir fatherpulls themout of Leidenandhasthemcontinuetheir studiesin Breda,
at the Illustere School, then recentlyestablishedby stadtholderand Princeof Orange
Willem II. WhenPrinceWillem diesin 1650,theRepublicof theSevenUnitedNether-
landsis promptlyproclaimed.The in�uence of theroyalist Huygensfamily wanes,and
aftercompletinghis studies21 yearold Christiaanfails to �nd a goodposition.This is a
blessingin disguiseashecannow devotehimself to full-time research,supportedby the
family fortune.Whatfollows is themostproductive time in hiscareer, in whichHuygens
makessomeof hismostremarkablediscoveries.Oneof theseis thediscoveryof Saturn's
moonTitan on 25 March1655,which heannouncesin thepamphletDe SaturniLunaa
yearlater(Fig.1.13).Becauseheis notyetcompletelysureabouthisdiscovery, heestab-
lisheshis priority in theform of ananagram(a commonpracticein thosedays),inspired
by anOvidiusverse:

Admovereoculisdistantiasidera nostrisuuuuuuucccrrhnbqx

which solutionis the �rst line of this thesis.Huygenssimply refersto themoonas`the
moonof Saturn' or 'my moon'; only two centurieslater was Titan given its nameby
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Figure1.13: The title pageof Huygens'pamphletannouncingthe discovery of Titan,
includedby publisherAdriaanVlacq asa supplementto De Vero TelescopiiInventore
by PierreBorel (source:RecueildesobservationsastronomiquesdeChristiaanHuygens
1657-1694, p. 165,http://gallica.bnf.fr/ .). No copiesexist of theoriginal pam-
phletthatwaspublishedby Vlacqon5 March1656.

Herschel(1847). Later that yearHuygensprovidesthe correctexplanationfor the “ap-
pendices”of Saturnthat had puzzledobservers sinceGalileo. From his observations,
recordedin SystemaSaturnium(1659),hededucesthata ring surroundstheplanet,but is
notphysicallyconnectedto it.

In thoseyears(1655-1664)Huygensundertakesseveral travels to ParisandLondon,
sometimesaccompaniedby his brotherConstantijn,meetingdistinguishedastronomers
andmathematicians(BlaisePascal,RobertHooke, RobertBoyle amongstothers).Then
in 1666theFrenchking LouisXIV inviteshim to Paristo establishtheAcadémieRoyale
desSciences, anhonorabletaskthatcomeswith asubstantialsalary. Huygensacceptsand
becomesonof theprincipalactorsin Frenchscienti�c circles.In ParishemeetsGiovanni
Cassini(later Jean-Dominique),who haslikewise beeninvited by the king to become
directorof the newly establishedParis Observatory. They jointly observe Saturnat the
ParisObservatoryin 1671,onwhich occasionCassinidiscoversanothermoonof Saturn,
Iapetus.He workshardandfruitful, but his healthsu� erssetbacks.He becomesgravely
ill in 1669andreturnsto hisfamily in TheHague,to returnto Parisonly afterayear. Then
in 1672Louis XIV declareswar againsttheDutchRepublic,which putsHuygensin the
peculiarsituationthathisemployerwageswaragainsthishomecountry. Chaosensuesin
therepublicin whatis known to theDutchastherampjaar(disasteryear),asat thesame
timeit hasto �ght o� EnglishandGermaninvaders.A popularuprisingendstherepublic
andputsPrinceof OrangeWillem III, sonof Willem II, into power asstadtholder. This
restoresthe in�uence of the royalist Huygensfamily. But even thoughWillem III is no
friendof LouisXIV, thishasnodirectconsequencesfor Huygens'position.However, the
moodin Francegraduallyturnsagainstforeigners,andwhenillnessforcesHuygensonce
moreto retreatto TheHaguein 1681,hedecidesbetternot to return.

Living in theNetherlandsoncemoreHuygenscontinueshiswork asaninternationally
respectedscientist.He �nally publisheshis wave theoryof light asTraité de la lumière
(1690). In 1689 he visits London for the last time, wherehe meetsIsaacNewton at
the Royal Society. He hasgreatadmirationfor Newton, but at the sametime doesnot
believe his theoryof universalgravitation, which he says“appears to meabsurd” . In
1695Huygensbecomesill anddieson 8 July at an ageof 66 years. He is laid to rest
in a sharedgrave with his fatherin theGroteKerk churchin TheHague.He hadnever
married,whichwasnotunusualfor a17th centuryscientist.After hisdeathCosmotheoros
(1698)waspublished,which speculateson theexistenceof extraterrestriallife.
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2 Theory

Beforereportingtheresultsof my analysisof DISR datain thenext threechapters,I �rst
give an overview of the nomenclatureI usethroughoutthis thesisto describephysical
quantitiesrelatingto radiationandits interactionwith matter. Furthermore,in Chapter6 I
usetheHapkere�ectancetheoryfor particulatesoilsto studythepropertiesof thesurface
at the Huygenslandingsite. Ratherthan interruptingthe �o w of that chapter, I prefer
to describethe theoryhere,in Sec.2.2. In that samechapterI employ a specialtype
of phasefunction to prescribethe scatteringbehavior of aerosols,the so-calleddouble
Henyey-Greensteinfunction. I describethis functionbrie�y in Sec.2.3.

2.1 Nomenclature

TheSI unit of radiance is [W m� 2 sr� 1]. In my work I amoftenmoreinterestedin the
radianceper in�nitesimal wavelengthinterval. I call this quantitythe intensity (unit [W
m� 2 � m� 1 sr� 1]), for which I usethe symbol I . The SI unit of irradiance is [W m� 2].
I simply call the irradianceper in�nitesimal wavelengthinterval the �ux (unit [W m� 2

� m� 1]), for which I usethesymbolF. For clarity I do not usethesubscript� to denote
wavelengthdependence,but thereadershouldkeepin mind thatall intensitiesand�ux es
arewavelengthspeci�c.

De�nitions for re�ectanceabound.Hapke(1981)providesanoverview of re�ectance
nomenclature,and I will discussheresomeI �nd most useful. Considera collimated
(parallel)beamirradiatingasurfaceelementda atanangle� with thesurfacenormal.We
call the�ux receivedby a planeperpendicularto thetravel directionof thebeamJ. The
surfaceelementre�ectsabeamof radiationwith intensityI in asolidangled
 atanangle
� with thesurfacenormal.Thebidir ectional re�ectanceof thesurfaceis thende�ned as

r(�; � ; � ) =
I(�; � ; � )

J
(2.1)

with � the anglebetweenthe incident and re�ected beam,or phaseangle. The �ux
receivedby da is

F = � 0J (2.2)

wherewe have de�ned � 0 = cos�. Likewise we de�ne � = cos� . The hemispheric
albedoAH is de�ned astheratio of thespeci�c power (in [W � m� 1]) re�ected in all di-
rections(in theupperhemisphere)by asurfaceelementto thatreceivedfrom acollimated
sourcein aspeci�c direction:

AH =
Z

2�

I (�; � ; � )
� 0J

cos� d
 =
2�
� 0

Z 1

0
r(� 0; �; � )� d�: (2.3)
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2 Theory

Now considerthe simple caseof a Lambertsurface. By de�nition, this surfacelooks
equallybright from all angles(intensityis constant),andre�ects all light incidenton it
(Lambert1760).Thus

F =
Z

I cos� d
 = I

2�Z

' =0

d'

�=2Z

� =0

cos� sin� d� = � I : (2.4)

Let the bidirectionalre�ectanceof a Lambertsurfacebe calledthe Lambertre�ectance
rL, then

rL =
� 0

�
(2.5)

andAH = 1. We cannow describethe re�ectancepropertiesof an arbitrarysurfaceby
meansof thebidirectionalradiance coe� cient rC, which is thebidirectionalre�ectance
of thesurfacerelative to thatof anidenticallyilluminatedLambertsurface:

rC(�; � ; � ) =
r(�; � ; � )

rL
=

�
� 0

r(�; � ; � ) (2.6)

or in termsof the�ux receivedby thesurface

rC(�; � ; � ) =
� I (�; � ; � )

F
: (2.7)

In the literature,“re�ectance” is oftengivenas“I over F”. This re�ectancereally is the
radiancecoe� cientcalculatedasrC = I=F , in termsof analternativeversionof the�ux
which hasunitsof intensity, de�ned by F = � F . Thehemisphericalbedoof a surfacein
termsof theradiancecoe� cientis

AH = 2
Z 1

0
rC(� 0; �; � )� d�: (2.8)

In atmospheremodelsthat have a surfaceas lower boundary, the surface is often
presumedto re�ect radiationisotropic.Thena “surfacealbedo”Aiso is de�ned analogous
to Eq.2.4by

AisoF = � I : (2.9)

It follows thattheradiancecoe� cientfor this surfaceis rC = AH = Aiso.
If the surfaceis that of a planetat heliocentricdistanceRh with F� the solar�ux at

1 AU, then

J =
F�

R2
h

(2.10)

and

rC(� 0; �; � ) =
� I (� 0; �; � )
� 0F� =R2

h

: (2.11)
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2.2 Hapkemodel

Figure2.1: Cartoonillustrating thederivationof theHapke re�ectancemodelfor a par-
ticulatesurface.We considerthesubsurfacevolumeelementdV = R2d! dR locatedat a
depthzanddistanceRfrom thedetector(in thiscaseCassini).Thiselementscatterslight
of intensityI0 from thedirect beamandscatteredlight of intensityI 00with e� ciency G
towardsthedetector. Seetext for details.

2.2 Hapkemodel

BruceHapke of theUniversityof Pittsburgh hassetup a theoreticalframework to model
scatteringof light in a planetaryregolith, or soil, in a seriesof articleson bidirectional
re�ectancespectroscopy (Hapke 1981,1984,1986,2002). The full model,describedin
Hapke (2002),givesthe radiancecoe� cientof a particulatesurfaceasa functionof the
particlephasefunctionandincludesthe Shadow Hiding OppositionE� ect (SHOE)and
theCoherentBackscatterOppositionE� ect(CBOE).

Hapke (1981)developshis modelasfollows. We starto� with theequationof radia-
tive transferfor adispersedparticulatemedium

dI(r; 
 )
ds

= � EI(r; 
 ) +
Z

4�
I (r; 
 0)G(
 0; 
 )d
 0 (2.12)

The �rst term in this equationis the extinction term, with E the extinction coe� cient.
As extinction includesall processesthat remove photonsfrom the light beam,it is the
sumof absorptionandscattering.Theprobabilityof any of theseprocessestakingplace
uponinteractionof a photonwith aparticlewith crosssection� (in [m2]) is givenby the
(dimensionless)e� ciencies.With theextinction e� ciencyQE, theabsorption e� ciency
QA, and the scattering e� ciency QS, we thus have QE = QA + QS. For a medium
composedof di� erenttypeof particlestheextinctioncoe� cientE, absorption coe� cient
K, andthescatteringcoe� cient S (all in [m� 1]) aregivenin termsof thee� cienciesas

E =
X

i

niQE;i� i (2.13)

K =
X

i

niQA;i � i

S =
X

i

niQS;i � i
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2 Theory

whereni is the numberdensityof particlesof type i (in [m� 3]). We can write these
coe� cientsin termsof the averageparticleproperties,e.g.the averageextinction cross
sectionh� Ei = hQE;i � i i :

E = nh� Ei ; (2.14)

with n thenumberof particlesperunit volume. Thesecondterm in Eq. 2.12represents
photonsscatteredinto thepath.It includesthedi� erential volumescatteringcoe� cient
G, which hasdimensions[m� 1 sr� 1] anddescribestheprobability thata photoncoming
from direction
 0 is scatteredin direction
 , or

G(
 0; 
 ) =
1
4�

QS;i � i pi(� ) (2.15)

Considera volumeelementdV = R2d! dR locatedat distanceR from the detectorat a
depthz below the surface, in the solid angled! in the line of sight (Fig. 2.1). From
Eq. 2.12we derive the equationof radiative transferfor the radiation Ī scatteredin the
directionof the detector. Sincethe detectoris not in line with the direct beamthe �rst
termon theright handsideis zero,and

dI(z; 
 )
dR

=
Z

4�
[I0(z; 
 0) + I00(z; 
 0)]G(
 0; 
 )d
 0 (2.16)

wherewe have distinguishedbetweenthe(collimated)incidentlight I 0 anddi� uselight
I00. The single-scatteringalbedo is $ i = QS;i=QE;i for particle type i, and its average
is thenw = h$ i = S=E. Furthermorewe de�ne the averagephasefunction by P(� ) =
hp(� )i = 4� G=S. With thesede�nitions anddz = � dRwecanwrite Eq.2.16as

dI(z; 
 ) =
wE
4��

Z

4�
[I0(z; 
 0) + I00(z; 
 0)]P(� 0)d
 0dz (2.17)

We want to integratethis equationover thedepthz to �nd the intensitytowardsthe de-
tector. Beforewe do this we have to realizethat part of the light emittedby dV in the
line of sight will be absorbedon its way to the surfaceby overlying particles.We have
to multiply theright handsideof Eq.2.17with theattenuationtermeEz=� (rememberthat
z < 0 for locationsbelow thesurface). Integratingover z we �nd the intensityreaching
thedetectorasthesumof thesingly andmultiply scatteredintensity

Ī = ĪS + ĪM (2.18)

with

ĪS =
wE
4��

Z 0

�1

"Z

4�
I0(z; 
 0)P(� 0)d
 0

#
eEz=� dz (2.19)

ĪM =
wE
4��

Z 0

�1

"Z

4�
I00(z; 
 0)P(� 0)d
 0

#
eEz=� dz:

Theintegral over all solid anglesin theequationfor thesingly scatteredintensitycanbe
evaluatedexactly. As the light is consideredto be collimated,the integrandis nonzero
only in asingledirection,and

Z

4�
I0(z; 
 0)P(� 0)d
 0 = JeEz=� 0P(� ); (2.20)
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2.2 Hapkemodel

wherewehavemultiplied J with anattenuationtermto accountfor absorptionby overly-
ing material.Thenthesingly scatteredcontribution to theintensityis

ĪS =
w
4�

Z 0

�1
JeEz(� � 1

0 +� � 1)P(� )
E
�

dz =
w
4�

� 0

� 0 + �
JP(� ): (2.21)

For isotropicscatteringP(� ) = 1 andEq.2.21becomestheLommel-Seeligerlaw:

ĪS =
w
4�

� 0

� 0 + �
J: (2.22)

Theevaluationof thecontributionof multiply scatteredlight to theintensityobservedby
thedetectoris morecomplicated.Hapke (1981)derivesfor isotropicscatterers

ĪM =
w
4�

� 0J
� 0 + �

[H(� 0)H(� ) � 1] (2.23)

in whichappearstheso-calledAmbartsumian-ChandrasekharH-function(Chandrasekhar
1960).A second-orderapproximationto theexactH-functionis givenby

H(� ) =
"
1 � w�

 
r0 +

1 � 2r0�
2

ln
1 + �

�

!#� 1

(2.24)

with r0 = (1 � 
 )=(1+ 
 ) and
 =
p

1 � w. Contraryto thesinglyscatteredterm,themul-
tiply scatteredtermcannotbeevaluatedexactly for anarbitraryphasefunction.However,
it is relatively insensitive to it, asthe moretimesa photonis scattered,the moredirec-
tional e� ectsareaveragedout. Thebrighterthesurface,themorethemultiply scattered
termapproachestheisotropiccase.A �rst orderapproximationto theintensityobserved
comingfrom a surfaceof non-isotropicscatterersconsistsof theexactevaluationfor the
singlyscatteredterm,andtheisotropicevaluationfor themultiply scatteredterm:

I(� 0; �; � ) =
w
4�

� 0J
� 0 + �

[P(� ) + H(� 0)H(� ) � 1]: (2.25)

UsingEqs.2.1and2.6we canwrite theradiancecoe� cientof thissurfaceas

rC(� 0; �; � ) =
w
4

1
� 0 + �

[P(� ) + H(� 0)H(� ) � 1]: (2.26)

Hapke (1981,1986,2002)expandsandimprovesthis modelto includetheShadow
Hiding Opposition E� ect (SHOE)and the Coherent Backscatter Opposition E� ect
(CBOE),which make thesurfaceappearbrighterat lower solarphaseangles.The radi-
ancecoe� cientin thefull modelis

rC(� 0; �; � ) =
w
4

1
� 0 + �

[P(� )BSH(� ) + M(� 0; � )]BCB(� ): (2.27)

In thisequationBSH(� ) is a factorcorrectingfor theSHOE,whichactsonsinglyscattered
light only. Thecontribution of multiply scatteredphotonsis givenby M(� 0; � ), andis a
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functionof thephasefunction. BCB(� ) is aCBOEcorrectionfactor, actingonbothsingly
andmultiply scatteredphotons.If theCBOEcanbeignored,Eq.2.27becomes

rC(� 0; �; � ) =
w
4

1
� 0 + �

[P(� )BSH(� ) + M(� 0; � )] (2.28)

If thesoil particlesscatterisotropicallythenP(� ) = 1 and

M(� 0; � ) = H(� 0)H(� ) � 1; (2.29)

which reducesEq.2.28to

rC(� 0; �; � ) =
w
4

1
� 0 + �

[BSH(� ) + H(� 0)H(� ) � 1]: (2.30)

Hapke (1986)derivesan expressionfor BSH(� ). He startsby calculatingthe extinction
coe� cientof a particulatelayerof soil. Theresultis e� ectively thatof Eq.2.14with the
particlenumberdensityn replacedby thee� ectiveparticlenumberdensityne� :

E = ne� h� Ei = � nh� Ei
ln P

1 � P
; (2.31)

with P theporosity of thesoil, de�ned astheproportionof thenon-solidvolumeto the
total volumeof material. A solid hasP = 0, freshsnow hasP = 0.75 - 0.99. Hapke
proceedsby realizingthatfor smallphaseanglestheprobabilitythata light raypenetrates
to thesurfaceof asoil particleis not independentof theprobabilitythatit is subsequently
scatteredtowardsthedetector, ascloseto theparticlepartof theray's in- andegresspaths
overlap.This is readilyunderstoodfor phaseanglezero,in which casethelight ray exits
thesamewayasin which it hasentered,with zerolossof intensity. Thisdependency was
ignoredin thederivationof Eq.2.21,andgivesriseto thefactorBSH(� ) in Eq.2.27.Note
that the SHOE will causethe soil to appearbrighter than predictedby Eq. 2.21 when
observed at small phaseangles. If the e� ective densityfollows a stepfunction (z > 0:
ne� (z) = 0, z < 0: ne� (z) = ne� ), BSH is written in termsof theerror function,but canbe
accuratelyapproximatedby

BSH(� ) = 1 + BS0BS(� ) = 1 +
BS0

1 + tan(�= 2)=hS
: (2.32)

Theamplitudeof theSHOEpeakis determinedby BS0, theratioof thelight scatteredfrom
thenear-surfaceof theparticleto thetotalscatteredlight. If theparticlesareopaque,then
all of thescatteredlight comesfrom thesurface,andBS0 = 1. In transparentparticleslight
canbere�ectedinsidethegrain,andBS0 will besmaller. For narrow oppositionpeaksthe
half width of thepeakis givenapproximatelyby � � = 2hS. Thewidth parameterhS is
theratio of thee� ective particleradiusre� , de�ned by � r2

e� = h� Ei (seeEq.2.14),to the
extinctionpathlengthlE = 1=E:

hS =
re�

lE
: (2.33)

But sincere� andlE areinterdependent,hS is not easilyinterpretedin this form. Alterna-
tively, it canbeformulatedin termsof theporosityanda parameterY which dependson
theparticlesizedistribution:

hS = �
3
8

Y ln P: (2.34)
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2.3 Henyey-Greensteinphasefunction

Hapke (1986)givessomeexamplesof sizedistributionsandtheir associatedY. A soil
consistingof equallysizedparticleshasY = 1, themaximumvalue.A comminutedsoil
like lunar regolith hasa low Y, around0.25. Generally, soil with a narrow particlesize
distributionhasabroaderSHOEpeakcomparedto soil with abroadsizedistribution.

TheCoherentBackscatterOppositionE� ectarisesfrom constructive interferenceof
light rayswhicharescatteredvia di� erentpathsby thesoil particlestowardstheobserver
in exactly the sameangle. If the scatterersat the locationwherethe raysleave the soil
arewithin a few wavelengthsof eachother, theCBOEpeakcanbeseveraldegreeswide.
Eventhoughthis processrequiresmultiple scattering,low albedobodies,like theMoon,
canshow a pronouncedCBOE(Hapke et al. 1998).Hapke (2002)providesananalytical
expression.LiketheSHOE(Eq.2.32)theCBOEcanbewrittenasafunctionof thephase
angle� in termsof anamplitude(BC0) andapeakwidth parameter(hC):

BCB(� ) = 1 + BC0BC(� ); (2.35)

where

BC(� ) =
1 + [1 � e� f (� )]=f (� )

2[1 + f (� )]2
; with f (� ) =

tan(�= 2)
hC

: (2.36)

Width parameterhC is a diagnosticfor thepropertiesof thesoil, andis a functionof the
wavelength� andthetransportmeanfreepathin themedium� :

hC =
�

4� �
: (2.37)

The latter may be thoughtof as the meandistancea photontravels in the soil before
its direction is changedby a large angle(larger than a radian). An expressionfor �
exists in termsof particle density, crosssection,and scatteringe� ciency, but it is of
limited usebecause� is stronglya� ectedby scatteringinhomogeneitiesinternalandon
the surfaceof the particles. Generally, the CBOE amplitudeBC0 cannotbe calculated
from soil propertiesandmustberegardedasa free�tting parameter, with 0 � BC0 � 1.

In a separatepaperHapke (1984)calculatesan expressionfor macroscopicrough-
ness. In thismodeltheparticulatesoil is assumednot to beperfectly�at, but to consistof
facetsthatbuild up macroscopicstructures(“f airy castles”).Macroscopicroughnessis a
functionof thefacets'meanslopeangle� , andtheanglesof incidenceandre�ection. It
leadsto extensivemodi�cation of Eq.2.27,which I will not reproducehere.

2.3 Henyey-Greensteinphasefunction

Phasefunctionsin theHapkemodelarenormalizedsothat

Z

4�
P(� )d
 =

2�Z

' =0

d'

�Z

� =0

P(� ) sin� d� = 2�

�Z

� =0

P(� ) sin� d� = 4�: (2.38)

For isotropicscatterersP(� ) = 1. A typeof phasefunctionthatwasusedby theLPL team
to modelthescatteringbehavior of Titanaerosolsis thedoubleHenyey-Greensteinfunc-
tion. Actually, two di� erentversionsof the“doubleHenyey-Greensteinphasefunction”
exist, andtheoneusedis

PdHG( ; f ; g1; g2) = f PHG( ; g1) + (1 � f )PHG( ; g2) (2.39)
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Figure2.2: Exampleof a doubleHenyey-Greensteinphasefunction usedto model the
scatteringpropertiesof Titan aerosolsin anearly versionof theLPL atmospheremodel
(Lyn Doose,personalcommunication).Shown is thephasefunctionfor aerosolsat 1.28
� m with Henyey-Greensteinparametersf = 0:9, g1 = 0:8, andg2 = � 0:4. Theaerosols
arestronglyforwardscattering,but alsoexhibit asmallbackscatteringpeak.

with

PHG( ; g) =
1 � g2

(1 + g2 � 2gcos )3=2
(2.40)

and the scatteringangle,which is relatedto the phaseangleby  = � � � . Forward
scatteringis in thedirectionof � = 180� , backwardscatteringis towards� = 0� . In terms
of thephaseangletheseequationsbecome

PdHG(�; f ; g1; g2) = f PHG(�; g1) + (1 � f )PHG(�; g2) (2.41)

with

PHG(�; g) =
1 � g2

(1 + g2 + 2gcos� )3=2
: (2.42)

An expansionof thisversioninto LegendrepolynomialsPn is

PdHG(� ) = 1 +
1X

n=1

[ f (� g1)n + (1 � f )(� g2)n](2n + 1)Pn(cos� ): (2.43)

The doubleHenyey-Greensteinfunction doesnot have a physicalbasis,but is merely
descriptive. Figure2.2 shows an exampleof sucha function, that wasusedin an early
versionof theLPL atmospheremodel.
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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
attachedto a Huygensengineeringmodelstoredin Darmstadt,Germany, andthesecond
(DISR#2)is at theLPL. DISR#2wasoriginally meantto belaunched,but waseventually
replacedby DISR#3becauseof severeinternallight leaks(`crosstalk'). It now servesas
a testbed,andit hasbeenusedto performseveral of the experimentsdescribedin this
thesis. A schematicof the DISR#3�ight modelandits locationon the probeis shown
in Fig. 3.1. On the front is theSideLooking Imager (SLI , with the sunshade),below
whichwe�nd theMedium ResolutionImager (MRI ) andtheHigh ResolutionImager
(HRI ). In additionto thethreecameras,DISRhousestheupwardlookinginstrumentsUp-
wardLooking Violet photometer(ULV), UpwardLooking VisualSpectrometer(ULVS),
UpwardLooking InfraredSpectrometer(ULIS) andtheSolarAureoleCameras,andthe
downwardlooking instrumentsDownward Looking Violet photometer (DLV), Down-
ward Looking Visual Spectrometer (DLVS), and the Downward Looking Infrar ed
Spectrometer (DLIS). Tomasko et al. (2002)provide a technicaloverview of DISR and
all its sub-instruments.This thesisconcentrateson the downward looking instruments.
In this chapterI describetheir operationanddatacalibrationprocedures.For this I made
extensiveuseof thecalibrationreportsthatwerecompiledandpublishedinternallyby the
LPL DISRteam.For detailson theimagecalibrationthereaderis referredto Karkoschka
et al. (2007). Observation sequentialnumbersareprinted bold throughoutthis thesis;
detailscanbefoundin AppendixA.

3.1 Downward Looking Violet Photometer

TheDownwardLooking Violet Photometeris a silicon photodiode,sensitive in the350-
480nm wavelengthrange.It is locateddirectlybelow theHRI, underaba� e to make its
�eld of view thelowerhemisphere.Thedetectoris readout instantaneously, andtheraw
datanumberscanbe convertedto intensitiesby subtractinga dark currentanddividing
theresultby theresponsivity.

3.1.1 Dark curr ent

Beforelaunch,thedarksignalof theDLV wasmeasuredin severaltestsatLPL, andfound
to bedi� erentfor eachof theDISR operationmodes.Themodesrelevant for this thesis
aretheVLNS andsurfacemodes.Thedarksignalfor theVLNS modewasdetermined
to have a bimodaldistribution, with peaksat 38 and51 DN, the latter almostuniquely
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3 DISR InstrumentCalibration

Figure3.1: The DescentImager/SpectralRadiometer(DISR). Top: DISR asseenfrom
below. The Medium ResolutionImager(MRI) andHigh ResolutionImager(HRI) are
labeledas`DLI-MED RES' and`DLI-HI RES', respectively. TheSideLooking Imager
(SLI) is not labeledandis locatedabove theMRI. Bottom: Thelocationof DISR on the
Huygensexperimentplatform.Thesensorheadprotrudedthroughtheaftercone.Figures
from Tomasko etal. (2002).
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3.2 CCD layout

Table3.1: Theexposedareaof theCCD,sized524� 256pixels,occupiedby thedi� erent
DISRsub-instruments.Thepixel in columnandrow zerois at thebottomleft 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

associatedwith a singletest. After launch,an in�ight DISR checkout (F4) showed the
dark signalfor the VLNS modeto have only a singlepeakat 41:5 � 1:6 DN (n = 36).
TheVLNS measurementson Titanareunimodal,andI usedthein�ight darkvalues.The
distributionof thepre-launchsurfacemodedarksignalwasfoundto have threepeaks(at
39, 49, and62 DN), oneof these(62 DN) uniquelyassociatedwith the testmentioned
above. Thein�ight darkfor thesurfacemodewas41 DN (n = 2). Presumably, hadthere
beenmoremeasurements,a secondpeakwould have beenfoundat around51 DN. The
surfacemodemeasurementson Titan arebimodal,andI madeno e� ort to convert them
into intensities.

3.2 CCD layout

Centralto theDISRfocalplaneis the524� 512pixel sizedCCD.It wasreadoutby means
of anelectronicshutter, not involving any mechanicalaction.For this thelower524� 256
pixelswerecoveredby anopaquemetal�lm, with theupper524� 256pixelsbeingthe
exposedarea.After exposure,thechargewastransferredfromthetopto thecoveredlower
partto besubsequentlyreadoutby meansof aserialregisteranddigitized.Transfertook
about2.2 secondsfor imagedata,time during which extra charge could accumulatein
rows not yet transferreddueto light exposure,which is known asthe electronicshutter
e� ect.TheCCDwasnotonly usedfor imagingTitan'ssurface,but alsoservedasdetector
for solaraureolecamerasandthevisualspectrometersDLVS andULVS, their light being
led to the focal planeby optical �bers. Furthermore,to gaugethe spill of light from
theMRI to thespectrometercolumns,known as`crosstalk',the lower 200pixelsof the
49th columnwere also transmitted. Inadvertently, this column served as an additional
camera,its `images'beinglinearbrightnesspro�les. Figure3.2showsthelocationof the
sectionsreservedfor thedownwardlooking instrumentsontheCCD.Notethatviewedin
theCCD coordinatesystemtheimagesareupsidedown. Table3.1 lists thecolumnsand
rowsoccupiedby thedi� erentsub-instrumentsrelevantto this thesis.
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3 DISR InstrumentCalibration

Figure3.2: Layoutof theDISRCCD,shown with atypicalpost-landingsignal.Thepixel
in the lower left cornerhascoordinates(0,0). The imagersequencefrom right to left is
HRI/SLI/MRI. Column49 is locatedimmediatelyleft to theMRI, andtheDLVS is at far
left. Not shown aretheULVS (left of theDLVS) andthesolaraureolecamerasectionsin
thetop left cornerof theCCD.SeeTable3.1for columnandrow numbers.

3.3 Column 49

Thelower200pixelsof column49of theCCDwerereadoutatthesametimeastheDLVS
andits contentsstoredin aseparate�le. Thiscolumnis known as`theextracolumn', but
I will referto it as`Column49'. LocatedbetweentheMRI andtheULVS (seeFig. 3.2),
it providesa measureof theamountof `crosstalk',or light spilledover from theMRI to
theULVS andDLVS. Like theDLVS it wasreadout in a fastmode,andthereforedoes
not su� er from the `electronicshuttere� ect' (the accumulationof charge during read-
out) which a� ectsthe images.The CCD temperaturewasso low for all measurements
relevantto this thesisthatthedarkcurrentwasessentiallyzero.Eventhoughtheprimary
functionof Column49 wasto provide a correctionfor thevisualspectrometers,it acted
asacamerain its own right, re�ecting thebrightnessdistributionof therightmostcolumn
of theMRI. Interestingly, it wastheonly `camera'activearoundthetimeof landing,and
I analyzeits brightnesspro�les in Section7.1.

3.3.1 Bias

Thepre-landingbiasfor eachpixel of Column49 wasestimatedby theLPL teamto be
9DN for all measurementsrelevantto thisthesis.Thepost-landingbiascanbedetermined
empirically. Possibly, the probemoved for a few secondsafter landing,but after that
DISR essentiallyviewed the samespoton thesurfacefor the remainderof themission.
By comparingasetof measurementsrecordedcloselyin time,but with di� erentexposure
times,wecanderive the(constant)biaslevel (Fig. 3.3). I usedColumn49measurements
827, 829, 831, 833, 835, and837, recordedaround2 minutesafter landing. Thesewere
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3.4 DownwardLookingVisualSpectrometer

Figure3.3: Theextracharge,or bias,of Column49afterlandingwasestimatedby �tting
a line to measurementsat di� erentexposuretimes. Left : A linear �t to the intensityfor
pixel 50. The interceptis equalto the bias. Right: The biasderived for all pixels of
Column49. Theerrorbarsprovidea1� measureof thegoodness-of-�t.

recordedat thesamemissiontime andwith thesameexposuretime astheDLVS spectra
with thesamesequentialnumber(seeTableA.8). I assumedthebiasnot to havechanged
for theremainingtimeon thesurface.

3.4 Downward Looking Visual Spectrometer

TheDLVS is sensitive in the480-980nmwavelengthrange.Its �eld of view is rectangu-
lar, rangingfrom 12� to 45� in nadirangle,andbeingapproximately6� wideatthetopand
17� at thebottom.Its slit is imagedona20� 200pixel sizedsectionontheCCD.Gener-
ally, adjacentcolumnsweresummedon-boardbeforebeingtransmitted,yieldinganarray
of 10 columnsby 200rows. ExceptionsaretheSpectrophotometricMap mode,in which
all 20columnswerereturned,andtheVeryLow NearSurfacemode,whichreturnedonly
2 out of 10 summedcolumns.Thedi� erentmodesof observationarediscussedin more
detailin Chapter4. TheDLVS wasreadout in afastmode(in around300ms),andthere-
fore, like Column49, doesnot su� er from the `electronicshuttere� ect' thata� ectsthe
images(accumulationof chargeduring readout).Therearetwo issuescomplicatingthe
calibrationof DLVS spectra.The�rst is thatthespectraareprojectedslightly warpedon
theCCD, which necessitatesrecti�cation by a geometriccorrection.Second,light spills
overfrom theMRI to theDLVS sectionon theCCD(`crosstalk'),andhasto beremoved.
Thentheintensity, in unitsof [W m� 2 � m� 1 sr� 1], is calculatedfrom theraw dataas

intensity=
raw data� (darkcurrent+ bias)� crosstalk

exposuretime� responsivity
(3.1)

The raw data,dark current,bias,andcrosstalkareall in DN. Exposuretime is in sec-
onds,andresponsivity in [J� 1 m2 � m sr]. Dark currentis calculatedfrom a model,but
for all measurementsrelevant to this thesisthe CCD temperaturewasso low that the it
wasessentiallyzero. As calculated,thedarkcurrentdoesnot includebias,which hasto
be addedseparately. The spectrumwavelengthscaleis a function of the cameraoptics
temperature,andhasto be determinedfor eachexposure. The di� erentaspectsof the
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3 DISR InstrumentCalibration

Figure3.4: The responsivity of the 200 DLVS rows (pixels) asdeterminedfor various
CCD temperatures(left, column10),andcolumns(right , CCD temperature169K). The
wavelengthscaleat thetop is thatfor thestandardtemperatureof 200K. Divisionby the
responsivity convertsDN to intensityin [W m� 2 � m� 1 sr� 1].

calibrationarecoveredin moredetail in the following subsections.Thespectralresolu-
tion wasdeterminedbeforelaunch: a thin spectralline wasobservedby the DLVS asa
Gaussianpro�le with aFWHM of 5.5-6.0nm,valid over thewholewavelengthrange.

3.4.1 Responsivity

The responsivity of the 20 columns� 200 rows DLVS sectionon the CCD wasdeter-
minedbeforelaunchby theLPL teamat ninedi� erentCCD temperaturesbetween169
and290K. Figure3.4shows how theresponsivity stronglydependson row number(i.e.
wavelength),but weaklyon temperatureandcolumnnumber. Note that thewavelength
scalerunsoppositeto row number. Thetemperaturesat theendof thedescentwerewere
low (rangingfrom 183K for theSM2modeto 170K for theVLNS mode),but abovethe
minimum calibrationtemperature,so no extrapolationwasnecessary. The responsivity
for eachpixel wasfoundby cubicsplineinterpolationto themeasuredCCDtemperature.
Theuncertaintyin theresponsivity determinationsis unknown, but wecansafelyassume
thattheerrorsarelargestwheretheresponsivity is lowest.Wehaveto becarefulinterpret-
ing resultsfor wavelengthsat which theresponsivity is relatively low. The�gure shows
thatthis is roughlybelow 500nm andabove900nm.

3.4.2 Geometriccorrection

Thespectrumasit is projectedon theDLVS areaon theCCD is warped,with di� erent
rows looking at di� erentzenithangles.Thesituationis sketchedin Fig. 3.5. The lower
half of the�gure representsthe200rowsontheCCD,with thezenithangleof thecenterof
somepixels(columns)indicated.Theverticaldottedlinesdelimit thezenithanglerange
thatis commonto all rows. Theintensitieswithin this rangeareinterpolatedto oneof the
standardizedgridsof footprintsassociatedwith themodeof observation,depictedin the
upperhalf of the�gure. Thenumberingconventionusedin thisthesisfor thestandardized
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3.4 DownwardLookingVisualSpectrometer

footprintsrunsoppositefor thatof theCCDcolumns.Thecolumnnumberrunsfrom 0 at
theleft endof theDLVS sectionontheCCD,wherelight comingfrom thehighestzenith
anglesis projected,to 19 at theright endof theDLVS section(compareFig. 3.2). If the
columnsaresummedthecolumnnumberrunsfrom 0 to 9. In contrast,thenumbersof the
standardizedfootprintsarede�nedto increasetowardshigherzenithangles(or decreasing
nadirangles).The20-columnSpectrophotometricMap modehas16 standardizedspatial
footprintsof approximatelythe samespatialextent as the original CCD pixels. In the
regular10-columnmode,usedin panoramiccycles,theDLVS returnedonly thesumof
adjacentcolumns.Theintensitieswereinterpolatedto 8 footprintshalf thesizeof those
of the SpectrophotometricMap mode. The 5-columnmode,usedearly in the descent,
returnedonly thesumof 4 adjacentcolumns,andhastherefore4 footprints.In theVLNS
2-columnmodetheDLVS returnedonly thesumof columns4 and5, andthatof column
6 and7. Only a very narrow zenithanglerange,centeredon 159.6� , is commonto all
rows,and�nding theintensityatbothendof thespectrumactuallyinvolvesextrapolation.
Theextentin zenithangleof thesinglefootprint of a VLNS spectrumis (approximately)
givenby theshortverticaldottedlinesin Fig. 3.5. Whereasfor 10-columnmodespectra
intensitiesarefoundby cubicsplineinterpolation,thosefor 2-columnmodespectraare
determinedby linear interpolation. The availability of only two insteadof ten columns
doesnot a� ect the end resultsigni�cantly beforelanding,but becomesproblematicin
thepresenceof a strongbrightnessgradientover the columnson the CCD, suchasthat
causedby theSSL.This is why the2-columnand10-columnmodepost-landingspectra
look very di� erent,even thoughtheir footprintsapproximatelycover the samepatchof
ground(see§3.6.2for furtherdetails).

Themostrecent̀ o� cial' releaseof theDLVS calibrateddataby theLPL team(3 May
2005) interpolatesthe SpectrophotometricMap spectrato 8 footprints, and gives two
spectrafor the2-columnVLNS mode.My reductionimproveson this,asit yieldsSpec-
trophotometricMap spectraat the full spatialresolutionof 16 footprintsandtreatsthe
2-columnmodespectracorrectly.

3.4.3 Wavelengthcalibration

Thewavelengthis a functionof theDISR opticstemperature.Prior to launchthewave-
lengthscalewascalibratedfor � ve temperaturesin the rangeof 189 to 290 K. During
�ight, theopticstemperaturesdroppedto valuesaslow as165K. In fact,all of theSM2
andVLNS spectrawererecordedwith opticstemperaturesbelow 169K. Thewavelength
scalefor thesespectramaybeincorrect,eventhoughtheextrapolatedscalefor 165K is
only marginally di� erentfrom thatof 189K (lessthan1 nm). Of thespectraconsidered
in this thesisonly thetemperaturesof theSM1 andsurfacespectrafrom 874onwardare
within thecalibratedrange.

3.4.4 Bias

Thepre-landingbiasfor eachpixel of theDLVS sectionontheCCDwasestimatedby the
LPL teamto be9 DN for all measurementsrelevant to this thesis.Like thatof Column
49, thepost-landingbiascanbedeterminedempirically. Themeasurementsusedto de-
terminethebiasare825, 827, 829, 831, 833, and835. They werechosento have a wide
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Figure3.5: Theprincipleof theDLVS geometriccorrection.Seetext for details.

rangein exposuretimes,anda shortrangein missiontimes(seeTableA.8). Figure3.6
demonstratesthemethodandshows theresultsfor two out of tensummedcolumns.The
biasappearsto besimilar for eachcolumn,but not identical.Moreover, it is not constant
in time asthe�gure shows for column9. But sincethevariability is relatively smallI as-
sumethatthepost-landingbiasof all columnsis is constantandequalto thatof summed
column7.

3.4.5 Crosstalk

Crosstalk,light leaking from the MRI to the visual spectrometers,is much more of a
problemfor the ULVS than the DLVS. Nevertheless,a correctionis calculatedfrom
Column49 (seealsoSection3.3), usingcoe� cientsdeterminedbeforelaunchat LPL.
Figure3.7showsthatcrosstalkhardlya� ectspre-landingspectra,but thatit becomessig-
ni�cant after landingdueto the stronglamp signalon the MRI (seeFig. 3.2). The fact
thatColumn49wasreadoutat thesametimeastheDLVS enablesusto preciselypredict
the amountof crosstalk. However, correctingthe VLNS modeDLVS spectrarequired
specialtreatment.Only half of theColumn49 andDLVS �les weretransmittedto Earth,
but not in pairs.Thatmeansthatnot for everyDLVS spectruma Column49 is available.
Especiallyaroundthetime of landing,whentheamountof crosstalkjumpsdramatically,
wemusttakecareto interpolatecrosstalkasaccuratelyaspossible.
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3.4 DownwardLookingVisualSpectrometer

Figure 3.6: The extra charge, or bias, presenton the DLVS spectraafter landing was
estimatedby �tting a line to measurementsat di� erentexposuretimes. Top left: An
examplelinear �t to the intensity for row 50 of summedcolumn 9 (out of 10). The
interceptis equalto thebias.Top right : Thebiasderivedfor summedcolumn7 from825-
835(missiontime 8949-8991sec).Bottom left: Thebiasderivedfor summedcolumn9
from 825-835. Bottom right : Thebiasderivedfor column9, but now from 905-911(20
minuteslater).Eventhoughtheerrorbarsarelarger, weseesigni�cant changes.

3.4.6 Overexposure

Many of theDLVS spectraacquiredafter landingsu� er from overexposure.As it strug-
gled to deal with the �ood of re�ected lamp light, the instrumentvaried the exposure
time. At thetimeof landingDISR wasoperatingin theVery Low NearSurfacemode,in
which the DLVS returnedspectrain the2-columnmode. For a little lessthana minute
after landingit continuedto do this, after which it switchedto the10-columnmodefor
theremaining69 minutesof themission.Both modesinvolveon-boardsummingof two
consecutive columns. This sumreachesa certainmaximumvaluein caseof overexpo-
sure.But if in reality only oneof thetwo columnwasoverexposed,we cannotdetermine
which one,aswe have only their sum. This is why we cannotjudgefrom the raw data
numbersalonewhetheracertainintensityvalueis reliableor not. Wecan�nd out though,
by comparingcorrectly exposedand certainoverexposed10-columnmodespectra,as
shown in Fig. 3.8. Overexposureoccursin thecentralregion of thespectrumin theform
of adepression.Signi�cantly, the�gure showsthatoutsidethis region, in both�anks, the
spectrumis fully reliable.Eventhoughthesamecannotbedemonstratedfor overexposed
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Figure3.7: How crosstalka� ectstheDLVS. Thecorrectedspectrum(drawn black line)
is obtainedby subtractingthe crosstalk(red line) from the raw spectrum(dottedline).
Left : For a typical pre-landingspectrum(SM1 spectrum540, column19) crosstalkis
minor, a� ecting only the strongestmethanebands. (Note: logarithmic scale.) Right:
For a typical post-landingspectrum(10-columnmodespectrum821, summedcolumn9)
crosstalkis signi�cant, especiallyat the top endof the spectrum(low wavelengthend),
dueto thestronglampsignalon theMRI. Notethatwavelengthrunsoppositeto therow
number.

Figure3.8: The�rst seven10-columnmodespectraacquiredafterlandingwererecorded
atdi� erentexposuretimes,leadingto theoverexposureof some.Theregions�anking the
overexposedcoresagreewell with correctlyexposedspectra.All spectrawererecorded
within oneminute(labelsdenotesequentialnumber).

2-columnspectradueto a lackof data,I neverthelessassumeit holdstrue.

3.4.7 Noise

Sourcesof noiseare readnoise,quantizationnoise,andshotnoise. Readnoiseis the
noiseaddedto the signal on read-outof the CCD. Shot noiseis the result of random
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Figure3.9: Two examplesof how sensitive theDLVS calibrationis to noise.Theblack
line is thecalibratedspectrum,theredlinesdelimit the1� con�denceintervals.Left : Pre-
landingSM2 spectrum718, footprint 0. Right: Postlanding10-columnmodespectrum
821, footprint 6.

�uctuationsin thedetectednumberof photons.It is signi�cant only becausetheintensity
of light neartheTitan surfaceis solow. Quantizationnoiseresultsfrom theanalogueto
digital conversionof thesignal,andis basicallya roundingerror. If we assumethat the
noiseis normallydistributedaroundzero,thevarianceof themeasuredsignalof acertain
pixel on theCCDis thesumof thevariancesof theindividualsourcesof noise:

� 2
pixel = � 2

read+ � 2
quant+ � 2

shot (3.2)

Thereadandquantizationnoisehave beendeterminedfrom pre-launchandin�ight tests
to be � read = 0:57 DN and � quant = 0:29 DN. The shot noiseis assumedto follow a
Poissondistribution,so� shot =

p
N electrons,or � shot =

p
d=30DN, with d theDN value

of thepixel of interest.Figure3.9shows two examplesof how noiseis expectedto a� ect
the DLVS calibration. The intensityat wavelengthsabove 900 nm appearsto be most
sensitive to noise.For example,noisetypically constitutes1.4%of thesignalat 935nm.
Notethatthisanalysisdoesnotconsidererrorsin theresponsivities.

3.5 Downward Looking Infrar edSpectrometer

The DLIS is sensitive in the 850-1700nm wavelengthrange,but due to secondorder
e� ectsthee� ectivewavelengthrangeis 850-1600nm. Its �eld of view is approximately
3� by 9� (azimuth� nadirangle),andis centeredon20� nadirangle.Its slit is imagedby a
lineararrayof 150InGaAsphotodiodes,of whicheachelementis connectedto onepixel
of a linearCCD array. Contraryto theDLVS, theDLIS hasa shutter(theonly moving
partin DISR).A springholdstheshutteropenunlessanelectromagnetis activated.Dark
currentis eliminatedby subtractingshutteropenfrom shutterclosedexposures,andwhen
theresultis dividedby theresponsivity andtheexposuretime (shutteropen)oneobtains
theintensity. The�rst andlast7 pixelsof theCCD arrayarecoveredby anopaqueresin
to determinethe dark currentin caseof shutterfailure, which leaves136 pixels for the
spectralmeasurements.The DLIS spectralresolutionwasdeterminedbeforelaunch: a
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thin spectralline wasobservedasa Gaussianpro�le with aFWHM of circa20 nm,valid
over thewholewavelengthrange.

During thedescent,exposuresweregenerallysummedon boardover multiple probe
rotationsto yield azimuthalaverages.However, all theobservationsrelevantto this thesis
wereacquiredin special,unsummedmodesthatyield a singlespectrumwith a relatively
smallfootprint (seeChapter4). In someof these(e.g.thespectrophotometricmapmode)
the instrumentacquiredfour samplesin sequence,two with shutteropenandtwo with
shutterclosed,alternatingbetweenshutterstates. The shutter-openand shutter-closed
samplesweresummedon boardandthesumswerereturnedseparately. Aroundlanding
(in theVLNS mode)the instrumentacquiredsinglesampleswith eithershutteropenor
closed.

3.5.1 Responsivity

The�rst andsecondorderresponsivity of theDLIS wasdeterminedbeforelaunchby the
LPL teamat elevendi� erentdetectortemperaturesbetween198and306 K (Fig. 3.10).
Generally, responsivities at a certainmeasureddetectortemperaturearedeterminedby
cubic spline interpolation. But sincethe temperaturein the last stagesof the descent
droppedto valuesaslow as189K, I resortto extrapolationto �nd the responsivities at
thesetemperatures.The secondorderresponsebecomessigni�cant relative to the �rst
orderarounddetectorpixel number120, i.e. at around1.6 � m. This is why, generally, I
ignoremeasurementsabove this wavelength.The�rst orderresponseis shown not to be
very sensitive to thedetectortemperature,exceptfor the regionswherethe responsivity
dropssharply, mostlyat theredend. Theuncertaintyin the responsivity determinations
is unknown, but we cansafelyassumethat the errorsarelargestwherethe responsivity
is lowest. Thereforewe have to be careful interpretingresultsfor wavelengthsbeyond
whichtheresponsivity hasdippeddownward.The�gure showsthatthis is roughlybelow
900nmandabove1550nm.

3.5.2 Wavelengthcalibration

Thewavelengthis a functionof theDISR opticstemperature.Prior to launchthewave-
lengthscalewascalibratedfor twelve temperaturesin therangeof 187to 288K. During
�ight, theopticstemperaturesdroppedto valuesaslow as165K. In fact,all of theSM2,
MNS, VLNS, andunsummedsurfacespectra(249-254) wererecordedwith opticstem-
peraturesbelow 169 K. The wavelengthscalefor thesespectramay be incorrect,even
thoughtheextrapolatedscalefor 165K is only marginally di� erentfrom thatof 187K
(lessthan1 nm). Of thespectrarelevantto this thesis,only theSM1andsummedsurface
spectra(261-268) temperaturesarewithin thecalibratedrange.

3.5.3 Noise

The S/N level dueto randomnoiseis betterthan1000in the methanewindows for the
low detectortemperaturesrelevantto this thesis.A sourceof systematicuncertaintyis the
shutter, theonly moving partin DISR.Theuncertaintyin thetimeof openingandclosing
introducesanuncertaintyin themeasuredintensityof typically lessthan1%.
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Figure3.10: The �rst orderresponsivity of the 136 detectorpixels of the DLIS asde-
terminedat variousdetectortemperatures,including one secondorder response.The
wavelengthscaleat thetop is thatfor thestandardtemperatureof 200K. Divisionby the
responsivity convertsDN to intensityin [W m� 2 � m� 1 sr� 1].

3.6 SurfaceScienceLamp

DISRcarriedaSurfaceScienceLamp(SSL)to illuminatethesurfacejustbeforelanding.
TheSSLis a 20 W incandescentlampwith a gold-coatedparabolicre�ector. It servesa
twofold purpose.Firstandforemostit allows for astudyof atmosphericmethaneabsorp-
tion by creatingunsaturatedabsorptionlinesin DLVS/DLIS re�ectancespectraacquired
just beforelanding.Second,there�ectanceof Titan's surfacecanbereconstructedfrom
thesamespectraby dividing out thespectrumof theSSLproper.

3.6.1 Calibration experiment

To determinethe SSL spectruman experimentwascarriedout in which the the DISR
downwardlooking instrumentsobserveda targetilluminatedby theSSL.Thelampbeam
is notcollimated,andits �ux is a functionof distance.By knowing there�ectanceof the
target,theSSL�ux at thedistanceof thetargetcanbecalculated.CombiningEq.2.1and
Eq.2.6we �nd for the�ux

FSSL =
� I

r target
C (� = 0� )

(3.3)

wherer target
C (� = 0� ) is theradiancecoe� cientof thetargetatphaseanglezero,andI the

intensityobservedby thespectrometer.
The experimentaimedat determiningthe SSL spectrumwasperformedat LPL on

16 August1996.TheDISR#3�ight modelobservedan95.3� 147.3cm (width � height)
aluminumtarget with small (7.6� 7.6 cm) dark Krylon squares,positionedat a distance
of 4.68 m from the cameraandperpendicularto the lamp beam. Measurementswere
acquiredby all threecameras,theDLVS, theDLIS, andtheDLV, with theSSLalternately
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switchedon ando� . Housekeepingdata(temperatures,currents)were recorded. The
SSLcurrentandvoltageduring thecalibrationexperimentswerenominal,andidentical
to thoseduringthedescent.Figure3.11(left) showshow theinstrumentviewedits target.
Naturally, to retrieve thesurfacere�ectancein absoluteunitsoneneedsto scalethelamp
�ux to the distanceto the surfaceat the time of observation. The catchhowever is that
Titanspectrawhichshow lamplight wereacquiredatdistancesto thesurfacegreaterthan
4.68m. SincethespectrometersandtheSSLall havedi� erentlinesof sightandlocations
onDISR,parallaxe� ectsaresigni�cant atcloserange.AscanbeseenontheTitansurface
image(Fig. 4.7), moving the surfacecloserwill shift the DLVS andDLIS footprintsto
the left andright, respectively. Moving the surfacefurther away than4.68m will have
the oppositee� ect, andthis may causethe SSL �ux to be di� erentthanthat calculated
from thecalibrationexperiment.In Fig. 3.11(right) I simulatedthe �eld of view of the
instrumentsfor a distanceto the target of 25 m. The expectedshift of the footprints is
seento be relatively small,but how exactly this translatesto a changein �ux cannotbe
determinedbecauseweonly havetheimagewith thetargetat4.68m. Theproblemis that
althoughthepointinganglesof theinstrumentshave beenwell determined,thedirection
of theSSLbeamis poorly known. However, from thesurfaceimagewe canbesurethat
the re�ectancespotfollows the DLIS footprint. So at larger distancesthe DLIS �ux is
morereliablethantheDLVS �ux, andfortunately, theclosestobservationswerethoseof
the DLVS. How well the calibratedSSL �ux su� cescanbe gaugedfrom how well the
re�ectancesfrom spectrarecordedat thevariousaltitudesagree.

The aluminumtarget was coveredwith an unknown type of paint. The plate's re-
�ectancepropertieshadbeendeterminedby theLPL team,andarerecordedin theSSL
calibrationdocument.Due to someinconsistenciesin the visual part of the re�ectance
spectrumI askedCo-I BernardSchmittof theLaboratoire dePlanétologie in Grenoble,
France,to measurethere�ectanceof thetargetwith theLPG goniometer, which hewas
willing to do. Also ChuckSeeof theLPL respondedpositively to my requestto sacri�cea
pieceof thetargetandsendit to Grenoble.Initially Chuckwantedto sendthewholetarget
to preserve its integrity for history(did heenvisionaHuygensmuseum?),but hechanged
his mind whenit becameclearthat it wastoo large for thegoniometerto accommodate.
Themeasurementswereperformedin April 2006.

During the calibrationexperiments,the target was positionedperpendicularto the
lampbeamatadistanceof 4.68m. Sincebothspectrometerpupilsarelocatedwithin 6 cm
of theSSLon DISR,we aremostinterestedin anillumination incidenceangleof 0� and
re�ection anglesof 0-1� . Unfortunately, it wasnot possibleto put thegoniometerin this
con�guration.Therefore,fully characterizethecalibrationtargetmaterial(bothaluminum
andKrylon) wasmeasuredin the following threegeometricalcon�gurations. The �rst
wasto illuminate the target at an incidenceangleof 0� , andmeasurethe re�ectanceat
10� to 40� degrees(con�guration 1). The secondwasto setthe incidenceangleto 20� ,
andmeasurethere�ectanceat theoppositeside,at 0� , � 20� , and� 40� (con�guration2).
The20� /� 20� measurementdeterminesthedegreeof specularre�ection. Thethird setof
measurementschangedboth the incidenceandre�ection angle,keepingthephaseangle
constantat 20� (con�guration 3). The resultsareshown in Figs. 3.12and3.13 for the
aluminummaterialandKrylon squares,respectively. The goniometerappearsto su� er
from noisein the wavelengthrangefrom 1000to 1400nm, andjumpsaround700 nm,
increasinglyso for larger re�ection angles. Bernardexpressedthe opinion that these
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Figure3.11:A MRI imagein polarprojectionfrom theSSLcalibrationexperimentswith
theDLVS(red)andDLIS (green)slitssuperposed.At left theactualsituation,andatright
theimagesandfootprintsprojectedasif thedistanceto thescreenwas25m, whichgives
animpressionof theparallaxe� ectsinvolved(notethatwedonotknow theSSLparallax).
We seethe95.3� 147.3cm aluminumtargetwith its darkKrylon squarespositionedin a
room at LPL. The lamp re�ection spot is visible in the centerof the target. The DLVS
wasoperatingin the20-columnmode,which yields16 completespectra(footprintsare
numbered0 to 15 from top to bottom). The brightnessandcontrastof the imagehave
beenadjustedto bringoutdetailsin thescene.

changesarenot real,andindeed,scalingall measurementsto matchrevealsthattheshape
of thespectrumis roughlythesamein all cases.

Sincethe target wasorientedperpendicularto the lamp beam,we needto know the
re�ectanceof the targetat incidenceandre�ection anglezero. Unfortunately, this mea-
surementwastechnicallyimpossible.But we have measurementswith incidenceangle
zeroat variousre�ection angles,andonemeasurementwith phaseanglezero.Whenwe
comparethesein Fig.3.14(left) it seemsthatthezerophaseanglemeasurementis agood
approximationfor thedesiredone.However, it is very noisy, soI judgethebestestimate
of thecalibrationtargetre�ectanceto bea�t to the20� /0� measurementscaledto thelevel
of the20� /� 20� measurement.Theprocedureis illustratedin Fig. 3.14(right). As a �nal
adjustment,weneedto accountfor theKrylon squares.Thealuminumis about3.4 times
asre�ective astheKrylon, thesquaresof which take up 3.5%of thespaceon theplate.
TheKrylon re�ectanceseemsto have thesamefunctionaldependanceon wavelengthas
thealuminum(Fig. 3.13,right), sowe cansimply scaledown there�ectance.We arrive
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Figure3.12: The re�ectance(radiancecoe� cient)of thealuminumcalibrationtarget in
theDISR wavelengthrangeasmeasuredby theGrenoblegoniometer. We have from top
to bottom the goniometercon�gurations1, 2, and3 describedin the text, with at left
re�ectances,andat right scaledre�ectances.The �rst andsecondnumberin the legend
aretheincidenceandre�ection angle,respectively.
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Figure3.13: The radiancecoe� cient of the Krylon squareson the calibrationtarget as
measuredby theGrenoblegoniometer. The�rst andsecondnumberin thelegendarethe
incidenceandre�ection anglerespectively. Left : Incidenceangle0� . Right: Incidence
angle20� .

Figure3.14: Left : Theradiancecoe� cientof thealuminumtargetat 600nm, measured
at incidenceangle0� . The re�ection anglewasvaried,except for the datapoint at 0� ,
whichhasbothincidenceandre�ection angles20� to measurespecularre�ection. Right:
To determinethecalibrationtarget radiancecoe� cient I �rst �t a parabolato the20� /0�

data(which is leastnoisy)in thewavelengthintervals520-1020and1400-1600nm,then
scalethis �t to matchthe 20� /� 20� data,and againscalethis curve down slightly to
accommodatefor theKrylon squares.

at thefollowing expressionfor theaverageradiancecoe� cientof thecalibrationtarget:

r target
C = 0:148+ 4:87� 10� 6� � 1:06� 10� 9� 2 (3.4)

with � thewavelengthin nm. This is there�ectanceI useto determinetheSSLspectrum.

3.6.2 DLVS SSL spectrum

For the calibrationexperimentthe DLVS wassetto the 20-columnmode,which o� ers
thehighestspatialresolution.During theactualdescentthis modewasusedonly for the
two spectrophotometricmaps. Spectrashowing lamp light wereacquiredeither in the
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2-columnmode(aroundthe time of landing),or the10-columnmode(afteroneminute
on the surface). It is thereforeimportantto characterizehow the instrumentbehavesin
thedi� erentmodeswhenobservingthe re�ected lampsignal. I simulatethe2- and10-
columnmodesby summingcolumnsof the20-columnmodespectra.Whenthespectra
areprocessedin regularfashiontheappearanceof theSSLspectrumdependsstronglyon
themode;Figure3.15shows that it is retrievedwell in the20-columnmode,but that it
shows odddipsandkinks at the redendin the2- and10-columnmodes.This behavior
canbeunderstoodin thefollowing way. Thelampre�ection spothasa �nite sizeon the
CCD, andcreatessteepgradientson its edgesalongthespatialdimensionof the DLVS
(Fig.3.16).Whenthegeometriccorrectionis applied(see§3.4.2)thedetailedshapeof the
lampspotcanbeaccuratelyreconstructedfrom 20datapoints,but errorsresultwhenonly
10 datapointsareavailable,eventhoughcubicsplineinterpolationis used.Thesituation
is muchworsein the2-columnmode;it is impossibleto reconstructthepeakof intensity
by inter- andextrapolationfrom only two datapoints(Fig. 3.17). Whenreconstructing
the surfacere�ectancefrom the 2-columnmodespectraacquiredaroundlanding, it is
imperative to divide out the lamp spectrumbeforeapplying the geometriccorrection.
Save realsurfacebrightnessgradients,theresultant2� 200pixel arraywill bemostly �at
in intensity, minimizingextrapolationerrors.Soto processthe2-columnspectraweneed
two lampspectra,onefor eachof thesummedcolumns.We mustcalculatethesein units
of observedintensity(insteadof DN) sincethecalibrationwasdoneat roomtemperature
andthe responsivities aretemperaturedependent.Figure3.15(bottomright) shows the
two adoptedSSLspectra,correctedfor there�ectanceof thecalibrationtarget(Eq.3.4).

3.6.3 DLIS SSL spectrum

Deriving theSSLspectrumfor theDLIS rangeis morestraightforwardcomparedto the
DLVS, becausetheDLIS featuresonly a singlefootprint. During thecalibrationexperi-
mentthere�ectanceof thetargetwasmeasuredtwice with theDLIS window uncovered
(Fig. 3.18, left). The experimentwascarriedout in the LPL lab at room temperature,
with the detectorandopticstemperaturebeingin the rangeof 304-306K and294-297
K, respectively. Eventhoughtheair in Tucsonis generallyvery dry, atmosphericwater
is clearly detected,and its absorptionlines canbe modeledwell. After converting the
observedintensityinto the�ux at4.68m, I remove theabsorptionlines,saturatedpixels,
andthesecondorderresponsefrom theSSLspectrumby �tting acubicspline(Fig. 3.18,
right).

MerelyswitchingontheSSLimposesanextrachargeon theDLIS (Fig. 3.19).I used
a linear�t to theobservedextra intensity(in W m� 2 � m� 1 sr� 1),

Iextra = 0:0014� 6:4 � 10� 6 � pixel; (3.5)

to correcttheTitanobservations.HereI assumethee� ectis not temperaturedependent.

3.6.4 Full SSL spectrum

CombiningtheDLVS andDLIS observationswe arriveat thecompleteSSLspectrumin
Fig. 3.20.TheDLVS peaksatahigherintensitythantheDLIS becausearelatively larger
fractionof its footprint is coveredby thebrightestpartof the lamp spot(seeFig. 3.11).
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3.6 SurfaceScienceLamp

Figure3.15: The SurfaceScienceLamp spectrumasobserved by the DLVS. Top left:
The calibratedspectraof all 16 footprints of the DLVS in the 20-columnmode,with
somefootprint numbersindicated(seeFig. 3.11). Pixel 11 o� ersthebestreconstruction
of the true SSL spectrum.Top right : The lamp spectrumasit appearsto the DLVS in
the (simulated)10-columnmode. Bottom left: The lamp spectrumasit appearsto the
DLVS in the (simulated)2-columnmode. Bottom right : The adoptedlamp spectrum
(red),with the labelsreferringto which of the original 20 columnsweresummed.The
observedintensitieshave beenconvertedto the �ux at 4.68m from the lamp. Note that
wavelengthdecreaseswith increasingrow 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 than the DLIS. The fault probably lies with the DLVS.
Eithertheresponsivity, whichdropssteeplybeyond830nm,is incorrect,or thegeometric
correction.Thereconstructedlampspectrumis especiallysensitive to the latterbecause
of theaforementionedsteepbrightnessgradienton theCCD.It is thereforebestto divide
the lamp spectrumout of observed spectrabeforethe geometriccorrection,i.e. before
reducingthetwo summedcolumnsto a singlespectrum.TheSSL�ux adoptedfor each
of thetwo columnsis shown in Fig. 3.15(bottomright).

3.6.5 Proximity correction

TheSSLcalibrationexperimentwasdonewith the targetpositionedat 4.68m from the
DISR sensorhead. The calibratedSSL spectrumcanbe usedto derive the surfacere-
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Figure3.16:TheSurfaceScienceLampsignalasit appearedon the20� 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 consecutive columnsdivided by two). Left and right are dif-
ferentviews of the samesurface. Rows andcolumnsrepresentthe spatialandspectral
dimension,respectively.

�ectancefrom spectrarecordedbeforelanding,whenthesurfacewassu� cientlydistant.
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 brightnessdistribution acrossthe columnsof
theCCD hadchangedasthelampre�ection spotwasobservedata di� erentangle(com-
pareFig. 3.11with Fig. 4.7). Thesituationwasaggravatedby theonboardsummingof
columns;if after landingtheDLVS hadbeenswitchedto spectrophotometricmapmode
(which returnsall 20 columns),it would have beenpossibleto usethe lamp spectrum
in Fig. 3.20 to reconstructthe surfacere�ectancefrom the high S/N post-landingspec-
tra. Thesituationis di� erentfor theDLIS. SincetheDLIS is a lineararrayof detectors,
looking at a di� erentpartof the lampre�ection spotwill not changethebrightnessdis-
tribution on thedetectors,unlessthe lampspectrumis variablewithin thebeam.As the
�ight model is currentlyunavailable,a sparecamerawaskept in working conditionat
LPL for testingpurposes.I hopedthatexperimentswith theDISR#2sparecouldprovide
cluesto how the DISR#3downward looking instrumentsrespondedto the bright lamp
spotatcloserange.

Aidedby ChuckSeeI performedseveralexperimentswith theDISR#2modelatLPL
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3.6 SurfaceScienceLamp

Figure3.17: The intensitypeakon the DLVS sectionof the CCD imposedby the SSL
cannotbe accuratelyreconstructedfrom only two columns. The �gure shows the data
in thetwentycolumnsof theDLVS in a transectthroughrow 50, with a spline�t drawn
in black. Shown in bluearesimulatedvalues(dividedby two) thatwould bereturnedin
the 10-columnmode. In the 2-columnmodeonly two of thesewould be returned(red
squares),in which casethegeometriccorrectioninterpolatesthecharge(redcross)to be
muchlower thantherealvalue(greencross).

Figure3.18: TheSurfaceScienceLampspectrumasobservedby theDLIS. Left : Cali-
bratedintensitiesfrom two separateDLIS exposures.Visible arewaterabsorptionlines
(most clearly around1.4 � m), saturatedpixels, and the secondorder responsebeyond
1600nm. Right: TheadoptedSSLspectrum(red)wasobtainedby �tting asplinethrough
theaverageof thetwo spectraat left (black).Thegreenline is thespline�t includingwa-
terabsorption(coe� cientsfrom theGEISAdatabase,courtesyEmmanuelLellouch).The
observedintensitieshavebeenconvertedto the�ux at4.68m from thelamp.
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3 DISR InstrumentCalibration

Figure3.19:Theextra intensityobservedby eachof the136DLIS detectors(pixels)due
to theSSLbeingswitchedon. This wasdeterminedaspartof thecalibrationexperiment
by covering the DLIS window andswitching the SSL alternatelyon ando� . In red a
linearbest�t to thedata,whichwasusedto correcttheTitanspectra.

Figure3.20:Thefull spectrumof theSSLasobservedby theDLVS andtheDLIS during
thecalibrationexperiment.ThedashedDLVS spectrumis thatof footprint 11 (Fig. 3.15,
top left). TheDLIS spectrumis a spline�t (Fig. 3.18,right). Thedrawn DLVS spectrum
hasbeenscaledto matchtheDLIS spectrumat850nm.
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3.6 SurfaceScienceLamp

in December2005. On 9 Decembera cardboardtargetsprayedwith white Krylon paint
wasplacedperpendicularto thelampbeamat4.46m, andmeasurementswereperformed
with all downward looking instrumentswith the SSL switchedalternatelyon and o� .
After the target wasmoved in a positionparallel to the cameraat 51 cm (asmeasured
from theSLI tip), thesamesetof measurementswasrepeated.Theratio of theintensity
observedby theDLIS at far andclosedistanceto the target is shown in Fig. 3.21(left).
Like in the calibrationexperiment(Fig. 3.18), the result shows absorptionlines from
watervaporpresentin the4 m opticalpath.Assumingthelamp�ux scalesfrom 4.68to
4.46m accordingto 1/d2, we�nd thatatcloserangetheSSLis perceivedto be3.04times
weakeraswouldbeexpectedfrom thecalibrationexperiment(again,scalingaccordingto
1/d2); a clearconsequenceof parallax.In addition,theratio appearsto oscillateat lower
wavelengths.Theresponsivity is low here,sodividing probablyampli�ed fringes,which
areknown to plaguethe �ight model. The ratio shows a signi�cant changearound1.5
� m. Theresponsivity is nominalhere,andthereasonwhy theintensitymeasuredwith the
targetat closerangeis relatively low is notclear. A spline�t wasusedto correcttheSSL
spectrumfor processingthepost-landingDLIS spectra.

On 19 Decemberthe procedurewas repeatedat distancesof 4.48 m and50 cm to
acquiretheDLVS ratiosin Fig. 3.21(right). TheDLVS wasin the20-columnmode,and
to simulatethe2- and10-columnmodesI summedconsecutive columns.I thendivided
thesummedcolumnsof thefarexposureby thoseof thenearexposure.Only thesummed
columns4+5 and6+7 (the2-columnmodecolumns)wereof use,astheothersweretoo
noisy. Apart from the noisy edges(wherethe responsivity is low), the ratio curvesare
quite smooth,except for somefeaturesof unknown origin aroundrow 130. To get rid
of thenoiseI constructedspline�ts to thedata,andusedtheseto convert thecalibrated
pre-landingSSL spectruminto a hypotheticalpost-landingspectrumfor processingthe
2-columnmodespectra.Notethatthecorrectionfactorswereappliedto thetwo summed
columnsbeforeperformingthegeometriccorrection.
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3 DISR InstrumentCalibration

Figure3.21: The SSL of the DISR#3�ight modelwasnever calibratedwith a target at
closerange. We performedan experimentwith the DISR#2sparewith targetsat both
far (4.5m) andclose(50 cm) range,andcalculatedtheclose/far ratio of theSSLspectra
asmeasuredby theDLIS (left) andDLVS (right ; 2-columnmode).Drawn throughthe
dataarecubic spline�ts. The DLIS spectrumshows waterabsorptionlines, outsideof
which thesplinepoints(blue)werechosen;thegreenline is thespline�t includingwater
absorption(courtesyEmmanuelLellouch).
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DuringthedescentDISRswitchedbetweendi� erentmodesof operationto maximizethe
sciencereturn. The main trigger for this wasthe probealtitude. The modedetermined
whichsub-instrumentswereactive,thewayin whichthey acquireddata,andtheformatin
which datawasreturned.Closeto thesurfacethecamerainterchangedmodesrapidly to
makeoptimumuseof thelimited bandwidthavailablefor datatransferto Cassini.As the
focusof thisthesisis thesurfaceweareprimarily interestedin themodesactivelatein the
descent.In thenext sectionI provideanoverview of thesemodes,concentratingon their
e� ecton theoperationof thedownwardlooking instruments.Especiallytheoperationof
theDLVS andtheDLIS wasalteredsubstantially, alteringthenumberandspatialextentof
theirfootprints.In Sec.4.2I determinethesurfacecoverageof thespectrometerfootprints
in variousnear-surfacemodes,andprojectthemon DISR mosaicsof thesurface. In the
following chaptersI will frequentlyreferto themapspresentedin this section.

4.1 Operational modes

Measurementsby thevariousDISR sub-instrumentswereorganizedin cycles. Huygens
datastream524bcontains165 cycles,eachlabeledwith a sequentialnumber. A single
cyclegenerallycontainsmeasurementsby multiple instruments.Thecyclenumbers,and
otherdetails,of all measurementsrelevant to this thesisare tabulatedin Appendix A.
DISRoperationalmodesconsistof multiplecycles,with theexceptionof thespectropho-
tometricmaps.Modesearlyin themissionwereoptimizedfor observingtheatmosphere.
In thesecondhalf of thedescentDISRenteredvarious“nearsurface”modes,bettersuited
for observingthesurface. Thenjust beforelandingit switchedmodesrapidly to ensure
that a diverseset of measurementswould be recordedof the landingsite itself. In all
modestheimagersandtheviolet photometersoperatedin thesameway, with theexcep-
tion of theHRI returningonly half imagesjust beforelanding.Thespectrometers,how-
ever, operatedin distinctlydi� erentwaysdependingon theDISRmode.Two modesthat
a� ectedtheiroperationmoststronglyarethespectrophotometricmapmode,theMedium
Low NearSurface(MNS) mode(DLIS only), andthe Very Low NearSurface(VLNS)
mode.In thenext paragraphI provideadetailedoverview of theDISRmodesin chrono-
logicalorder, but �rst I explain thedi� erentoperationalmodesavailableto thedownward
lookingspectrometers.TheDLVS sharedtheCCDwith theDISRimagers,occupying an
areaof 20 columnsby 200 rows. Generally, adjacentcolumnsof the DLVS sectionon
theCCDweresummed,andtheresulting10columnswerereturned.I referto thisDLVS
modeof operationasthe10-columnmode. Dueto thefactthattheslit projectionon the
CCD waswarped(see§3.4.2),these10 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 singlespectrumis retrieved. I refer to this modeof operationasthe2-column
mode. Thefull setof 20 columns,which yields16 individual spectra,wasonly returned
in thespectrophotometricmapmode.TheDLIS hadits own lineararrayof sensors.Its
regularmodeof operationwasto sumobservationsacquiredat (perceived) identicalaz-
imuth intervalsovermultipleproberotations.Thefailureof theSunsensormeantthatthe
instrumentactuallysummedcontributionsacquiredat di� erentazimuthangles,yielding
azimuthalaveragesfor mostof thedescent.However, in threespecialmodesit operated
distinctly di� erent. In the spectrophotometricmapandMNS modesthe DLIS summed
only two exposuresacquiredover a very shorttime. Theoperationincludedacquisition
of two darkexposures(with shutterclosed).In theVLNS modeit just acquireda single,
brief exposurewithoutsummingatall. Darkexposureswereacquiredseparately.

In the �rst half of thedescentDISR alternatedbetweenthe imagingmode,in which
all instrumentsacquiredmeasurements,andthe non-imagingmode,in which the three
imagerswerenot active, interspersedwith calibrationcycles. In the latter stagesof the
descentthecamerawent into a seriesof specialmodes,dependingon theprobealtitude.
Thesemodesarelisted in Table4.1 andtheir sequenceis depictedin Fig. 4.1. The �rst
wastheHigh NearSurface(HNS) mode,activatedat23.3km altitude,whichlastedfor al-
most50minutes.Imagingin thismodewasstrictly panoramic,i.e. imageswereacquired
in groupsfor the durationof around100 secondswith 200 secondsin between.A 10-
columnmodeDLVS spectrumwasalwaysrecordedwithin a secondof an imagetriplet.
DLIS exposuresweresummedover many rotationson board,resultingin azimuthalav-
erages.TheHNS modeis of limited relevanceto thework describedin this thesis.More
importantarethetwo special,singlecycle modescalledspectrophotometric map 1 and
2 (SM1 andSM2). In the spectrophotometricmapmodeonly the DLVS andDLIS ac-
quiredspectra,asfastaspossible.They weremeantto cover thefull rangeof azimuthsin
onerotation,to build acompletepictureof thesurfacebelow. Dueto thefailureof theSun
sensorthespacecraftdid notknow whereit waspointingatany time,but fortunately, full
azimuthalcoveragewasalmostachievedfor bothmaps.Only in thespectrophotometric
mapmodetheDLVS achievedfull spatialresolutionby transmittingall 20 columns.The
operationtime of theDLIS wasvery short,only half a second,in which it acquiredtwo
sampleswhich weresummedon board.TheSM1 cycle interruptedtheHNS modeat an
earlystage.TheSM2 cycle wassandwichedin betweentheHNS andtheMedium Near
Surface(MNS) mode.Apart from images,theMNS modereturnedregular, 10-column
modeDLVS spectra.TheDLIS obtainedspectrasimilar to thosein thespectrophotomet-
ric maps,only with largersamplingtime,e� ectively integratingoveranazimuthrangeof
about50� . The SurfaceScienceLamp (SSL) wasswitchedon at the endof this mode,
at missiontime 8734s, andwasleft on for theremainderof themission.TheLow Near
Surface(LNS) modewas very brief (13 seconds)andhad DISR only return four half
HRI images,the last imagesof the descent.The subsequentVery Low Near Surface
(VLNS) modewasinitiated210m abovethesurfaceandremainedactivepastlanding.It
wasastrictly non-imagingmode,in whichonly thevisualandinfraredspectrometersand
theviolet photometersweregatheringdata.TheDLVS returned2-columnmodespectra,
while theDLIS recordedsingle,brief exposures,eitherwith shutteropenor closed.After
landingat missiontime 8869.77s (Zarneckiet al. 2005),theDLVS quickly reducedits
exposuretime to dealwith the�ood of re�ectedlamplight. It obtainedcorrectlyexposed
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Figure4.1: Thealtitudepro�le of theHuygensprobeasdeterminedby theHASI exper-
iment (Fulchignoniet al. 2005),with the low altitudeoperationalmodesindicated.The
insetzoomsin on thetimeof landing.

spectrathroughoutthis phase,apartfrom two partly overexposedspectradirectly after
landing.All thepost-landingDLIS spectrain thismode,however, areoverexposed.After
46 secondsafter landingDISR ran throughvariousbrief surfacemodes(A/B/C), at the
endof which imagingwasresumed.TheDLVS returnedto the10-columnmode,initially
varyingits exposuretime, leadingto a seriesof overexposedspectra.TheDLIS returned
to thesummingmode,addingvery brief exposureson boardfor a durationof 2 seconds.
As a safeguard(theprobe's softwaremight have beenwrongabouthaving landed!) the
HNSmodewasactivatedagainafter2 minutesand20secondsonthesurface.TheDLVS
continuedto operatein the10-columnmode,while theDLIS summedthousandsof sam-
plesin operationslastingover70 seconds.Bothspectrometersagaininitially variedtheir
exposure(sampling)times, leadingto a seriesof overexposespectra. Sadly, no more
spectrophotometricmapswereacquired,which would have givenusthecompletesetof
20 (unsummed)columnsfor theDLVS.

In the next chapterI reconstructthe surfacere�ectancespectrumfrom DLVS and
DLIS spectrarecordedin the VLNS and Surface B modes. Then Chapter6 investi-
gateshow the intensitycomingfrom the surfacedependson the solarphaseangle,us-
ing DLVS andDLIS spectrafrom bothspectrophotometricmaps,theMNS mode(DLIS
only),andtheVLNS mode.Chapter7 concludesthis thesisby lookinginto therapidtem-
poralchangesobservedaroundlandingby variousdownwardlookinginstruments(VLNS
mode),andtheir long termbehavior on thesurface(SurfaceB andsecondHNSmode).

4.2 Context

The Huygensattitudeandtrajectoryreconstructionof Karkoschkaet al. (2007),shown
in Fig. 4.2, wasusedto project the DLVS andDLIS footprintson DISR imagesof the
surface.Theprobedrifted from westto eastwith ever decreasingvelocity, to eventually
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Table4.1: DISR modesof operationin the latter stagesof the descent(cycles50-165
from datastream524b).Notethatthe�rst HNSmodewasinterruptedby theSM1mode.
Cycle62 wasa `dark' cycle. Landingoccurredexactly in themiddleof theVLNS phase
atmissiontime8869.77s. 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 9m21s 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 1h 6m36s 0

landin a lakebedapproximately3.5km southof thecoastlinevisible in theDISRmosaic
(Fig. 1.10). Figures4.3 to 4.6 show the location of footprints of spectraacquiredin
selectedspecialmodesduringthelatterstagesof thedescent.All mapsarein gnomonic
projectionandhave the probelandingsite exactly in the center. SM1 wasacquiredat
18 km altitudeandcoversboth the lake bedandthe land/river areanorthof the landing
site(Fig.4.3).Rememberthatthespectrophotometricmapmodeo� ersthehighestspatial
resolutionfor theDLVS: 16spectraperexposureversus8 for theregularmode.TheDLIS
acquiredbrief, singleexposureswith relatively small footprints.At thetime of recording
of the SM2 the probehad descendedto 4 km altitude, henceit covers lake areaonly
(Fig. 4.4). In Fig. 4.5 we zoomin on a small (1.4 � 1.4 km) areaenclosedby theSM2.
Herewe �nd theMNS andVLNS spectra,spiralinginwardtowardsthelandingsite.The
VLNS modeo� eredthelowestspatialresolutionfor theDLVS,only asinglespectrumper
exposure.HencetheVLNS footprintscaneasilybe identi�ed; they arethesmall group
of 11 single-footprintDLVS (red) and7 DLIS (green)spectrain the centerof Fig. 4.5,
all acquiredwithin asingleproberotation.Thisareais enlargedin Fig. 4.6,whichshows
the immediatesurroundingsof the landing site. Unfortunately, most of this areawas
imagedat very poor resolution;the last imageto show the landingsite itself (HRI 384)
wasrecordedat an altitudeof 20 km. Consequently, noneof the terraincoveredby the
VLNS footprintshasbeenimagedat a resolutionof betterthancirca 100 m per pixel.
Most likely the probelandedin the featurelessgray terrainthatdominatesthe area,but
we cannotexcludethat it landedon an extensionof the relatively bright ridge that runs
diagonallythroughFig. 4.5from centerright to bottomleft.

Remarkably, thefootprintsof thelastfew pre-landingspectramayhavebeencaptured
by theimagestransmittedfrom thesurface.Figure4.7,albeitnot necessarilycompletely
accuratein its positioningof the footprints,shows theview from thesurface. The foot-
printsof thelasttwo DLVS andlastDLIS spectraarelocatedonly a few metersfrom the
probe. It is thereforereasonableto assumethat theseobservationsarerepresentative for
theterrainvisible in thesurfaceimages.Therocksvisible in theSLI imageappearto be
smallboulders.This is becausetheprobe's perspective is thatof acrawling toddler, with
DISRpositioneda little bit lessthanhalf ameterabovethesurface.In reality therounded
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Figure 4.2: The trajectory of the Huygensprobe accordingto the reconstructionof
Karkoschkaet al. (2007). The trajectoryis given in Titan coordinates(latitudevs. east
longitude),with azoomonthelastpart(inset).Indicatedin redaremissiontimesin steps
of 1000s.

rock in the centeris a decimetersizedcobble. To createa morenaturalimpressionof
whatthelandingsitelookslike, I reprojecttheimagesto matchahuman'sperspective in
Fig. 4.7ontheright. Notethatthisverticallystretchesrocksin theforegroundthatdonot
lie �at on thesurface,but alsomakestheDLVS footprintsappearcloserto theprobe.
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Figure4.3: Theareacoveredby the�rst spectrophotometricmapin Gnomonicprojection
(45 � 45 km). The SM1 DLVS and DLIS footprints are overlayedin red and green,
respectively. TheSM2 DLIS footprintsareshown in thecenterfor reference.North is at
thetop,eastat theright. Huygenslandedexactly at thecenter(backgroundmosaicfrom
Karkoschkaetal. 2007.)
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Figure4.4: The areacoveredby the secondspectrophotometricmapin Gnomonicpro-
jection (10 � 10 km). The SM2 DLVS and DLIS footprintsare overlayedin red and
green,respectively. TheMNS modeDLIS footprints(in reality wider thanshown here)
areshown in thecenterfor reference.(BackgroundKarkoschkaetal. 2007.)
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Figure4.5: Theareaof thelandingsitein Gnomonicprojection(1:4� 1:4 km). TheMNS
andpre-landingVLNS modeDLVS (red)andDLIS (green)footprintsareoverlayed.The
MNS DLVS spectraare10-columnmodespectra,theDLIS MNS footprintsarewider in
reality thanshown here. The VLNS footprintsare locatedin the center(seeFig. 4.6).
All availablehigh-resimages(HRI 651-721, MRI 664-700) areshown. Terrainfor which
only low-resimagesareavailableis left gray. Thelast two full HRI imagesandthefour
half onesin thecenter(HRI 711-721) show internallyscatteredlamplight at thebottom.
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Figure4.6: A closeup of the areaof the landingsite in Gnomonicprojection(220 �
220m). All pre-landingVLNS modeDLVS andDLIS footprintsareoverlayedin redand
green,respectively. All availablehigh resolution(low altitude) images(HRI 651-721)
areshown. The last two full HRI imagesand the four half ones(HRI 711-721) show
internallyscatteredlamplight at thebottom.
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Figure4.7: Theview from Huygensafter landingin Mercatorprojection(7� -100� nadir
angle)from theprobe's (MRI altitude46 cm, left) anda human's (altitude1.7m, right )
perspective. The last two DLVS andlast DLIS pre-landingfootprintsareoverlayedin
redandgreen,respectively. Thepost-landingVLNS footprintsarevisible at thebottom.
Images: HRI 1211, MRI 1020, SLI 742. The intensity in the SLI imagewas scaled
di� erentlyfrom theMRI andHRI for displaypurposes.Thelampre�ection spotis more
or lesselliptical in shape;the lamp light at the bottom of the HRI imageis internally
scatteredlight (compareFig. 3.2).
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Attemptsto investigateTitan's surfacearegenerallyhamperedby its thick atmosphere.
Aerosolsgeneratedby thephotodissociationof methanein thestratospherevirtually ob-
scurethe surfaceat ultraviolet and visible wavelengths,while methanepredominantly
absorbslight in thenear-infrared,exceptin certainnarrow wavelengthintervals. Ground
based(Cousteniset al. 1995,Gri� th et al. 2003,Lellouchet al. 2004)andCassini(Mc-
Cordetal. 2006)spectroscopicobservationsof thesurfacein thesemethanewindowsare
usuallyinterpretedin termsof waterice anda second,darkmaterial.An importantcan-
didatefor thelatteraretholins,thesolidend-productof thephotodissociationof methane
(SaganandKhare1979,Cruikshanketal.1991,Bernardetal.2006).In support,Cassini's
radar(Elachi et al. 2005)andHuygens'GCMS (Niemannet al. 2005)have found evi-
dencefor the presenceof organicmaterialon the surface. But so far, tholins have not
unequivocally beendetected.And sincethenear-IR methanewindows roughlycoincide
with the waterabsorptionline cores,the lines themselvescannotbe resolved andtheir
existencehasthusfar beeninferred. This is whereDISR's Downward Looking Visual
(DLVS) andInfrared(DLIS) Spectrometersenterthediscussion.By actively illuminating
thesurfacewith its SurfaceScienceLamp(SSL)DISR couldrecorda completesurface
re�ectancespectrum,albeit in a limited wavelengthrange. Complementaryto ground
basedandCassiniobservations,theDISR re�ectancespectrummaybetterconstrainthe
surfacecompositionat theHuygenslandingsite,which will certainlyleadto furtherun-
derstandingof theatmosphericmethanecycle (Tobieetal. 2006,Atreyaetal. 2006).

Tomasko et al. (2005) madethe �rst attemptto reconstructthe surfacere�ectance
spectrumfrom DISRmeasurements.They scaledthelastDLIS spectrumacquiredbefore
landing,which shows a contribution of re�ected lamp light, to the ratio of the up- and
downward �ux determinedfrom spectrauncontaminatedby the lamp. They went on to
modelthemethaneabsorptionin there�ectancespectrumusingtheStronget al. (1993)
coe� cientsto estimatetheatmosphericmethanemixing ratio closeto thesurface.Their
treatmentof theDLVS partof re�ectancespectrumwaspreliminary, andledto signi�cant
artifacts.Their analysisleavesenoughquestionsopento merit further investigation.For
example,whatdo we �nd for theabsolutere�ectanceif we take the lamp �ux from the
original calibrationexperiments?What is the shapeof the visual re�ectancespectrum
asderivedfrom theDLVS?Whatis thesensitivity of there�ectancereconstructionto the
choiceof backgroundspectrum?How donewly availablemethaneabsorptioncoe� cients
andtherevisedaltitudescaleof Huygens'descenta� ect theanalysis?And �nally , what
is the signi�cance of the inconsistency betweenthe re�ectancederived from pre- and
post-landingspectrathatis seenaround1.5� m in Fig. 15ain Tomasko etal. (2005)?

Thischapteraddressesall thesequestions.First I presentmy methodsin detailin Sec-
tion 5.1. Then,in Section5.2 I explain how theDLVS spectraneedto beprocessedwith
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specialcare,andwhy there�ectancecannotbereliably reconstructedfrom post-landing
spectra.In Section5.3 I re-analyzethe DLIS spectra,including the second-before-last
pre-landingspectrumwhich hadnot beenanalyzedpreviously, to arrive at an absolute
re�ectancescalewhich is very di� erentfrom thatof Tomasko et al.. In thelast two Sec-
tions5.4 and5.5 I reconciletheDLVS andDLIS re�ectancesandinterpretthe resultin
termsof materialsthoughtto bepresenton thesurface(e.g.tholins,waterice).

5.1 Method

During the last 200m of the descentDISR wasin the Very Low NearSurface(VLNS)
mode,in which it acquiredDLV exposures,DLVS andDLIS spectrabut no images(see
§4.1). The SSL hadalreadybeenswitchedon in the precedingMedium NearSurface
(MNS) mode, but evidenceof lamp light can be found only in a handful of spectra
recordedjust beforelanding. From thesewe canreconstructthe re�ectanceof the sur-
faceby subtractingabackgroundspectrumanddividing theresultby thelampspectrum.
Thebackgroundspectrumis thatwhich would have beenobservedif the lamphadbeen
turnedo� . As it is obviously not available,it needsto beconstructed.I approximatethe
true backgroundby selectinga spectrumrecordedcloselyin time with, andat approxi-
matelythesamesolarphaseangleasthespectrumof interest,andthenvary its intensity
(by multiplying with a constant)to accountfor possiblesurfacebrightnessvariations.
Thecriterion for judging thequality of a backgroundspectrumis thesmoothnessof the
�nal re�ectancespectrum.Thatis, theshapeanddepthof themethaneabsorptionbands
which appeardueto the interveningatmosphere,shouldconformto reasonableassump-
tions on methaneabsorption. I assessthis by modelingmethaneabsorptionusing the
Karkoschka(1998)coe� cientsbelow 1050nm, andthe Irwin et al. (2006)coe� cients
above(Fig. 5.1).

The surfacere�ectanceis reconstructedfrom spectrawhich show evidenceof lamp
light. For theDLVS thesearespectra785and786, acquiredat 16.1and8.2m above the
surface,respectively. The detailsof theseandall otherspectramentionedin this chap-
ter (sequentialnumbersareprintedbold) canbe found in AppendixA. As background
spectraI usetwo spectraacquiredshortlybefore(772and779), for reasonsdiscussedin
detail in the next section. The �rst threespectraacquiredafter landingarepartly over-
exposed.I selectthe �rst correctlyexposedpost-landingspectrum(791) andthreelater
spectra(includingthelastonereturned)for additionalanalysis.Two DLIS spectrawhich
show clearevidencefor lamplight are206and210, acquiredat 55 and24.8m above the
surface,respectively. As backgroundspectraI usetwo spectraacquiredshortly before
(199and202). After landing,spectraacquiredprior to 249areall severelyoverexposed.
I selectthreecorrectlyexposedpost-landingspectra(including the �rst andthe last) for
additionalanalysis.

Figure4.5shows thefootprintsof thespectraacquiredin thelaststageof thedescent
projectedon high resolutionimagesof the surface. Shown is the small (1.4 � 1.4 km)
areasurroundingthelandingsite,which is locatedin thelakebed,approximately3.5km
southof the coastlinevisible in the DISR mosaic(Fig. 1.10). The pre-landingVLNS
spectraarethesmallgroupof elevensingle-footprintDLVS (red)andsevenDLIS (green)
spectrain thecenter, all acquiredwithin a singleproberotation. Unfortunately, thearea
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5.1 Method

directly surroundingHuygens'landingsite wasimagedat very poor resolution;the last
imageto show the landingsite itself (HRI 384) wasrecordedat an altitudeof 20 km.
Consequently, noneof theterraincoveredby theVLNS footprintshasbeenimagedat a
resolutionof betterthancirca100m. Most likely Huygenslandedin thefeaturelessgray
terrainthatdominatesthearea,but wecannotexcludethatit landedonanextensionof the
relatively bright ridge that runsdiagonallythroughFig. 4.5 from centerright to bottom
left. Figure4.7,albeitnotnecessarilycompletelyaccurate,showsthefootprintsof thelast
threepre-landingspectrato belocatedcloseto theprobe,possiblyin sightof thecamera
after landing. It is thereforereasonableto assumethat re�ectancecurveswe reconstruct
for thesepatchesof groundarerepresentativefor theterrainvisible in thesurfaceimages.

To retrieve there�ectancein absoluteunitswe needthe lamp�ux at Titan's surface,
which is unknown. But we canwork aroundthis problemby scalingtheSSL �ux mea-
suredby theDISR#3�ight modelprior to launchby 1=d2, with d thedistancefrom the
spectrometerwindow to thecenterof thefootprintonthesurface.Thiscanbeunderstood
in the following way. Considerthe lampbeamto bea cone. Thenthe lampspoton the
surfaceis the intersectionof this conewith the surfaceplane,or ellipse. The intensity
re�ected backfrom the surfaceis thenproportionalto the inversesquareof the areaof
theellipse,itself proportionalto d. Thisscalingis valid aslong asparallaxe� ectscanbe
ignored(i.e. d is largeenough),andtip andtilt of theprobearezero. Thespectrometer
windows are locateda few centimetersapartfrom the lamp on the DISR sensorhead,
leadingto parallaxe� ectscloseto thecamera.We calculatedthatparallaxcanbesafely
ignoredfor the DLIS beyond 4 m, but that it makes the lamp �ux asobserved by the
DLVS decreaseslightly morewith distancethanexpectedfrom the 1=d2 scaling. This
e� ect of the DLVS footprint `drifting away' from the lamp beammay lead to a lower
re�ectanceasreconstructedfrom 785(wedid notcorrectfor this). Swingingof theprobe
doesnot a� ect the reconstructionsigni�cantly; tilt valuesof lessthana degreearepre-
dictedby Karkoschkaet al. (2007).Thenwe canestimated accuratelyfrom thealtitude
h andthenadirangleof thespectrometer� Sp if thesurfaceis �at, asit appearsto bein the
post-landingSLI images(Fig. 4.7).

We reconstructthe re�ectanceasthe radiancecoe� cient rC, or the bidirectionalre-
�ectanceof thesurfacerelative to thatof anidenticallyilluminatedLambertsurface(see
Sec.2.1),alsoknown as“ I=F”. We would like to subtractfrom a spectrumI1 with clear
presenceof re�ected lamp light a backgroundspectrum,i.e. onethat would have been
recordedif thelampwereo� . As we do not have suchanidealbackgroundspectrumwe
approximateit by taking an earlierrecordedspectrumI2 with muchlessre�ected lamp
light. Both spectracontainre�ected lamplight (at identicalphaseangle� ) andre�ected
sunlight(atdi� erentphaseangles� 0 and� 00). Then

� (I1 � I2) = rC;1(� )FL(h1) + rC;1(� 0)F� � rC;2(� )FL(h2) � rC;2(� 00)F� (5.1)

with FL the lamp �ux andF� the solar �ux at the surface(in W m� 2 � m� 1). We now
make two simplifying assumptions.The �rst is that the radiancecoe� cient is spatially
constant:rC;1 = rC;2 = rC. Thesecondis that thesolarphaseangleof bothspectrais the
same:� 0 = � 00. This leadsto

rC(� ) =
� (I1 � I2)

FL(h1) � FL(h2)
: (5.2)
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5 SurfaceRe�ectanceSpectrum

Figure5.1: Methaneabsorptioncoe� cientsusedin this chapter, convolved to the reso-
lution of theinstrument.Coe� cientsabove1050nm arefrom Irwin et al. (2006),below
from Karkoschka(1998). Left : TheDLVS wavelengthrange.Right: TheDLIS wave-
lengthrange.Notethedi� erencein scale.

The�rst assumptionis reasonable(seeChapter6), andaboutthesecondwehaveto make
sureby carefully selectingthe backgroundspectrum.What is left now is to determine
the lamp �ux on Titan's surfaceFL(d) = FSSL(d) cos� SSL from the �ux FSSL measured
prior to launch(see§3.6)andtheSSLpointingnadirangle� SSL. With FSSL having been
measuredat 4.68m we �nd FSSL(d) = (4:68=d)2FSSL(4:68 m), with distanced in meters.
Thenthelamp�ux at thesurfaceis FL(d) = FSSL(d) cos� SSL, andEq.5.2becomes

rC(� ) =
(d� 2

1 � d� 2
2 )� 1

4:682

� (I1 � I2)
FSSL(4:68m)cos� SSL

: (5.3)

The distanceto the surfaceis calculatedasd = h=cos� Sp from the altitudeh and the
spectrometernadirangles(� Sp) to thecenterof thefootprint on thesurface(� DLIS = 21:4�

and� DLVS = 20:0� for theVLNS mode).TheDLVS andDLIS wavelengthrangesoverlap
between800and1000nm. Agreementof theresultsfor bothspectrometersin this range
wouldbeanimportantcon�rmation of thevalidity of thereconstructedre�ectance.

5.2 DLVS

The DLVS in the VLNS modereturned2 out of 20 CCD columnsfrom which a single
spectrumis constructed.TableA.6 lists theVLNS spectraacquiredbeforelanding. The
lasttwo of these,785and786, show thepresenceof lamplight. Theformerwasrecorded
3.5sbeforelandingatanaltitudeof 16.1m, thelatter1.8sbeforelandingat8.2m. From
thesespectrawe canretrieve the re�ectanceof thesurfaceby subtractinga background
spectrum,and dividing the result by the lamp spectrum. However, �nding a suitable
backgroundspectrumis not straightforward. Spectrum772appearsto bea 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
additionalabsorptionby hazeparticlesin the lasthundredmetersmaynot benegligible.
Sincethis predominantlya� ectsthe blue end of the spectrum,779 may be the better
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5.2 DLVS

Figure5.2: Thealtitude(red)andsolarphaseangle(black)of all VLNS DLVS 2-column
modespectrarecordedbeforelanding. The error barsdelimit the exposuretime. The
sequentialnumbersof somespectraareindicated;theothersmaybeidenti�ed by means
of TableA.6.

Figure5.3: The DLVS spectrainvolvedin thevisible surfacere�ectancereconstruction
on linear (left) andlogarithmic(right ) scale.The two pre-landingspectrain which the
lampsignalis clearlypresentare785and786. Thetwo spectrausedasbackgroundare
772and779; they appearto bevirtually identical,exceptin themethanebands

choiceat thesewavelengths.Sinceneitherspectrumis theperfectchoice,I try out both
as background. Figure 5.3 shows all the spectrainvolved in the reconstruction. The
procedureto reconstructthere�ectanceis illustratedin Fig. 5.4.

The re�ectancesreconstructedfrom 785 and786 areshown in Fig. 5.5. It appears
that thechoiceof backgroundspectrum(772or 779) hardlya� ectstheendresult,so in
theremainderwe use772becauseof thebetterphaseangle.Whatmattersmoreis how
muchbackgroundwesubtract.Figure5.6(left) showshow changingthebackgroundby a
few percenta� ectsthere�ectanceof 785in themethanewindows; subtractingtoo much
backgroundcreates“absorptionlines” in themethanewindows,whereastheoppositecre-
ates“emissionlines”. Henceourstrategy is varyingthebackgroundto achievemaximum
smoothnessof there�ectance.Thee� ectonspectrum786is moresubtle(Fig. 5.5,right);
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5 SurfaceRe�ectanceSpectrum

Figure5.4: The procedureto reconstructthe re�ectanceis illustratedfor the two pre-
landingDLVS spectra(left: 785, right : 786). Thelamp-onlyspectra(shown in red)are
constructedby subtractingbackgroundspectra(blue) from theobservedspectra(black).
Comparethe lamp-only spectrawith the simulated2-columnmodelamp spectrumin
Fig. 3.15(bottomleft).

Figure5.5: The visual surfacere�ectancesderived from the one-before-last(left: 785)
andlast(right : 786) 2-columnmodeDLVS spectrabeforelanding.Di� erentbackground
spectra(772and779) weresubtractedbeforedividing out thelamp.

subtractingtoo muchbackgroundmakesthe red slopebelow 700 nm lesssmooth,too
little createsspuriousemissionlines.Anotherimportantfactorin thereconstructionis the
altitudeat thetimeof acquisitionof aspectrum.Wecalculatedthealtitudefrom theprobe
impactvelocityof 4.60m s� 1 (asdeterminedby theSSP),andtheassumptionof aconstant
descendedvelocity in thelast�fty meters.Figure5.7show theconsequencesof changing
thealtitudeslightly. Overall, there�ectancesreconstructedfrom 786and786aresimilar;
increasingtowards800nmanddecreasingbeyond.Naturally, the785re�ectanceis nois-
ier, but theonly signi�cant di� erenceis thedepthof the890nmmethaneabsorptionband,
asexpectedbecause785 hasan optical pathlengthaboutfour timeslonger. In Fig. 5.8
I modeltheoptimalre�ectancereconstructionsby superposingmethaneabsorptionon a
spline�t representingthe truesurfacere�ectance.The890nm methaneabsorptionline
in bothspectrais modeledreasonablywell with amethanemixing ratio of 6 � 2%.

How reliable are thesere�ectancereconstructions?In §3.6.4we found that there
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5.2 DLVS

Figure5.6: Varyingthebackgroundby a few percenta� ectsthereconstructedre�ectance
primarily in themethanewindows. Thelegendlists thefactorsby which thebackground
spectrumwasmultipliedbeforesubtraction(left: 785, right : 786).

Figure 5.7: Varying the altitude a� ectsthe overall re�ectance(left: 785, right : 786;
nominalaltitudesin black).

may be an error associatedwith the geometriccorrectionof the lamp spectrumat the
high wavelengthend. This shouldnot a� ectour reconstruction,sincewe divide out the
lamp spectrumbeforethe two summedcolumnsareconvertedto a singlespectrum.If
thesurfaceis uniform andlamplight hasbeendividedout correctly, boththesecolumns
shouldbeidentical. However, Fig. 5.9 shows that there�ectancereconstructedfrom the
individual columnsof both 785 and786 are very di� erent. As 786 wasacquiredat a
distanceto thesurfaceclosestto thatof thetargetdistancein thecalibrationexperiments,
this is causefor concern.It probablyindicatesthatwe have not correctlyaccountedfor
thelampsignal,althoughwe cannotexcludea problemwith theresponsivity. Figure5.9
alsoservesasarealitycheckfor putativeabsorptionbands,suchasthosethatappearto be
presentaround800nm. Becausethesefeaturesdo not appearin bothsummedcolumns,
they mustbeconsideredartifacts.

How do the pre-landingre�ectancescomparewith thosederived from post-landing
spectra?Even thoughthe latter have a very high S/N ratio, they have the disadvantage
thatthelampilluminatedthesurfaceat verycloserange(<1 m). TheDLVS andtheSSL
areseparatedby 6.8 cm on DISR, leadingto a parallaxe� ectanda completelydi� erent
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5 SurfaceRe�ectanceSpectrum

Figure5.8: The re�ectancereconstructedfrom the two last pre-landingDLVS spectra
canbe modeledby superposingmethaneabsorptionon a spline�t throughthemethane
windows(redline), representingthesurfacere�ectance.Reasonable�ts areachievedfor
a6 � 2% methanemixing ratio. Top: 785, bottom: 786.
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5.3 DLIS

Figure5.9: The re�ectancereconstructedfor eachof the two columnsof 785 (left) and
786 (right ), eachcolumnbeingthe sumof two adjacentCCD columns(aslisted in the
legend).Thesecolumnsareconvertedinto asinglespectrumby thegeometriccorrection.
If thesurfaceis uniformbothcolumnsshouldbeidentical.Theabsorptionfeaturesaround
800nm in the 786 re�ectancereconstructionarenot real; the �gure shows that they do
notshow up in bothsummedcolumns.

brightnessdistribution on the CCD whenthe surfaceis closeby. Figure5.10 (top left)
shows how the changingproximity of the surfaceandthe di� erentacquisitionmodeof
theDLVS (2 or 10 columns)leadto a completelydi� erentspectralshape.Especiallythe
on-boardsummingof thecolumnsis detrimentalto retrieving the trueshapeaccurately.
Thuswe cannotnaively usetheSSLspectrumin Fig. 3.15(which wasdeterminedwith
a target at 4.68 m) to retrieve the re�ectance. The problemis, however, that the lamp
spectrumwasnever measuredwith a target at closerange. The only thing we cando
is measurethesebrightnesschangeson theCCD of a spareinstrument,hopingthat it is
similar to the �ight model. Unfortunately, Fig. 5.10shows that the re�ectancesderived
from a post-landingVLNS spectrumwith andwithout sucha correctiondo not compare
well with thepre-landingre�ectances.In all likelihoodthis doesnot meanthat thepost-
landingsurfacere�ectanceis actuallydi� erent,but that the �ight andspareinstruments
arenot su� ciently similar. Thecorrectionfactorsfor columnsotherthanthetwo VLNS
columnsare so noisy that it is not feasibleto correcta 10-columnmodepost-landing
spectrum.The relevanceof the post-landingspectrais thereforelimited. They merely
demonstratetheabsenceof narrow absorptionbands.

5.3 DLIS

In the VLNS modethe DLIS recordedsingle-exposurespectrawith a relatively short
samplingtime. Sincetheseexposureswere not summed,they do not su� er from the
SunSensorfailure that garbledregular modespectra.Dark exposures(which have the
shutterclosed)wererecordedseparatelyfrombrightexposures.TableA.13 listsall VLNS
spectraacquiredbeforelanding(post-landingspectraarenot listedasthey areall severely
overexposed).Two spectrain which lampsignalis clearlypresentareavailable:206and
210. The former wasrecorded12.3s beforelandingat an altitudeof around55 m, the
latter 5.4 s beforelandingat 24.8 m. Just0.3 s beforelandingan additionalspectrum
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5 SurfaceRe�ectanceSpectrum

Figure5.10: The re�ectancecannotbe reconstructedreliably from post-landingDLVS
spectradueto theunknown shapeof the lampspectrum.Top left: Post-landingspectra
791 (2-columnmode)and821 (10-columnmode;footprint 6) comparedto pre-landing
spectrum786, after backgroundsubtraction. Even thoughthe footprintsof all spectra
cover approximatelythe sameterrain, eachspectrumappearsdi� erentdue to the dif-
ferentmodeof acquisition. Top right : Spectrum791 with background779. Bottom:
Reconstructionsof there�ectancefrom 791, with andwithout a correctionfor proximity
of thesurfaceobtainedwith theDISR#2�ight spare(seeFig. 3.21),scaledto thesame
maximum.

wasrecordedandtransmitted,but asluck wouldhave it, thiswasa darkexposure.Again
we arefacedwith thetaskof �nding a suitablebackgroundspectrumfor there�ectance
reconstruction.Becauseit wasrecordedat approximatelythesamesolarphaseangleas
206and210, spectrum202appearsto bethebestcandidate(Fig.5.11).Wealsotry outan
earlierspectrum,199, which wasrecordedat a slightly smallerphaseangle.Figure5.12
showsall spectrainvolvedin thereconstruction,andillustratesthereconstructionprocess.

The sensitivity of the reconstructionto the choiceof backgroundis illustrated in
Fig. 5.13.Like for theDLVS we �nd optimally smoothre�ectancesby varyingtheback-
groundspectraa few percent(Fig. 5.14): subtractingtoo muchcreatesabsorptionbands
in the methanewindows, whereastoo little leadsto methanebandswith an unphysical
shape.There�ectanceis similar for all reconstructions,decreasingsteadilyfrom 800to
1500nm. Methaneabsorptionbandsdueto theinterveningatmosphereareapparent,with
a saturated1400nm bandfor 206. Only the re�ectancebeyond1500nm appearsto be
sensitive to the choiceof backgroundspectrum(it caneven becomenegative for 206),
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Figure5.11: Thealtitudes(red)andsolarphaseangle(black)of all VLNS DLIS spectra
recordedbeforelanding. Theerrorbarsdelimit thesamplingtime. Thesequentialnum-
bersof somespectraareindicated;theothersmaybeidenti�ed by meansof TableA.13.

Figure5.12: The procedureto reconstructthe re�ectanceis illustratedfor the two pre-
landingDLIS spectrain which the lampsignalis clearlypresent(left: 206, right : 210).
The lamp-only spectrum(shown in red) is constructedby subtractingthe background
spectrum(blue),multiplied by a constant,from theobservedspectrum(black). Thesur-
facere�ectanceis obtainedby dividing the lamp-onlyspectrumby the lamp spectrum
(seeFig. 3.18).
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Figure5.13: There�ectancereconstructionsderivedfrom theone-before-last(left: 206)
and last (right : 210) DLIS spectrabeforelanding using di� erentbackgroundspectra
(199and202). Thereconstructionsshow methaneabsorptionlinesdueto theintervening
atmosphere.

Figure5.14: Varying the backgroundby a few percenta� ectsthe reconstructionin the
methanewindows (left: 206, right : 210). The legendlists the factorsby which the
backgroundwasmultipliedbeforesubtraction.

andis thereforenot fully reliable.Thein�uenceof altitudeonthereconstructionis shown
in Fig. 5.15. In Fig. 5.16I modeltheoptimalre�ectancereconstructionsby superposing
methaneabsorptionon a spline �t throughthe methanewindows representingthe true
surfacere�ectance. The 206 and210 re�ectancesarebestmodeledwith a 4 � 1% and
4:5� 0:5%methanemixing ratio,respectively. Spectrum206is quitenoisy, andasmooth
splinethroughthe methanewindows su� cesasa modelfor the surfacere�ectance. In
thehigh S/N spectrum210we needto introducea slopearound1450nm into thespline
modelto achieve a satisfactory�t. Theresultingfeatureat 1500nm likely representsan
absorptionband. Note that thedepressionis not requiredwhenwe usetheStronget al.
(1993)methaneabsorptioncoe� cientsinsteadof thosefrom Irwin etal. (2006).

After landingtheDLIS continuedto operate,peeringstraightinto thelampre�ection
spot(seeFig. 4.7). By adjustingits samplingtime, theDLIS wasableto copewith the
�ood of lamp light re�ected o� the surface. As shown in Fig. 5.17 (left), the observed
intensitywasmorethanahundredtimeslargerthanbeforelanding.With thelampsignal
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Figure5.15:Varyingthealtitudeatthetimeof observationa� ectsthereconstruction(left:
206, right : 210).

sostrong,thechoiceof backgrounddoesnot a� ecttheendresult.There�ectancerecon-
structedassuminga1=d2 scalingof theSSL�ux is abouta third of thatof thepre-landing
spectra.However, whenwe apply thecorrectionobtainedfrom theDISR#2sparecam-
era(see§3.6.5),we �nd the level raisedto thatof the others(Fig. 5.17,right). Closely
comparingthepre-landing206and210re�ectanceswith the(corrected)249re�ectance
revealsa slight mismatchbetween1450and1500nm (Fig. 5.18. This di� erenceof 7%
(alsopresentbetween206 and249) is signi�cant becauseherethe responsivity is high,
andthereconstructioninsensitiveto thechoiceof background(seeFig. 5.13).Wehaveto
becarefulwheninterpretingthis deepening,though.TheDISR#3SSLspectrumhasnot
beenmeasuredwith a targetat closerange,andDISR#2observeda drop in intensityof
5%at1500nm (seeFig. 3.21;this is includedin Fig. 5.18).

We �nd otherabsorptionfeaturesin thepost-landingre�ectancearound1160,1330,
and1400nm. The1160nmfeatureis a methaneband,andwell modeledwith amethane
mixing ratio of 4:5 � 1:0% (Figure5.19, left), assumingthe DLIS is positioned45 cm
abovethesurface(Karkoschkaetal. 2007).Thisagreeswith themixing ratiodetermined
beforelanding,implying thatlandingdid notchangethemethaneabundancein theDLIS
opticalpath. We canalsoturn theargumentaroundandpresumethemixing ratio to be
constant;thenthe optimal �t is achieved for a heightof the DLIS above the surfaceof
45 � 5 cm (Fig. 5.19, right). But wherewe also expect the presenceof the 1400 nm
methanebandin the 249 re�ectance,we �nd that it cannotbe modeledsatisfactory in
the 1300-1450nm rangewith our methaneabsorptionmodel (Figure5.19, left, inset).
The natureof this region remainspuzzling,andmight even re�ect imperfectionsin the
responsivity. Assumingthe methanemixing ratio is indeedthe samebeforeandafter
landing,this leavesvery little roomfor absorptionby liquid methane.Thedepthof the
methaneabsorptionlinesin pre-landingspectrais governedby atmosphericmethane,but
afterlandingthereis solittle gaseousmethanepresentin theopticalpaththatthespectral
signatureof liquid methanepresenton thesurfacewould leave its markon theabsorption
lines. Using thecoe� cientsof Grundyet al. (2002)I determinean upperlimit of circa
20 � m for the thicknessof a liquid layer on the surface,basedon a �t to the 1160nm
complex.
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Figure5.16:There�ectancereconstructedfrom thetwo lastpre-landingDLIS spectracan
bemodeledby superposingmethaneabsorptionon a spline�t throughthemethanewin-
dows (redline), representingthesurfacere�ectance.Top: There�ectancereconstructed
from 206, albeit noisy, is modeledwith a 4% methanemixing ratio. Bottom: The re-
�ectancereconstructedfrom 210 is modeledwell with a 4.5%methanemixing ratio. A
slopearound1450nmwasintroducedinto thesplineto achieveagood�t.
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Figure5.17: Reconstructionof thesurfacere�ectancefrom 249, acquiredafter landing.
Left : The measuredintensities. The backgroundspectrumis 202. Right: The recon-
structedre�ectance.Shown herearereconstructionswith theSSLspectrumuncorrected
(black)andcorrected(red)for proximity of thesurface,usingresultsfrom the�ight spare
(DISR#2)experiment(see§3.21).Thecorrectionincreasesthere�ectanceby a factorof
three,andchangestheshapeof theredendslightly.

Figure5.18: The correctedpost-landingspectrum249 from Fig. 5.17agreesvery well
with pre-landingspectra206(left) and210(right ). We�nd amismatchonly in the1450-
1500nm range,wherethereconstructionis insensitive to thechoiceof background(see
Figs.5.13and5.14).
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Figure5.19:Methaneabsorptionin apost-landingspectrum.Left : The1160nmmethane
absorptionline in there�ectancespectrumreconstructedfrom 249is modeledwell with
a4.5%methanemixing ratio,assumingtheDLIS is located45cmabovethesurface.It is
di� cult to de�ne thecontinuum,thereforethezeromethanemodelis a line with a slope
similar to thatof theobservations.Themethaneabsorptioncomplex around1400nm is
lessrevealing(inset). Right: Methaneabsorptionasa function of heightof the DLIS
window above thesurface,assumingamixing ratioof 4.5%.

5.4 Synthesis

5.4.1 Surfacere�ectance

In theprecedingsectionsI have reconstructedthesurfacere�ectancefrom thelastDLVS
and DLIS spectrabeforelanding, making as few and simple assumptionsas possible.
Ideally, all pre-landingre�ectancesshouldconform,with theDLVS andDLIS agreeing
at overlappingwavelengths.Figure5.20(left) comparestheDLVS andDLIS spline�ts
representingthe truesurfacere�ectance(the redcurvesin Figs.5.8 and5.16). The two
DLVSre�ectances(785and786) arequitesimilar, asarethethreeDLIS re�ectances(206,
210, and249). This suggeststhatthemethodof re�ectancereconstructionby scalingthe
SSL�ux is sound,andthatwe successfullycorrectedDLIS 249for parallaxe� ects.But
the DLVS re�ectancesaresomewhat lower that thosefound by the DLIS. Figure5.20
(right) attemptsto reconcilethe resultsfrom both spectrometers.When we scalethe
DLVS 785 re�ectanceup by a factor0.25we �nd reasonableagreementwith the DLIS
210 re�ectance.A slight discrepancy occursin the wavelengthrangeof overlap,where
theDLVS re�ectanceappearsto dropandtheDLIS re�ectanceis moreor lessconstant
(curiously, it is worsefor DLVS 786). The sametrendcan be observed in the recon-
structedSSLspectrum(seeFig. 3.20). If, aswe suspect,thereit wasdueto a smallerror
in thegeometriccorrection,it wouldnota� ectthere�ectancebecausethelampspectrum
is divided out beforethe correctionis applied,andwe do not expectsteepgradientsto
remainafterdivision. If it wascausedby an incorrectresponsivity (i.e. if the true lamp
spectrumfollowstheDLIS curve in Fig.3.20insteadof dippingdown towards1000nm),
it would make the DLVS re�ectancesbenddownward even more. Note that errorsaf-
fecting the reconstructionof the SSL spectrumdo not necessarilya� ect the calibration
of Titan spectra,becauseof the muchlower temperaturesinvolved (and,consequently,
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Figure 5.20: The re�ectanceof the surfacearoundthe landing site. Left : The spline
�ts throughmethanewindows in the re�ectancereconstructedfrom the last two pre-
landingDLVS andDLIS spectracompared(seeFigs.5.8 and5.16). 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 linesindicatethespectrawith thehighestS/N. Right: To �nd the
re�ectanceover thefull wavelengthrange(gray line), valid for phaseanglezero,I scale
theDLVS 785spectrumto matchtheDLIS 210spectrum.

di� erentdetectorresponsivities). In any case,theDLVS re�ectancereconstructionis af-
fectedby uncertaintiesthatarenot relevant to theDLIS, so the fault likely lies with the
DLVS calibration.

My re�ectancereconstructionrepresentsa re�nementof thepreliminaryreconstruc-
tion by Tomasko et al. (2005).Theshapeof my spectrumis similar, with theDLVS part
now properlycalibratedand the DLIS part slightly improved. Even thoughthe DLVS
reconstructionis fraughtwith uncertaintiesI believe thereis su� cient evidencefor the
presenceof aredslopein thevisible. There�ectancepeaksbetween800and900nm,be-
yondwhich it slopesdown to abouthalf thepeakvalueat1500nm. Thisblueslopeis vir-
tually featurelesswith theexceptionof anabsorptionfeatureat 1500nm. WhereasI �nd
the re�ectanceby scalingour result to the lamp �ux measuredbeforelaunch,Tomasko
et al. scaletheir reconstructionto theaverageof theratio of theup- anddownward�ux,
derived from seven low-altitudeDLIS andULIS spectra.This methodrequiresa good
estimateof theprobeazimuthat the time of observation,andanaccurateknowledgeof
theULIS spatialresponse,which in its turndependsontheinputof anatmospheremodel.
BrunoBézard(pers.com.)recentlyrepeatedthise� ort usingthemostrecentazimuthand
atmospheremodels,broadlycon�rming theearliervalues.Surprisingly, Fig. 5.21shows
thatmy approachleadsto muchhighervaluesof theoverall re�ectance.

How doesmy re�ectancespectrumcompareto thosefoundby otherteams?Gri� th
et al. (2003)determinedthe surfacealbedoin near-IR methanewindows of the leading
andtrailing sideof Titanby meansof a radiative transfermodel.Theleadinghemisphere
featuresthebright `continent'Xanadu,andthereforehasahigheraveragealbedothanthe
trailing hemisphere,which hasdark terraindistributedaroundthe equator(Porcoet al.
2005). Huygens'landingsite is closeto the equatoron the trailing hemisphere,but the
laketerrainobservedby DISRis notcoveredby theverydarkduneswhichareubiquitous
in theequatorialdarkterrain(Lorenzet al. 2006b).Hence,thealbedoof thelandingsite
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Figure5.21: Thezero-phase-anglere�ectancespectrumfrom Fig. 5.20(thick gray line)
comparedto re�ectancesfrom theliterature.Plottedarethesurfacealbedosfrom theLPL
atmospheremodel (Lyn Doose,pers.comm.) (� ), the albedosfound by Gri� th et al.
(2003) for the leading(N) and trailing (H) hemisphereof Titan, the albedosfound by
McCord et al. (2006) for dark equatorialterrain (� ), and the DLIS-derived re�ectance
from Tomasko etal. (2005)(thin line).

mustbelowerthanthatof thetrailinghemisphere,buthigherthanthatof thedune-covered
terrain (reconstructedby McCord et al. 2006). Figure 5.21 shows that my re�ectance
spectrumdoesnot meetthis requirement;it is higherthantheothers,comparingonly to
thatof Titan'sleadinghemisphere.TheTomasko etal. (2005)re�ectancebettermeetsthe
expectations.Recently, Tomaskoetal. (2007)determinedthevisualpartof there�ectance
of theHuygenslandingsitebymeansof acomprehensiveatmospheremodel.Theirresults
(Fig. 5.21,diamonds)con�rm thelow re�ectanceof thelandingsite,andwemustaccept
thatthediscrepancy with my resultsis real.

Theoverall re�ectanceI �nd is higherover thefull wavelengthrangethanthatdeter-
minedby all otherteams.Doesmy reconstructionfail? If thereareproblemsassociated
with scalingthe lamp �ux and/or parallaxe� ects,the re�ectancesderived from the two
DLVS andthreeDLIS spectrawould disagreemore. Perhapsmy altitudescaleis incor-
rect. I usethe SSPlandingvelocity of 4.60m s� 1 (Zarneckiet al. 2005,con�rmed by
Towneretal. 2006)to computethealtitudeof thelastobservationsbeforelanding.Using
theHASI velocityof 4.33m s� 1 (Fulchignonietal. 2005)woulddecreaseour re�ectance
only by12%.Perhapstheprobewasviolently swinging?No, theKarkoschkaetal. (2007)
reconstructionpredictstilt valuesof lessthana degreefor the last part of the descent,
which would changetheresultby lessthana percent.Otherunlikely explanationsrange
from anunidenti�edproblemwith theSSLcalibrationto thelastthreefootprintscovering
unusuallybright terrain.Thereis no evidencefor either. Themostlikely explanationhas
to dowith thephaseangleatwhichtheobservationswereacquired.If thesurfaceof Titan
at the landingsite exhibits an oppositione� ect (a strongincreasein brightnesstowards
zerophaseangle),e.g.througha combinationof shadow hiding andcoherentbackscat-
ter (Hapke 1981,2002),my re�ectancecanbe muchhigherthanthoseof othergroups
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becausethephaseangleof the lastpre-landingspectrawerelessthana degree. We can
calculatethe phaseanglesfrom the sizeof the SSL window (5.2 cm diameter)andthe
distanceof its centerto thespectrometerwindows on eitherside(DLIS: 3.2 cm, DLVS:
6.8cm). DLIS spectra206and210, associatedwith thehighestoverall re�ectance,were
acquiredat thesmallestphaseangles:0:031� � 0:025� and0:069� � 0:056� , respectively.
Thephaseangleof DLVS 786is higher(0:45� � 0:17� ) andits re�ectancelower (� 20%)
thanthatof DLIS 210, aswould beexpectedin caseof anoppositione� ect. Thephase
angleof DLVS 785 is intermediateto the previous two at 0:23� � 0:09� , andwe would
expectits re�ectanceto beintermediateaswell, contraryto whatwe observe. However,
parallaxwouldhavepushedthelampbeamandtheDLVS footprintawayfrom eachother
(seeFig.3.11),andthetrueSSL�ux musthavebeenlowerin reality thanthatused,which
makesthereconstructed785re�ectanceanunderestimate.Post-landingDLIS spectrum
249observedthesurfaceover a wide rangeof phaseangles(approximately0:70� -6:7� ),
so theassociatedre�ectanceis expectedto be lower thanthatof 210. The fact that it is
not couldimply eithersurfaceheterogeneity(asseenin thepost-landingimages),or that
DISR#2is notsu� cientlysimilar to DISR#3.

Albedosfrom otherworkershaveall beenderivedfrom observationsthatweresignif-
icantlya� ectedby theatmosphere.For example,theratiomethodemployedby Tomasko
etal. (2005)averagedeightDLIS observationsof re�ectedsunlightatphaseanglesrang-
ing from 13� to 57� . But the di� usenatureof Titan surfaceillumination would subdue
shadow hiding, the dominantmechanismat thesephaseangles. Zero phaseangleob-
servationsfrom outsideTitan's atmospherewould not registeran increasedre�ectance,
becauseeventhoughthesurfaceis visible throughthenear-IR methanewindows,hardly
any directsunlightreachesit, which is anessentialprerequisitefor coherentbackscatter.
Thus,wesuggestthatourhigh re�ectancerepresentstheoppositionbrightnesssurge,the
apparentstrengthof which is within reasonablebounds. I explore this topic further in
Chapter6. Notethatwhile I considertheoppositione� ectto bea naturalexplanationfor
our high re�ectance,we cannotexcludethepossibility thatHuygenslandedon a bright
ridge,sincethelandingsitewasnot imagedin detail(seeFig. 4.5).

5.4.2 Methaneabundance

The methanemixing ratios found by �tting a methaneabsorptionmodel to the various
re�ectancespectrain thischapteragreewell. The6� 2%mixing ratioestimatedfrom the
DLVS 785and786spectrais not well constraineddueto thefact that themainmethane
absorptionline is locatedat therededgeof thespectrum,whereit is di� cult to de�ne the
underlyingsurfacere�ectancebecauseof low responsivity. The4� 1%ratioderivedfrom
DLIS 206 is relatively uncertainbecausethe spectrumis very noisy; it wasacquiredat
high altitude,whenthelampre�ection wasbarelyvisible. Thehigh S/N spectrumDLIS
210 givesus the mostreliabledeterminationof the mixing ratio: 4.5� 0.5%. The post-
landingDLIS 249ratio of 4.5� 1.0%is agreeswith this value,but is relatively uncertain
becausewe can�t only oneout of four methanebands.Sinceall determinationsagree
within therangeof uncertainty, andthemostreliablemethanemixing ratio of 4.5� 0.5%
is consistentwith the 4:9 � 0:3% measuredby Huygens'GCMS instrument(Niemann
etal. 2005),wecanbecon�dent thatthealtitudescaleweuseis correct.Interestingly, my
estimateagreeswith thatof Tomasko etal. (2005),whoderivedamixing ratioof 5%from
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DLIS 210atanaltitudeof 21m. Adjustingthealtitudeto the24.8m I presumeis correct,
would decreasetheir mixing ratio by 0.8%. The authorsusedthe Stronget al. (1993)
methaneabsorptioncoe� cients,which apparentlyoverestimatethedegreeof absorption
in the strongmethanebandsaround1150and1400nm. Using the Irwin et al. (2006)
coe� cientswould bring their mixing ratio backto around5%. Comparedto theStrong
et al. coe� cientsthe Irwin et al. coe� cientsmodel the 1320nm absorptionshoulder
well. The detailedshapeof the 1000 nm band,modeledwith the Karkoschka(1998)
coe� cients,is not reproducedfor 210. Thepost-landingDLIS spectradonot supportthe
presenceof a layer of liquid methaneon the surfaceof the landingsite. If present,its
thicknessis in the orderof micrometers.This suggeststhat while the soil may be wet
at a depthof a few centimeters(Niemannet al. 2005,Zarneckiet al. 2005,Lorenzet al.
2006a),thesurfaceitself is dry.

5.5 Surfacecomposition

The re�ectancespectrumin Fig. 5.20 o� ersus cluesaboutthe surfacecompositionat
Huygens'landingsite.Whatspectralsignaturesdoweexpectto see?Titan is big enough
to have di� erentiatedafter its formation,with metalsandsilicatessinkingto theinterior,
pushingwaterandothericesout to thesurface.This is how we think Ganymede,of sim-
ilar size,hasevolved. Sopresumably, Titan's surfaceis composedof waterice, andthe
rockswe seein the surfaceimageareice pebbles.Even thoughwaterice behaveslike
rock at Titan's surfacetemperature,it is not asstrong,andtall mountainscannotform
sincethey would collapseundertheir own weight. Thestrongestrelief aroundHuygens'
landingsiteis only a few hundredmeters(Tomasko et al. 2005).Otherices,like carbon-
dioxideandammonia,arepossiblymixedin with thewaterice. Ammoniais thoughtto be
animportantconstituentof theproposedsubsurfaceocean(Tobieetal. 2006),andshould
bepresenton thesurfaceif cryovolcanismoccurson Titan. Coveringall this is a layerof
organicmaterial.Predictedon theoreticalgrounds,evidencefor thepresenceof organics
on thesurfaceof Titan is overwhelming.Cassini's radardeterminedtherelative permit-
tivity of the surfaceto be closeto 2, a valuetypical for organicmaterial(Elachi et al.
2005),whereasHuygens'GCMSdirectly detectedmethane,ethane,cyanogen,andother
morecomplex moleculesonthesurface(Niemannetal. 2005).Thesourceof thisorganic
materialis theupperatmosphere.Here,at500km altitude,photodissociationof methane
createsmethaneradicals,which reactwith otheratmosphericconstituentsto form com-
plex organicmolecules.Thesethencoagulateinto small(0.05� m) spheres,or monomers,
to form Titan's characteristicyellow haze. While the monomersslowly descendto the
surfaceunderthe in�uence of gravity, they aggregateinto aerosols.At around100 km
altitudeorganicices(e.g.ethene,acetylene)maycondensateout of theatmosphereonto
the aerosols.Nearthe surface,an aerosolconsistsof hundredsof monomers(Tomasko
et al. 2005). Many workersattemptto simulatetheprocessestakingplacein Titan's at-
mosphere.By subjectinggasmixturesof methaneandothersimplemoleculesto sparks
or UV radiation,they createcomplex organicsolids. SaganandKhare(1979)werethe
�rst to do this,andthey establishedthattheir solid brown, sometimessticky residuewas
notapolymer, but somethingdi� erentwhichdeservedanew name:tholins. Eventhough
laboratorytholinsaresticky, tholin aerosolsonTitanarethoughto hardenontheirwayto
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thesurface(Dimitrov andBar-Nun2002).Thenon thesurface,tholinsmightbefoundin
theform of dustor sand.Thethicknessof thetholin layeron thesurfaceis unknown, but
it is clearthat theconstantdrizzleof aerosolsshouldleave its markon thesurface.The
presenceof ice rockson the landingsite indicatesthat it doesnot form a thick uniform
blanket. Whethertholin particlesadhereto the rocksis not clear; if indeedthey behave
likedust,wind mayblow themo� andexposecleanwaterice.

Eachof the proposedsurfacematerialshasits own spectralcharacteristics.Let us
�rst considerhow the (presumably)dominantconstituentof Titan's surface,water ice,
re�ects light. There�ectancespectrumof watericefrostis shown in Fig.5.22for di� erent
grain sizes. Clearly visible in all spectraarethe 1.5 and2.0 � m vibrationalabsorption
bands. The shapeof the spectrumis seento dependstrongly on the grain size; with
increasinggrainsizetheoverall re�ectancedrops,theslopebecomesmoreblue,andthe
1.04and1.25� m overtonebandsbecomestronger. Thedropof overall re�ectancecanbe
understoodby consideringhow apowderexposesmoresurfaceto theincominglight than
acoarsegravel,whichcoverspartof its surfaceby shadows. A possibledetectionof water
ice on Titan wasreportedby Gri� th et al. (2003),who compareda reconstructionof the
surfacere�ectancein near-IR methanewindows with a spectrumof Ganymede. Even
thoughthey foundan acceptablematch,their methoddid not have the requiredspectral
resolutionto resolvethewaterabsorptionlines.The1.5� m absorptionfeaturein theDLIS
spectrummaybeawaterline. However, asalreadypointedoutby Tomasko etal. (2005),
the problemis that if the near-IR blue slopeis dueto water ice, the 1.04and1.25 � m
overtonelines, conspicuouslyabsentfrom the DLIS spectra,ought to be present. On
theotherhand,theblueslopemight becausedby thepresenceof as-of-yetunidenti�ed
organicmaterial(RogerClark, pers.com.); thenthe overtonelines may simply be too
weak to detect(very shallow depressionsare actuallypresentin post-landingspectra),
consideringthe 1.5 � m absorptionline is not very strong(especiallyin the pre-landing
spectra).BernardSchmitt(pers.com.) suggeststheovertonewaterlinesarepresent,but
hiddenfromview bysimpleorganicices,likeetheneandacetylene,whicharetheorizedto
condensateontothesurfaceof tholin aerosolsin thelowerlayersof theatmosphere.Clark
(1981a)experimentedmixing waterwith charcoalandminerals.Hefoundthat,generally,
whenwater is addedthe overall re�ectancedecreases,and the spectralslopebecomes
slightly moreblue. Charcoal,whenmixed with up to 30% (weight) water, completely
suppressesthenear-IR waterabsorptionbands,but alsotheblueslope.A relatively small
amountof charcoalsprinkledon water frost candramaticallylower the re�ectance. A
relatively small amountof dark materialcovering the water ice of Titan's surfacemay
accountfor thelow overall re�ectanceweobserve.

Canwe �nd evidencefor organicmaterialin theTitan re�ectancespectrum?Charac-
teristicfor thespectrumof organicsis aredslopeoverthevisibleandnear-IR wavelength
range.Simpleorganicmoleculeshaveabsorptionlinesin theultraviolet dueto theexcita-
tion of covalentbondingelectrons.Themostcommontypesof covalentbondsare� - and
� -bonds.In � -bondstwo lobesof oneinvolvedelectronorbital overlaptwo lobesof the
otherinvolvedelectronorbital. The� -bondis weaker thanthe� -bond,whichhasasingle
lobeof oneinvolvedelectronorbital overlappingasinglelobeof theotherinvolvedelec-
tronorbital. A singlebondis usuallya� -bond,andthecarbondoublebondoftenfoundin
organicmatterconsistsof one� -bondandone� -bond. It is thelatter that is responsible
for the decreasein re�ectancefrom the visible towardsthe UV. With increasingcom-
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Figure5.22:Theobservedre�ectancespectrumof waterice frostof di� erentgrainsizes.
Figurefrom Clark (1981b).

plexity of an organicmolecule,individual absorptionbandsassociatedwith � -electrons
startto overlap,andabsorptionmovesinto thevisible wavelengthrange.Notethatsome
silicatesalsodisplaya red slopein the visible (e.g.Fig. 5.25). Unfortunately, the pre-
dictedwavelengths(Cloutis1989)of themostintensestretchingandbendingabsorption
bandsof organicmolecules,andtheir overtones,areoutsidetheDISRwavelengthrange.
Spectraof tholins display this red slopetoo. Figure5.23 shows re�ectancespectraof
the SaganandKhare tholins and thosepreparedby Bernardet al. (2006). The latter's
experimentwassetup to mimic theconditionsin Titan's stratosphere,wheretholinsare
thoughtto be formed. The re�ectancespectraof the Saganand Khare `tholin 3' and
`tholin 4' aresimilar to thoseof theBernardetal. yellow andblacktholins,respectively.
Thecolorof thesetholinsis roughlycorrelatedwith elementalcomposition;nitrogenen-
richedtholinsaredark,nitrogendepletedtholinsmoreyellow (Eric Quirico,pers.com.).
The red slopeof tholin 3/black tholin continuesall the way to 2.0 � m, andis relatively
constantbeyondup to 2.7 � m. Tholin 4/yellow tholin exhibitsablueslopein thenear-IR
andabsorptionbands. Its 1.5 � m bandmay be associatedwith the drop in re�ectance
at 1.5 � m in the Titan spectrum;thenDISR did not �nd evidencefor water. Our Titan
re�ectancespectrumalsofeaturesa red slopein the visible, a tentative con�rmation of
the presenceof organicmaterial. However, it doesnot resemblethat of the tholins in
Fig. 5.23,mostnotablydueto a lackof absorptionbands(thefeaturelessblueslope),and
thelow wavelengthof thepeakre�ectance(0.8-0.9� m versus1.4-1.8� m). To explainthe
latter, could temperatureplay a role? AlthoughRoushandDalton(2004)foundthat the
re�ectancespectrumof (hydrated)tholinshardlychangedwhenthetemperaturewaslow-
eredfrom roomtemperatureto 100K, for thesilicatekaoliniteadecreasein temperature
shiftsthepeakre�ectanceto lowerwavelengthsanddecreasestheoverall re�ectance(e.g.
Fig. 5.25). The low overall re�ectanceof theTitan spectrumsuggeststhat if tholinsare
present,thedark,nitrogenenriched,variety is prevalent. Notethatgrainsizecanplay a
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roleheretoo;coarselygroundyellow tholin is darker, andgrindingblacktholin canmake
it twiceasre�ective (Eric Quirico,pers.com.).

Thechancesof identifying carbondioxideor ammoniaaresmall. Thecarbondioxide
frost re�ectancespectrumis almostcompletely�at (Fig. 5.24,left). It hasessentiallyno
featuresin the DISR wavelengthrange,exceptfor a tiny 1.4 � m band,which coincides
with the strongestmethaneabsorptionline. The re�ectancespectrumof ammoniafrost
hasamoderateblueslope,with severalsmallabsorptionlinesat1.05,1.23,and1.32� m,
anda deeperoneat 1.5 � m (Fig. 5.24,right). In theTitan spectraa weakdepressionis
visible around1.05� m (Fig. 5.18,right), but thereis nothingaround1.23� m. Theother
linesarenotmuchuse,asthe1.32� m line coincideswith a methaneline (althoughthere
maybesomethingpresentin the249re�ectance),andthe1.5 � m line with theproposed
waterline. Sincethe strongestof the weaker absorptionlines is absent,I concludethat
pureammoniafrost is absentfrom thesurfaceat thelandingsite.

Silicatesarenot expectedon thesurface,which,of course,doesnot meanwe should
not look for them.Titan's re�ectancespectrumshows no evidencefor commonsilicates
like olivinesandpyroxenes,that typically have broadabsorptionline complexesaround
0.9-1.0and2.0 � m dueto thepresenceof iron ionsin their crystalstructure.But thelow
temperaturere�ectancespectrumof acommonclayminerallikekaolinite(usedin tooth-
pasteandglossypaper)uncannilysharesmany characteristicswith the Titan spectrum:
a red slop in the visible, a peakin re�ectancearound800 nm, anda blue slopein the
near-IR (Fig. 5.25). The only di� erences(in theDISR wavelengthrange)arethe water
absorptionlines.

It is notclearwhetherthelake terrainseenin theDISR imagescanbeidenti�ed with
the dark terrainobserved by Cassinito be distributedaroundthe equator(Porcoet al.
2005). The dark terrain is believed to be coveredby even darker dunes(Lorenzet al.
2006b),which areabsentfrom the lake. At leastthe re�ectancespectrumof the dark
terrain,asreconstructedby McCordet al. (2006)from CassiniVIMS data,is similar in
shapeto the lake spectrum.While their analysisis restrictedto the methanewindows,
theadvantageof VIMS is its widerwavelengthrangecomparedto thatof theDISRspec-
trometers.Signi�cantly, McCord et al. concludethat the dark materialspectrumis not
consistentwith puretholin, andmaybecomposedof waterice mixedwith a darkmate-
rial. My conclusionsconcerningthe lake spectrumaresimilar; it featuresa redslopein
thevisible wavelengthrange,which is consistentwith thepresenceof organicmaterial.
The blue slopein the near-IR may be dueto water ice, but an organicorigin cannotbe
excluded.It is importantto stressthateventhoughtheshapeof there�ectancespectrum
is now known with reasonableaccuracy, notasinglecompoundmakingupthesurfacehas
beenidenti�ed with certainty. Themainabsorptionfeatureat 1.5 � m absorptionmaybe
associatedwith waterice,but it is alsopresentin thespectrumof (yellow) tholin, where
it is not dueto water. Dueto uncertaintiesin thecalibration,we tentatively concludethat
this featuredeepenedafter landing. It is temptingto speculatethat thelandingdispersed
materialfrom thelandingsite,exposingwaterice.
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Figure5.23:Tholin re�ectancespectra.Top: Tholinspreparedby SaganandKharefrom
di� erentmixturesunderdi� erentconditions(labeled1-4). Tholins 3 and4 weremade
by subjectinga 9:1 nitrogen/methanegasmixture to an electricaldischarge in di� erent
experimentalsetups.Figurefrom Cruikshanketal. (1991).Bottom: Bernardetal. (2006)
preparedyellow (`YO') andblack(`BB') tholinsby subjectinga 98:2nitrogen/methane
gasmixture to an electricaldischarge underlow pressureto mimic Titan stratosphere
conditions.(Figurefrom their paper.)
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Figure5.24:Re�ectancespectraof CO2 (left) andNH3 (right ) frost. Figuresfrom Hapke
etal. (1981).

Figure5.25: Exampleof temperaturea� ectingthe re�ectanceof an intimatemixtureof
mineralandwater. Spectraof the clay mineral kaolinite (Al 2Si2O5(OH)4) mixed with
25% waterat room temperature(labeled`A' at left) and150 K (labeled`B' at right ).
Figuresfrom Clark (1981a).
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In thelatterstagesof thedescentDISRacquiredmostof its imagesin so-calledpanoramic
cycles. As thenamesuggests,thesecyclesweredesignedto build a full 360� panorama
of the probe's surroundingsin 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 boardsoftwareneededto predict
the pointing of eachexposureasaccuratelyaspossibleto avoid overlap,andtherefore
requiredgood knowledgeof the actualazimuthangle. Due to the failure of the Sun
sensor, this schemefailed in �ight, andpointingangleswerecalculatedbasedon a pre-
loadedmodelof rotation. With Cassinitransmittingbackonly half of the images(the
“ChannelA anomaly”discussedby Lebretonetal. 2005),theresultingpanoramasarefar
from perfect.

Below 25 km DISR recordeda total of nine panoramas.The taskof reconstructing
an accurate,seamlessmap of the surfacefrom thesepanoramasis complicatedby the
fact that the observed intensity is a function of nadir and azimuthangle,and altitude.
We caneliminatealtitudeasa complicatingfactorby regardingpanoramasindividually,
sincethey wereacquiredwithin a relatively shorttime span,duringwhich theprobede-
scendedonly by a kilometeror so. Cluesto thein�uence of nadirandazimuthanglecan
be foundby collectively scalingthe brightnessof all imagesin a panorama.Figure6.1
shows someexamples:two panoramastakenat a relatively high altitude(23-28km) and
two lower ones(14-18km). We seethe familiar coastline runningdiagonallythrough
the scene,with the land/river areain the northwest,and the lake areain the southeast
(compareFig. 1.10).Oncomparison,themutinge� ectof theatmospherebecomesclear;
the panoramasacquiredat lower altitudeshow the surfaceat highercontrast.Also, the
imagebrightnessgenerallyincreasesoutward(with increasingnadirangle)dueto atmo-
sphericscattering.Conspicuously, thebrightestpart in thepanoramais alwaysfoundin
the northwestcorner, andthe darkestpart just southeastof center. The fact that the lo-
cationof theseextremesis thesamein eachpanoramaleadsto thesuspicionthatwe are
dealingwith backscattering,eitherby theatmosphere,surface,or both. It is thesubjectof
thischapterto disentanglethecontributionsof surfaceandatmosphere,andto retrievethe
surfaceBidir ectional Re�ectance Distrib ution Function (BRDF). By �nding out how
thesurfacere�ects light underdi� erentviewing andre�ection anglesI hopeto �nd clues
to its physicalnature.

With theimagerpassbandroughlyextendingfrom 650to 950nm,DISRimagesof the
surfacearesigni�cantly a� ectedby hazescattering.This is why we turn our attentionto
thedownwardlookingspectrometers.Thesurfaceis bestobservedin thenear-IR methane
windowsof theDLVS andDLIS. Ideallysuitedfor ourpurposearetwo specialobserving
cycles,calledspectrophotometricmaps(seeSec.4.1). Two mapswereacquired;SM1 at
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Figure6.1: Examplesof panoramicimagingcycles.For eachpanoramaall MRI andHRI
imagesaredisplayedin gnomonicprojection,their brightnessscaledsuchthatpixelsof
minimumbrightness(asdeterminedfor all imagescombined)aredisplayedasblack,and
pixelsof maximumbrightnessaswhite. Clockwisefrom top left: panoramasacquiredat
27-28km, 23-24km, 17-18km, and14-15km altitude.North is at thetop,andtheSunis
at4 o'clock.
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18 km altitudeandSM2 at 4 km. Apart from o� ering the highestpossiblespatialreso-
lution, the mapshave the advantagethat the DLVS andDLIS recordedspectrain rapid
successionin lessthanoneproberotation, therebyeliminatingaltitudeasa complicat-
ing factor. The spectrophotometricmap modewasespeciallyimportantfor the DLIS.
Whereasin its regular modeof operationit summedexposuresover many rotationson
board,therebyaveragingthe intensityover all azimuthangles,the mapso� er the clear
advantageof spatialresolution.

Thischapteris devotedto analyzingtheDLVS andDLIS spectrophotometricmapsof
thelandingsite.To correctlyinterpretthesemapsit is essentialto understandwhatwesee
in theimages.This is why I attemptto bettercharacterizethelandingsiteby comparing
DISR imageswith Cassiniobservationsin the�rst sectionof this chapter(Sec.6.1). The
spectrophotometricmapscontaina wealthof information. In Sec.6.2 I show how they
allow us to disentangletheatmosphericandsurfacecontributionsto theobserved inten-
sity, andproceedto reconstructthe surfaceBRDF. This analysisalsoincludesMedium
NearSurface(MNS) andVeryLow NearSurface(VLNS) modespectra.In thefollowing
section(Sec.6.3), I modeltheBRDF usingthewell-known Hapke modelfor particulate
soils to �nd out moreaboutthe surfaceproperties. In the �nal sectionof this chapter
(Sec.6.4), I mapthe colorsaroundthe landingsite anddiscussthe implications. This
sectionis a follow-upon thepreliminaryanalysisof thecolorof thesurfaceI reportedin
Tomasko et al. (2005),whereI dealtonly with DLVS spectrawithin a singlepanoramic
imagingcycle. HereI includethespectrophotometricmapsof boththeDLVS andDLIS,
whichprovidebetterspatialcoverageatahigherresolution.

6.1 Huygenslanding site

Huygenslandedat longitude167:6� E andlatitude10:2� S,to 0:1� accuracy (Karkoschka
etal. 2007).TheDISRcamerasprovideclearimagesof thelandingsiteandits surround-
ings.Thecoveredareais largeenoughtoallow for acomparisonwith theviewso� eredby
the instrumentsonboardCassini.The ImagingScienceSubsystem(ISS),VisualandIn-
fraredMappingSpectrometer(VIMS), andSyntheticApertureRadar(SAR) instruments
all have observed the landingsite; ISS andVIMS many timesandthe SAR only twice,
a closeview during �yby T8 anda distantview during�yby T13. TheVIMS imagesof
thelandingsiteareof relatively low resolution(Rodriguezet al. 2006),andonly allow a
comparisonof largescalefeatures.Theresolutionof theSARandISSimagesis su� cient
to permitdetailedcomparisonwith theDISRmosaicof Karkoschkaetal. (2007).Lunine
etal. (2007)identify thelocationof thelandingsiteby matchingthedarklinesseenin the
northof theDISRmosaicto the“cat scratches”,or dunes(Lorenzetal. 2006b),visible in
theT8 SAR image.Here,we discussthe implicationsof this �nding in termsof surface
morphologyandincludeISSimagesof thelandingsitein theanalysis.

DISRimagesrevealthepresenceof two majorgeologicalunits(Tomasko etal. 2005):
“land” terrain in the north, which is relatively bright andconsistsof hills incisedwith
dark, river-like channels,and“lake” terrainto thesouth,which is dark, �at, andresem-
blesa lake bed. Figure6.2 shows how the DISR mosaic�ts within the SAR andISS
images.A detailedcomparisonbetweentheSARimageandtheDISRmosaicis provided
in Fig. 6.3. Thegoodvisualmatchwith theISS imageandthedunesin theSAR image
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Figure 6.2: The landing site identi�ed in the Cassiniradar (A) and ISS (B) images.
The rectangleoutlinesthe locationof the HuygensDISR mosaic(C), shown enlarged
in Fig. 6.3B.(ISSimageprocessingcourtesyTravis Fisher.)

allow for accurateplacementof theDISR mosaic.However, to matchtheorientationof
thedunesin theISSimagewith thosein theDISR mosaic,the latterneedsto berotated
5� counterclockwise.However, this doesnot necessarilyimply that thewholemosaicis
o� by 5� . Whereastheouterpartsof themosaicmaycontainsigni�cant distortionswith
orientationso� by asmuchas5-10� , the orientationin the center(within 5 km of the
landingsite)is probablygoodto 1-2� (Karkoschka,pers.com.).Ourdiscussionis mainly
concernedwith theouterpartsof themosaic.TheISSandSAR imagesin Fig. 6.2show
goodoverallagreement,exceptwestof thelandingsite,whereISSbrightmaterialshows
up dark in SAR. The DISR mosaicought to show goodagreementwith the ISS since
theISS�lter wavelength(938nm) is includedin theDISR passband,but therearesome
notableexceptions.For example,the terrainin thenorthof theDISR mosaicshouldbe
darker. Its relativebrightnessis di� cult to estimatesincetheMRI imagesthatwereused
to constructthis part of the mosaicbrightentowardsthe top of the imagedueto atmo-
sphericscattering.Note that the mosaicasoriginally published(Tomasko et al. 2005)
su� ersfrom thesamede�ciency. Themostnoticeabledi� erencebetweenDISR andISS
is an areasoutheastof 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 brightness,asis the
ruggedterraincoveredby riversnorthof the landingsiteseenin detail by DISR. Given
thatthecorrelationbetweentheDSandtheSARbright terrainis sostrong(seeFig. 6.3),
both terrainsareprobablysimilar. A naturalexplanationfor thehigh SAR brightnessis
thattheriverareais roughon thescaleof theSAR wavelength(2.17cm) and/or features
slopes.

The reasonwhy the two river areasappearso di� erentto DISR is the viewing and
solarphaseangle.Considertheriverareanorthof thelandingsite.Figure6.4showshow
it appearedbright relative to the lake early in the descentwhenobserved at a low solar
phaseangle(22� ). Justbeforelanding,whenobservedat higherphaseangles(typically
65� ), it haddarkenedrelative to thelake,mostnotablyalongthecoastline andtherivers.
This darkeningappearsto be restrictedto the river area,and is not seenfor the bright
islandsin front of thecoast,whosenatureseemsto befundamentallydi� erent.That the
brightnessof river andlake terrainhasa di� erentphaseangledependenceimplies that
they cannotbothscatterasLambertsurfaces.We caninterpretthis di� erencein termsof
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Figure6.3: DetailedcomparisonbetweentheCassiniradar(A) andHuygensDISR (B)
imagesof thelandingsite.Thetoparrowspointat theriverterrainseenin detailby DISR,
thebottomarrowspointatthesuspectedriverterrainseenbyDISRasaDarkSpot(labeled
DS).TheDISRmosaic(Karkoschkaetal. 2007)is centeredon theHuygenslandingsite.
We rotatedthe mosaicby 5� counterclockwiseto make the dunesin the north have the
sameanglewith thehorizontalandto bettermatchtheDS with theradarbright features
in thesouth.

surfaceroughnessandshadow hiding(e.g.Hapke1981,1984).Highersurfaceroughness
leadsto strongerdecreasein brightnesswith phaseangle,with the implication that the
river terrainis moreroughthanthelake, consistentwith theradarobservations(albeitat
adi� erentspatialscale).Thefactthatthestrongestdarkeningis associatedwith thecoast
line andtheriversthemselves,suggeststhatsteepslopesalsoplayarole. Thishypothesis
is consistentwith the view that the river terrainis an old anderoded(perhapsoriginal)
partof thecrust,andthatthelake is sedimentaryin nature.

The DS wasimagedonly by the SLI in the last stageof the descent,in the general
directionof the Sun(Fig. 6.5). It wasobserved at even larger solarphaseangles(90� -
105� ) thantheriversnorthof thelandingsite just beforelanding(65� , seeFig. 6.4). The
fact that the DS is also dark in the visible, but bright in radarstrongly suggestsit is
anotherriverarea;in thecenterSLI imagearivercanbediscerned.Sowehave identi�ed
the natureof the SAR-brightterrainin the vicinity of the landingsite; it is hilly terrain
crisscrossedby rivers.It is alsobrightat visible wavelengths,but only at low solarphase
angles.SAR-darkterrainis �at andlies below thebright terrain. Theconclusionis that
Huygenslandedon a �oodplain in betweentwo river systems,onecloseby to thenorth,
thesecondlargerandfurtheraway to thesoutheast.
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Figure6.4: Thebrightnessof theriver arearelative to the lake beddependson thesolar
phaseangle. Thesetwo panoramasshow the samestretchof coastlinein perspective
view (Mercatorprojection),but onewasrecordedat high altitude(low phaseangle)and
theotherat low altitude(high phaseangle).They arereprojectedto thesameviewpoint
1 km directly over the landingsite in the lake bed. Brightnessandcontrasthave been
adjustedto make the lake bedlook the samein both panoramas.A: HRI 402–480 and
MRI 436, acquiredat altitudes12.4–16.7km, typical solarphaseangle22� . B: SLI 698–
710, altitude0.46–0.91km, typical solarphaseangle65� .

Figure6.5: ThreeSLI imagesof theDark Spot(DS) in Fig. 6.3. The imageshave been
processedto minimizethein�uenceof theatmosphere(courtesyErichKarkoschka).Note
thatSLI 524shows river-like structureswithin thespot.Thealtitudeat which theimage
wasacquiredandtheDSsolarphaseanglecanbefoundat thebottomof eachimage,and
arrowsdenotetheDS location.
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6.2 Spectrophotometric maps

As outlinedabove, the intensityobservedcomingup from thesurfacenot only depends
on the local surfacealbedo,but alsoon thedirectionof observationdueto thepresence
of the atmosphere;it varieswith azimuthangle,generallyincreaseswith nadir angle,
anddecreaseswith altitude. Most stronglyso at visible wavelengthsbecauseherethe
hazedominates.To disentanglethecontributionsof atmosphereandsurfacewe turn our
attentionto the spectrophotometricmap,MNS (DLIS only), andVLNS modespectra.
Thesespecialmodespectrao� er speci�c advantagesover spectraacquiredduringregu-
lar panoramiccycles. In thespectrophotometricmapmodeDISR acquiredspectraat as
rapidly aspossiblefor thedurationof aboutoneproberotation(seeChapter4). In case
of theDLVS, theCCD columnswerenot summedon boardbeforetransmitting,yielding
spectrawith the maximumspatialresolution. The decreasein altitudeduring acquisi-
tion of the mapswassmall comparedto the startingaltitude(SM1: 1%, SM2: 5%; see
AppendixA), so thatwe mayconsiderthealtitudeconstant.This advantagecomesat a
price. In contrastto theusualpanoramiccyclesno imageswereobtainedclosein time to
any of themapspectra.Sowhereasspectrarecordedduringpanoramiccyclescaneach
be tied to an image,herewe needto rely on a proberotationmodel to orient the maps
andto determinetheanglebetweentheindividual spectra.TheKarkoschkaet al. (2007)
attitudemodelprovidesreliableazimuths,but theprobetip andtilt duringacquisitionof
mapspectraareunknown (but estimatedto besmallerthan5� ). TheVLNS spectra,which
wereacquiredbelow 206m altitude,su� er from thesameuncertainties.

Without altitudeasa disturbingfactor, we cananalyzehow intensityvarieswith the
viewing direction at di� erentwavelengths. First we considerthe intensity in methane
windowsobservedby theDLIS; theresultsfor the0.93,1.07,1.28,and1.59� m windows
aredisplayedin Fig. 6.6. In the �gures on the left we �nd the intensityasa functionof
azimuthanglewith respectto theSun.Firstwenotethatatall wavelengthstheSM1inten-
sitiesarehigherthantheSM2/MNS/VLNS intensities.SinceSM1 spectrawereacquired
atamuchhigheraltitudethantheothers(18km versus<4 km), this impliesthattheatmo-
spherecontributesto the intensity. This contribution becomesweaker with wavelength,
andat 1.59 � m the lower atmosphereis virtually transparent.This behavior is typical
for hazeaerosolscattering.Below 4 km altitudetheatmosphericcontribution appearsto
benegligible sincetheSM2, MNS, andVLNS intensitiesoverlap. Secondwe notethat
the intensity in Fig. 6.6 reachesa maximumat azimuthangle180� , anda minimum at
0� , regardlessof themodeof observation. Sinceat azimuth180� theSunis in our back,
therise in intensityfrom 0� to 180� mustbecausedby backscattering.Deviationsfrom
thissmoothrisecanbeattributedto surfacefeatureswith di� erentintrinsic albedo.Most
notablein theSM1 curve arethe jumpsin intensityat 80� , andbetween200� and250� ,
bothrelatedto thetransitionfrom lake to landandvice versa(seeFig. 4.3). Noticealso
thebumpat320� , whichcoversa locationin thelakeareaoppositeto theland.A similar
featureis presentin theSM2intensitiesbetween90� and140� , wherethefootprintscover
a relatively bright, elongated“island” in thelake (seeFig. 4.4). To comparethesedi� er-
enttypesof terrainwe considerhow intensityvariesasa functionof solarphaseanglein
Fig. 6.6 (�gures on theright). Judgedfrom theSM2 observations(all of cleanlake area,
apartfrom thefew mentionedabove), theintensityis a smooth,almostlinearly declining
functionof phaseangle.At theSM2 altitudethesurfacedominatesover theatmosphere

101



6 SurfaceBRDF

in all DLIS methanewindows,whichimpliesthatat thesewavelengthsthesurfaceitself is
backscattering.TheSM1 observationsof theland/river areacanbeclearlydistinguished
from thoseof thelake. Figure6.19shows how eachsetof observationsoccupiesits own
phasecurve,having thesameshapeasthatassociatedwith SM2butadi� erentslope.Note
that for now we approximatethephasecurve by a line, but we will re�ne our approach
in the next section. Deviationsfrom the line canbe relatedto surfacefeatures.Exam-
plesaretheaforementionedpositivebumpat 50� -55� andthenegativebumparound20� ,
the latter associatedwith the relatively dark areadirectly eastof the long, straightriver
(seeFigs.1.10and4.3). The slopesof the SM1 phasecurves(a� ectedby both surface
andatmosphere)aresteeperthanthat of the SM2 curve (dominatedby surface),which
implies that the hazeaerosolsarebackscatteringtoo. I usethe fact that the lake terrain
wasboth observedby SM1 andSM2 to devisea (crude)correctionfor the atmospheric
contribution,andderive thecolor ratioof thedi� erentterrainsin Section6.4.

The situationis somewhat di� erentfor the intensity in methanewindows observed
by theDLVS, asherethe in�uence of theatmospherichazeis muchstronger. To enable
a comparisonbetweenthe spectrophotometricmapwith the VLNS mode,we approxi-
matethe spatialcoverageof a VLNS spectrumby calculatingthe averageof footprints
11 and12 of eachmapspectrum.Figure6.7 shows that the in�uence of theatmosphere
reachesall theway down to the surface,astheSM2 intensitiesno longercoincidewith
thoseof the VLNS. We seethe samephenomenaandfeaturesasin the DLIS methane
windows, albeitmoresubdued.Thereis someoverlapin wavelengthrangebetweenthe
DLVS andDLIS. If we comparethe intensity in the 0.93 � m DLIS window (Fig. 6.6)
with thatin the935nmDLVS window (Fig. 6.7)we�nd thatoverall theDLVS showsthe
samefeaturesastheDLIS, but its datais muchmorenoisydueto thelow responsivity at
thiswavelength.Also, theDLVS intensitiesarehigherthanDLIS intensitiesduethefor-
mer'shigherspectralresolution.TheDLVS coversalargerrangeof phaseanglesthanthe
DLIS, reachingall thewayup to phaseanglezero;Figure6.8shows thefull range.Note
thatthescatteringbehavior of thesurfaceitself at smallphaseanglesmaybecompletely
di� erentthanshown here.There�ectanceof many solarsystembodiessharplyincreases
at small phaseangles,a phenomenonknown astheoppositione� ect. Two mechanisms
proposedto contributeto theoppositione� ectareshadow hiding andcoherentbackscat-
ter, andbotharea� ectedby thepresenceof anatmosphere.Shadow hiding is ine� ective
at visiblewavelengthsbecauseof thepredominanceof di� useillumination,andcoherent
backscatter(a form of constructive interference)requiresa signi�cant fractionof thedi-
rectsolarbeamto reachthesurface(estimatedto beonly 1%at830nm,Lyn Doosepers.
com.).I returnto theoppositione� ectin thenext section.

It is clearthat if we wantto reconstructtheBRDF of thesurfacewe needto turn our
attentionto thelow altitudeDLIS observations.Closeinspectionof theSM2/MNS/VLNS
measurementsin Fig. 6.6 revealsthat even thoughthey all broadlyoverlap, the VLNS
phasecurve is always intermediateto that of the SM2; at low phaseanglethe VLNS
intensitiesare lower thanthoseof SM2, at high phaseanglethey arehigher. This can
be explainedby the fact that thereis an intrinsic large scalesurfacebrightnessgradient
runningacrossthelake,with theprobehaving landedin themidstof it (Fig. 6.9). By act
of a cosmicconspiracy this gradientrunsmoreor lessalongtheSunline, resultingin an
expecteddrop intensityasobserved by the SM2 of about3%. The areacoveredby the
VLNS measurementsis very smallcomparedto thatcoveredby SM2 (compareFig. 4.5
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Figure6.6: Theintensitiesin the0.93,1.07,1.28,and1.59� m methanewindows(top to
bottom) plottedfor all single(unsummed)DLIS measurementsasa functionof azimuth
angle(left), de�ned runningcounterclockwise,andsolarphaseangle(right ). The last
pre-landingVLNS measurementwasdiscardedbecauseof lamplight, andtheothershad
theintensityin aneighboringmethanebandsubtracted.
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Figure6.7: The intensitiesin the751,827,and935nm methanewindow plottedfor the
spectrophotometricmapandVLNS modeDLVS measurementsasa functionof azimuth
anglewith respectto the sun(left) andsolarphaseangle(right ). Azimuth angleis de-
�ned runningcounterclockwise.Thelast two VLNS measurementsbeforelandingwere
discardedbecauseof thepresenceof lamp light. To enablecomparisonwith the VLNS
datatheSM1/SM2 intensitiesareshown astheaverageof footprints11and12 (footprint
15 is closestto nadir).
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Figure6.8: The intensitiesin theDLVS 827nm methanewindow for footprint 5 of the
spectrophotometricmapmeasurements,showing the full solarphaseanglerangeof the
DLVS (footprint15 is closestto nadir).

Figure6.9: Thelakeareain whichHuygenslandedexhibitsanintrinsiclargescalebright-
nessgradient.The�gure on the left shows thebrightnesspro�le acrossHRI 384on the
right . Thecoastline is just beyondB. Thelandingsiteis indicatedwith a cross.Bright-
nessis givenasI=F, with � F thesolar�ux at thetop of theatmosphere.

to Fig. 4.4), so if we consideronly VLNS datawe canignorethe largescalebrightness
gradient.Eventhoughthephaseanglecoverageof theVLNS spectrais not asdenseas
that of SM2, it doesextendover the full rangesubtendedby the DLIS. From the SM2
spectrawe caninfer the regularity of the BRDF in betweentheseextremes.The DLIS
VLNS measurementsthenrepresentthesurfaceBRDF for anincidenceangleof 34� and
phaseanglesin therange13� -57� .
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6.3 Modeling the BRDF

Having identi�ed theBRDF, wemaystudythepropertiesof thelakeareaaroundtheHuy-
genslandingsiteby modeling.First we take a closerlook at Titan'ssurfaceto searchfor
cluesto its scatteringbehavior. Theimagesacquiredby DISRafterlandingo� eraclose-
upview (Fig. 6.10).In theSLI imageweseerounded,decimetersizedrocks,presumably
madeupof waterice,onasmoothsoil. It appearsthatthemostsphericalrocksareresting
ontopof thesoil, asif they havebeenrolling overtheplain,whereasmoreelliptical rocks
areembedded.TheMRI imagesreveal the soil to be granular, perhapsmadeup of wa-
ter ice `sand'. Most likely, but invisible to thecamera,everythingis coveredby organic
matter(tholins?),which constantly`drizzles' out of Titan's atmosphere.Theseimages
suggestthattwo factorscontributeto thesurfaceBRDF: thesoil throughits intrinsicscat-
teringproperties(microscopicshadow hidingandpossiblycoherentbackscatter),andthe
cobblesthroughmacroscopicshadow hiding. Our approachto modelingtheseprocesses
is two-fold aswell.

To investigatethee� ectof macroscopicshadowsonthesurfaceBRDFweemploy the
open-sourcePersistenceof VisionRaytracer(POV-Ray3.6,www.povray.org ). Wecon-
struct two typesof surfaces,onewith a Titan-like distribution of cobbles(“r ealistic”),
and the otherwith identical 8 cm diameterspheres(“spheres”). The realistic surface
emulatestheobservation that sphericalcobblesaremoreelevated. Lighting is provided
by a point sourcewith parallel light rays,placedin the samedirectionasthe Sunfrom
Huygens'perspective. We make the simulatedcobblesslightly morere�ective thanthe
surface,but bothre�ect isotropically. Themodelhasnoatmosphereandconsiderssingly
scatteredlight only, soshadows areblack. In reality we would expectmultiply scattered
light to illuminate the shadows, henceour simulationrepresentsa worst casescenario.
Figure6.11comparesthe virtual surfaceswith the SLI post-landingview. The simula-
tions give us a senseof scalefor the scenein the SLI image. On comparisonwith the
spheressimulation,thediameterof theroundedcobblein thecentercanbeestimatedto
becirca10cm. Thedistributionof light on thecobblesis well reproducedby therealistic
simulation,as is the positionof the shadows. The agreementbecomesworsewhenwe
addspecularre�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 spheresis completely
random,thepost-landingviewing perspectivecreatestheillusion of `channels',devoid of
cobbles.Especiallythesimilarity of thesphereschannelwith thatseenin theSLI image
is striking,which servesasa warningagainstover-interpretingpatternsseenin theTitan
surfaceimage.

Wenow view thesimulatedsurfacesfrom theperspectiveof theprobeduringacquisi-
tion of thespectrophotometricmaps.Figure6.12scalesthesimulatedintensitiesto those
observed by the SM2. As expected,the e� ect of the spheresshadows on the BRDF is
largerthanthatof therealisticshadows,but thevariability associatedwith bothsimulated
surfacesis muchsmallerthanthatobservedonTitan'ssurface.Rememberthatthespheres
simulationis a worstcasescenario,sinceit shows muchmoreshadow thanis visible in
theSLI image,andits shadowsarecompletelyblack.Thetruemacroscopicshadow e� ect
is mostlikely evensmallerthanthatin therealisticsimulation,sinceit toohasblackshad-
ows,andFig.6.12(right) showsthatit mustbeverysmallindeed.Thissimplesimulation
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Figure6.10: Titan's surfaceasseenby theprobeafter landing. The left andmiddle are
MRI images,an SLI imageis on the right . The black ellipsein the lower right corner
of the MRI imagesis the overexposedlamp spot. The middle imagewasprocessedto
remove the lamp brightnessgradient(courtesyMichael Küppers);the dark ring around
thelampspotis anartifact.

Figure6.11: Titan's surfaceandtwo simulatedsurfaceswith randomlydistributedcob-
blesasseenfrom theDISR's perspective after landing,all displayedat the sameimage
resolution.TheHuygensSLI view (far left) is shown with arealistic(“r ealistic”, center
left) andanidealized(“spheres”, center right ) simulatedsurfacecoveredwith identical
8 cm diameterspheres.Thesimulationconsidersonly singly scatteredlight, with rocks
andsurfacere�ecting di� usely. Thesimulationat the far right addsspecularre�ection
to therealisticscene.

suggeststhatmacroscopicshadows contributevery little to theobservedsurfaceBRDF,
andthatsoil scatteringpropertiesdominate.

The theoryof Hapke (1981,1984,1986,2002) is widely usedto model the BRDF
of particulatesoils (e.g.Buratti 1985,DomingueandVerbiscer1997,Clark et al. 2002,
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Figure6.12: Simulationsof the macroscopicshadow hiding e� ect comparedto obser-
vationsat 1.28� m. Left : The brightnessof the two surfacesin Fig. 6.11relative to an
emptysurfaceasit would beobservedby theDLIS for a full proberotation.Right: The
simulatedintensitiesscaledto matchthemaximumof theSM2 1.28� m observations.

Cruikshanket al. 2005).It o� ersa descriptionof themicroscopicShadow Hiding Oppo-
sitionE� ect(SHOE), andtheCoherentBackscatterE� ect(CBOE), anda correctionfor
macroscopicroughness.The SHOEis dueto shadows castby soil particles,theCBOE
is theenhancedsoil brightnessobservednearphaseanglezerodueto constructive inter-
ferenceof di� erentlight raysscatteredin thesamedirection.While theSHOEis almost
entirelycausedby singly scatteredlight, theCBOEarisesfrom bothsingly andmultiply
scatteredlight. Macroscopicroughnessrefersto structures(“f airy castles”)composed
of facets,and a� ectsthe observed intensity by meansof shadows. Hapke's theory is
explainedin detail in Section2.2. Thebasicmodelhasinput parametersthesinglescat-
teringalbedo(w� ), theamplitudeandpeakhalf width of theSHOE(BS0 andhS), andthe
amplitudeandpeakhalf width of theCBOE(BC0 andhC). In addition,it allows for the
speci�cationof an intrinsic particlescatteringphasefunction P(� ) asa function of the
phaseangle(� ). Inclusionof macroscopicroughnessrequiresspeci�cationof themean
slopeangle� of the facets. Note that the macroscopicroughnesse� ect is not only a
functionof thephaseangle,but alsoof theanglesof incidenceandre�ection.

The datato which we �t the Hapke modelarethe DLIS VLNS observationsin the
methanewindows at 0.93, 1.07, 1.28, and1.59 � m. We discardthe last measurement
beforelandingbecauseof stronglamplight, which leavesuswith 6 datapointsbetween
solarphaseangle13� and57� . We convert theVLNS intensitiesto absolutere�ectances
by scalingtheir averageto the averagere�ectancedeterminedby Bruno Bézard(pers.
com.),who calculatedthesefrom theratio of up- anddownward�ux derivedfrom early
VLNS ULIS andDLIS spectrathat show a negligible lamp contribution (averagesolar
phaseangle40� ). Figure 6.13 (left) shows that his re�ectancescomparewell qualita-
tively with thelastpre-landingDLIS re�ectancespectrum,exceptat1.28� m wherehis is
slightly higher. Bézardcalculatedthere�ectancefor 1.55� m, andwe scaleour 1.59� m
datato this value. To thesedatapoints we add the single measurementat phasean-
gle 0:069� � 0:056� from theabsolutere�ectancereconstructedfrom thelastpre-landing
DLIS spectrum(to becalledthezerophaseangledatahereafter)to arrive at thesurface
BRDF in Fig. 6.13(right). This givesusa total of 7 datapointsfor eachmethanewin-
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Figure6.13: Reconstructingthere�ectancein theDLIS methanewindows asa function
of thesolarphaseangle.Left : Re�ectancescalculatedby BrunoBézardfrom theratioof
DLIS andULIS intensitiesjustbeforelanding(reddots)comparewell with thescaledre-
�ectancereconstructedfrom DLIS 210(scalefactor0.51),exceptat1.28� m. Right: We
scaletheVLNS intensities(phaseangles13� -57� ) to Bézard's re�ectances,andcombine
thesewith the210re�ectanceat zerophaseangleto reconstructthesurfaceBRDF in the
methanewindows.

dow. The VLNS intensitiesareaveragesover a small phaseanglerangebecauseof the
apparentsizeof theSunin theTitansky. In thediscussionthatfollowsI considertheSun
apoint source,ignoringany di� useillumination by theatmosphere.How reasonablethis
assumptionis canbeseenin Fig. 6.14,which shows thatmostof thedi� useillumination
at1.29� m is containedwithin a relatively smallsolaraureole(width at half maximumis
20-30� ). At higherwavelengthsthehazeis moretransparent,so thesituationshouldbe
betterfor 1.59� m. Signi�cantly, thezerophaseanglemeasurementsarenot a� ectedby
thise� ectbecausetheSSLactsessentiallyasapointsource(its diameteris only 5.2cm).

Clearly, theproblemwe facemodelingtheobservedBRDF with theHapke modelis
that we have a plethoraof parameters,but a dearthof data. The threedi� erentscatter-
ing mechanismswe have to considerareshadow hiding (SHOE),coherentbackscatter
(CBOE),andmacroscopicroughness.First I investigatethee� ectof macroscopicrough-
nessin Fig. 6.15. In the top �gure I try out di� erentvaluesfor themeanslope� of the
facetsthatbuild up themacroscopicstructures.Becausethemodeldependsnot only on
thephaseanglebut alsoon incidenceandre�ectanceangles,there�ectanceis calculated
for the viewing conditionsfor the DLIS during the VLNS phaseof the descent.From
the shapeof the modelcurve we �nd � � 40� ; highervaluesdo not �t the high phase
angledata. Macroscopicroughnesswill always lead to a decreasein re�ectancewith
increasingphaseangle;the re�ectancefor a smoothsurface(� = 0� ) is the maximum.
From the �gure it is clear that the modelcannotreproducethe lower phaseangledata
points(extendthe� = 0� modelto phaseanglezero);SHOEand/or CBOEmustplay a
role aswell. Hapke (2002)arguesthat a modelwith a broadSHOEandnarrow CBOE
peakaroundphaseanglezerois the physicallycorrectone. So in the bottom�gure of
Fig. 6.15I addSHOEto �t the datapointsaround15� phaseangle,adoptingthe maxi-
mumpossibleroughness(� = 40� ). Fitting this modelinvolves�ne-tuning w� for each
methanewindow, while keepingBS0 andhS constant.TheSHOEmodelincludingmacro-
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Figure6.14: Theintensityof thedi� useillumination in thesky at 1289nm asseenfrom
the Huygenslandingsite, predictedby an early versionof the LPL atmospheremodel
(Lyn Doose,pers.com.). Thedirectsolarbeamaccountsfor 31%of thetotal downward
�ux at thesurface(26%of thedirectbeammakesit to thesurface).

Table6.1: Best�t parametersfor theHapke macroscopicroughnessmodelsin Fig. 6.15
with � = 40� . Particlescatteringis isotropic;w� is thesinglescatteringalbedoat wave-
length� (in � m). hS andBS0 arethepeakwidth andamplitudeparametersof theSHOE.

w0:93 w1:07 w1:28 w1:55 hS BS0

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

scopicroughness�ts the datawell in all methanewindows over the full VLNS phase
anglerange(�t parametersarelisted in Table6.1). The �gure depictslimiting casesfor
theSHOE;whereastheamplitudeis not well constrained,thehalf width parametermust
berelatively small(hS < 0:05).

If we assumethesurfaceis perfectly�at (i.e. zeroroughness)we canstudytheper-
formanceof theHapkeSHOEandCBOEmodelsseparately. First I considerSHOEonly.
The free modelparametersare the singlescatteringalbedo(w� ), the SHOEamplitude
andpeakhalf width (BS0 andhS), and the soil particlescatteringphasefunction P(� ).
As the surfacemust be coveredby aerosolsthat continuouslyprecipitatefrom the at-
mosphere,it seemsreasonableto employ similar phasefunctionsfor both aerosolsand
soil particles. Whereasthe aerosolsarethoughtto be intrinsically backscatteringwhile
suspendedin the atmospheredue to their �u � ness,on the surfacethey may be com-
pactedor coated,andnot exhibit internalre�ections that leadto backscatter. In thatcase
soil particlesmayscattermoreor lessisotropically, at leastin thebackscatterdirection.
Therefore,I considertwo limiting casesfor theparticlephasefunction: isotropicscatter-
ing (P(� ) = 1), andscatteringaccordingto thedouble-Henyey-Greensteinphasefunction
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6.3 ModelingtheBRDF

Figure6.15: The Hapke (1984)macroscopicroughnessmodeladaptedfor the viewing
conditionsof theDLIS during theVLNS phaseof thedescent.Surfaceparticlesscatter
isotropically. Top: Macroscopicroughness(only) modelcomparedto the re�ectanceat
1.28 � m. The meansurfaceslopeangle� rangesfrom 0� to 60� with 10� increments
(labels).Thesinglescatteringalbedo(w = 0:64) waschosento let the� = 40� model�t
thedataathighphaseangles.Bottom: Macroscopicroughnessmodelswith � = 40� that
includeshadow hiding �t there�ectancein all methanewindowswell.
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Table6.2: Best�t parametersfor theHapke SHOEmodelsin Fig. 6.16. w� is thesingle
scatteringalbedoat wavelength� (in � m), hS andBS0 arethepeakwidth andamplitude
parameters.ThedoubleHenyey-Greensteinphasefunctionis shown in Fig. 2.2.

particlescatteringtype � w� hS BS0

isotropic 0.93 0:605� 0:015
+0:003 0:06+0:04

� 0:01 1.0
0.600 0.10 0.8

1.07 0:580� 0:02
+0:005 0:07+0:06

� 0:015 1.0
0.565 0.15 0.8

1.28 0:540� 0:03
+0:007 0:08+0:12

� 0:02 1.0
0.532 0.15 0.8

1.55 0:335� 0:025
+0:01 0:08+0:12

� 0:03 1.0
0.330 0.15 0.8

doubleHenyey-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

1.55 0.460 0.01 1.0
0.463 - 0.0

(dHG), i.e. the aerosolphasefunction at 1.28 � m in an early versionof the LPL atmo-
spheremodel(Fig. 2.2). Figure6.16 (top) shows model �ts for isotropicallyscattering
particles.There�ectanceis �t for eachmethanewindow individually, andTable6.2 lists
theparameters.Many parametercombinations�t thedatawell, exceptat zerophasean-
gle. TheSHOEpeakwidth hS is foundto inverselydependon theamplitudeBS0. For the
maximumamplitudeBS0 = 1 we �nd 0:05 � hS � 0:20,dependingon thesinglescatter-
ing albedo,with thebest�ts achievedfor hS = 0:06-0:08. For thesmalleramplitudeof
BS0 = 0:8 thebest�tting valuesarehS = 0:10-0:15. In Fig. 6.16(bottom)we let thesoil
particlesscatteraccordingto thedHGphasefunction,and�nd thatintrinsicparticlescat-
teringcanalmostcompletelyreplacetheSHOE.Now only a verysmalldegreeof SHOE
(hS = 0:01-0:02) is requiredto �t theVLNS data(Table6.2).Again,thezerophaseangle
dataareoutof reachof all models.

ThefactthatSHOE-onlymodelsfail to �t thezerophaseangledatasuggeststhatwe
have to take coherentbackscatterinto account.But thenon-zerophaseangledatashould
not be modeledwith CBOE, becauseof the lack of direct (coherent)sunlight reaching
thesurface.Thenthecorrectapproachis to superposea narrow CBOEpeakon a broad
SHOEmodel. In Fig. 6.17I usethebest�tting SHOEmodelsfrom Fig. 6.16(top), and
restrict the CBOE peakwidth by addinga singledatapoint at phaseangle0:45� to the
0.93 � m set. The re�ectanceof this point is derived by scalingdown the DLIS 0:069�

phaseanglere�ectanceby a factorof 1.17,which is roughlythefactorrequiredto match
the DLVS 786 re�ectanceto that of DLIS 210. Even thoughthis datapoint is rather
speculative,it is ouronly meansto estimatetheCBOEpeakwidth. The�gure showsthat
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6.3 ModelingtheBRDF

Figure6.16: The Hapke shadow hiding model �tted to the reconstructedVLNS mode
DLIS re�ectances. The modeldoesnot includecoherentbackscatterandmacroscopic
roughness.Top: Soil particlesscatteringisotropically, Hapke model:Eq.2.30. Bottom:
Soil particlesscatterlikeaerosols(phasefunctionis thedoubleHenyey-Greensteinfunc-
tion in Fig. 2.2), Hapke model: Eq. 2.28. All modelswere�t to the dataaroundphase
angle50� ; parametersarelistedin Table6.2.
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Figure6.17: Whereshadow hiding alone(brown line) fails to �t the zerophaseangle
data,coherentbackscatterdoesthejob (blackline). TheCBOEmodel(Eq.2.27)doesnot
includemacroscopicroughness,andhassoil particlesscatteringisotropically;parameters
arelisted in Table6.3. All dataarefrom theDLIS, exceptfor the0.93� m datapoint at
phaseangle0:45� , which is from theDLVS.

Table6.3: Best�t parametersfor theCBOE+ SHOEHapkemodelsin Fig.6.17.Particles
scatterisotropicallywith singlescatteringalbedow� atwavelength� (in � m). Parameters
hS andBS0 (hC andBC0) arethepeakwidth andamplitudeof theSHOE(CBOE).

� w� hS BS0 hC BC0

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 coherentbackscatterwe can�t all dataperfectly. Whenwe look at the �t
parametersin Table6.3 we �nd that regardingthe CBOE amplitude(BC0), the 1.28� m
dataaretheoddoneout. This is a direct consequenceof themismatchbetweenthe the
DLIS 210 re�ectancespectrumandthe re�ectancesderived from the DLIS/ULIS ratio
method,visible in Fig. 6.13(left).

Beforewe discussthe implicationsof our modelingexercise,we needto establish
whethermy BRDF is reasonable.After all, I madetheboldmovein thepreviouschapter
to attribute the ratherlarge di� erencebetweenmy re�ectancereconstructionof Titan's
surfaceandthoseof otherworkersto the oppositione� ect. To explain sucha surge in
re�ectancetowardsphaseanglezero I invoke coherentbackscatter, which, becauseit
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requiresmultiple scatteringevents,seemsunlikely to occurin the low-albedosoil of the
landingsite. But then,my phasecurve is very similar to thatobservedfor anotherlow-
albedobody, theMoon;Pohnetal. (1969)foundthere�ectanceof thesurfaceasmeasured
by Apollo 8 to drop by 35% from 0� to 7� solar phaseangle,similar to what we �nd
in Fig. 6.17. It hasbeenproposedthatbothcoherentbackscatterandshadow hiding are
requiredto explaintheLunaroppositionsurge(Helfensteinetal.1997,Hapkeetal.1998).
Similar in sizeto Titan, there�ectanceof Jupiter's moonCallistodropsby roughly40%
from 0� to 10� solarphaseangleat0.47� m (DomingueandVerbiscer1997).LikeTitan,
Callisto's icy surfaceis alsocoveredby adarksubstance,possiblyorganic(McCordetal.
1997).Soit appearsthatthephasecurvein Fig. 6.17is notatall unusualfor a low albedo
body.

What doesHapke modelingtell us aboutthe physicalcharacteristicsof Titan's sur-
face?Beforedrawing any conclusionsI mustemphasizethattheaimof thischapteris not
to evaluateor validateHapke's theory. His theoryis oftencriticizedfor beingoverly sim-
plistic andnot explicitly containingphysicalparametersasgrainsizeor refractive index.
Alternative theoriesfor thescatteringbehavior of particulatesoilsexist (seee.g.Petrova
et al. 2001,Shkuratov et al. 2002),but, becauseof our extremelylimited dataset,in this
casesimplicity is a virtue. However, theHapke modelhasmany freeparametersandthe
best-�t solutionsarenotunique.

The�rst ambiguitywe faceis thatof macroscopicroughnessversusparticleshadow
hiding. Theupperlimit we �nd for themacroscopicroughness(meanfacetslopeangle
� � 40� ) is not very constrictive asthe theoryis invalid for large slopeanglesanyway
(Hapke1984).Shadow hiding is requiredto �t thedata,but its magnitudedependsonthe
degreeof macroscopicroughness.If, in reality, roughnessis high thentheSHOEis very
narrow peaked(hS = 0.01-0.05),but if roughnessis low thenSHOEpeakcanbebroader
(hS = 0.05-0.20).By meansof Eq. 2.34parameterhS canbe interpretedin termsof soil
porosityP andparameterY which dependson the particlesizedistribution. On Earth,
soil porosityvarieswith grainsize;generally, largergrainsizesleadto lower porosities.
Typically, the(total)porosityrangesfrom 0.28for coarsegravel to 0.43for �ne sand,with
clayporositiesbeingashighas0.57(McWorterandSunada1977).Theporosityof lunar
regolith (which is highly comminuted,or pulverized)at the Apollo 11 landingsite was
measuredin thelaboratoryto be0:54� 0:06by Wilson(1973),andtheorizedto bearound
0.78on thelunarsurface.Thenaturallower limit for P seemsto bearound0.3. Particle
distribution parameterY is not easilyinterpreted.Hapke (1986)calculatesY = 0:25 as
typical for comminuted(lunartype)soils.Soilsconsistingof uniformsizedparticleshave
Y = 1:0, themaximumvalue.Hence,theporosityandparameterY cannotbeindependent
andcertain(P; Y) combinationsmustbe unphysical. I �nd hS mustbe small (< 0:15),
possiblycloseto zerodependingon the macroscopicroughness.Figure6.18shows the
full (P; Y) parameterspacewith curvescorrespondingto thehS valueswe �nd. It shows
that low valuesof hS aregenerallyassociatedwith high porosity, unlessY is very small.
As remarkedabove,thesurfaceof theMoonandCallistoexhibit similaroppositionpeaks,
andamodelinge� ort by DomingueandVerbiscer(1997),whoassumeacomminutedsoil
type(Y = 0:25), shows that theHapke parametersfor thesebodiesarewithin the range
of thesurfaceat theHuygenslandingsite.TheotherSHOE�t parameter, peakamplitude
BS0, appearsto be inverselyrelatedto thepeakwidth hS. Theamplitudeis a measureof
particleopacity(seeSec.2.2),but is notwell restrictedin ourcase.
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Figure6.18: The(P; Y) parameterspacewith curvescorrespondingto theHapke SHOE
peakwidth (hS valueslabeled).Parameterrangesfoundfor theMoon, Callisto,andEu-
ropaby DomingueandVerbiscer(1997)areindicated.

The secondambiguity is whetherparticlesscatterisotropically or are intrinsically
backscattering.I assessedthis by usinga double-Henyey-Greenstein(dHG) phasefunc-
tion, characteristicof Titan aerosols. Onceagain, the datado not allow us to clearly
distinguishbetweenthesetwo possibilities,but the bottomline is that it doesnot a� ect
theresultsby much. Shadow hiding is still required(albeitwith a smallerpeakwidth as
for isotropicscattering),anddHG scatteringcannotexplain thehigh re�ectanceat phase
anglezero. Only thesinglescatteringalbedois substantiallyincreased(by roughly10%
at0.93� m to 40%at1.55� m).

Inclusionof coherentbackscatterin themodelis requiredto �t thedatapointsatphase
anglezero.A cleardependenceon wavelengthis not apparentin Table6.3,but notethat
the 1.28 � m methanewindow behavesdi� erentfrom the others. As mentionedabove,
this indicatesthat the VLNS dataat this wavelengthhave beenscaledto a re�ectance
slightly too high. TheCBOEpeakwidth hC is a betterdiagnosticof soil propertiesthan
theamplitudeBC0 (seeSec.2.2), but, unfortunately, hereit is poorly constrained.If we
accepttherealityof thesingle0.93� m datapointat0:45� phaseangle(Fig. 6.17)we �nd
hC = 0:01, with the implication (Eq. 2.37) that the transportmeanfree path in the soil
(the meandistancea photontravels beforeits direction is changedby a large angle)is
� � 7 � m. This impliesthatthescatterersaredenselypacked,seeminglyin contradiction
with the SHOEmodelingresults. But maybeboth mechanismsact on di� erentscales.
Shadowsmaybecastby large(> 1 mm)particles,whereasthecoherentscatterersmaybe
placedmicrometersapartonthesurfaceof thelargerparticles.Measuringthepolarization
of light re�ectedo� thesurfacecouldhelpto identify thedominantscatteringmechanism
(e.g.Shkuratov et al. 2002),but unfortunately, of all DISR instrumentsonly the Solar
Aureolecamerasmadesuchobservations.

Even thoughtthe Hapke modelsarevery sensitive to the singlescatteringalbedoof
thesoil particles(wsoil

� ), requiringspeci�cationto threesigni�cant digits, I �nd di� erent
valuesfor eachof themodels.To �nd anestimatefor the truesinglescatteringalbedoI
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Table6.4: Thesinglescatteringalbedoof theHapke modelsoil particleswe foundcom-
paredwith thoseof theaerosolsin theLPL atmospheremodel(Tomasko etal. 2007).The
lower limit for wsoil

� is from theSHOE+CBOEmodel(Table6.3), theupperlimit is from
themacroscopicroughness+SHOEmodel(Table6.1).

� (� m) wsoil
� waerosol

�
0.93 0.60- 0.71 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 at thelimits imposedby themostplausiblemodels.As I havefoundthatbothSHOE
andCBOE arerequiredto modelthe scatteringbehavior of the soil, the SHOE+CBOE
modelin Fig. 6.17setsthelower limit. Macroscopicroughnessactsto increasethesingle
scatteringalbedo.Thetrueroughnessof thesoil is unknown, sotheupperlimit is setby
themodelwith maximumroughness(� = 40� ) that �ts theVLNS data(Fig. 6.15).Note
thatintrinsic particlebackscatteringincreaseswsoil

� with respectto isotropicscattering,so
this would increasetheupperlimit in caseof maximumroughness.Theresultingranges
for wsoil

� in thedi� erentmethanewindowsis listedin Table6.4.Thevalueswe�nd for wsoil
�

arequitelow for anicy satellite,certainlylower thanthatof theotherSaturniansatellites
(Buratti 1985). Also in this respectis Titan similar to Callisto. Thetablecompareswsoil

�
with the singlescatteringalbedoof the aerosols(waerosol

� ) in the LPL atmospheremodel
(Tomasko et al., in preparation),which suggeststhat theaerosolsthemselvesarenot re-
sponsiblefor the soil scatteringbehavior. Noteworthy is that wsoil

� dropsmore steeply
from 1.28� m to 1.55� m thanwaerosol

� . Eitheraseparatesoil componentis responsiblefor
theadditionalabsorption,or aerosolsundergosubstantialmodi�cation onthesurfacethat
alterstheir albedo.

Themainconclusionsof thissectionarethefollowing. Fromananalysisof theSpec-
trophotometricMapandVLNS dataI �nd there�ectanceof thesurfacearoundthelanding
site to increasetowardslower solarphaseanglesin thenear-infraredmethanewindows.
A substantialincreasetowardszerophaseangle,commonlyreferredto asthe“opposition
surge”, becomesapparentwhenI combinethesedatawith thesurfacere�ectanceasre-
constructedin Chapter5. Theresultingphasecurvescanbemodeledwith aHapkemodel
for light scatteringin a particulatesoil that includesboth shadow hiding andcoherent
backscatter. However, themodelhasmany freeparameters,someof which performsim-
ilar roles,andthereareinsu� cientdatato infer any de�nite characteristicsof Titan soil.
Whatwecansayis thatthesoil aroundthelandingsitehasscatteringpropertiessimilar to
thosefoundfor thesurfaceof otherdarksolarsystembodies,likeCallistoandtheMoon.

6.4 Surfacecolor

In the previous sectionsI showed how the observed intensity in spectraandimagesin-
creaseswith decreasingsolarphaseangle� . Superposedon this trendarethe relatively
small intensityvariationsthat result from re�ectancevariability intrinsic to the surface.
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Figure6.19shows anexampleof this for the intensityat 1.07� m. RememberthatSM1
coveredboth landandlake, whereasSM2 observedonly the lake area.We now crudely
modelthe increaseof intensitytowardslower phaseangleswith lines. Eventhoughthe
previous sectiondealtwith moreadvancedmodels,lines su� ce for our purposeshere.
The lines labeled1 to 3 in Fig. 6.19aremodelsfor the SM1 land,SM1 lake, andSM2
lake observations.With theVLNS intensitiesbeingintermediateto thoseof theSM2 we
cansafelyassumethattheatmospheredoesnotcontributesigni�cantly to theobservedin-
tensitybelow 4 km,andthattheSM2intensities(line 3) aresurfaceonly. Notethatlines1
and2 aresteeperthan3, implying atmosphericbackscattering.Observationswhich de-
viatefrom SM1 lake line 2 aroundphaseangle55� areassociatedwith thebright terrain
southwestof the landingsite. Line 1 appearsto beslightly steeperthan2, re�ecting the
strongerdarkeningof landdiscussedin Section6.1.Fromtheobservationsin Fig.6.19we
canestimatetheratio of re�ectanceof landandlake in thefollowing way. Considerthat
at a certainaltitudetheobservedintensityIobs(� ) at solarphaseangle� is thesumof the
intensityof thedirectbeamscatteredfrom thesurfaceandtheintensityIatm(� ) contributed
by light scatteredinto thebeamby theatmosphere:

Iobs(� ) =
F0

�
e� � � rC(� ) + Iatm(� ) (6.1)

whererC is the radiancecoe� cient of the surfaceand F0 is the downward �ux at the
surface. The direct beamis attenuatedby the interveningatmospherelayer, which has
optical depth� � alongthe optical path. The quantitiesIobs, Iatm andrC alsodependon
theangleof incidenceandre�ection, but I assumetheseto beconstantwithin thespec-
trophotometricmap. The contribution by the atmosphereis uncertain,but we can put
limits on its magnitude.As thehazeparticlesareknown to bestronglyforwardscattering
(Tomasko andSmith1982),it is reasonableto assumethat theatmosphericcontribution
to theobservedintensityis strongerfor light comingfrom thedirectionof theland.Hence
I let theatmosphericintensitycomingfrom thelandbeequalto theatmosphericintensity
comingfrom the lake timesa factor � . This factorrepresentsour uncertaintyconcern-
ing thedegreeof forwardscatteringof theaerosols,andhasa minimumvalueof 1 (for
identicalatmosphericcontributions),andamaximumof r land

C =r lake
C . Exactlyhow muchthe

atmosphericcontribution di� ersfor land andlake canonly be investigatedby radiative
transfermodelsthat includea variegatedsurface. We canwrite a versionof Eq. 6.1 for
bothlandandlakeandeliminateF0e� � � . We �nd

r land
C

r lake
C

=
I land
obs � � I lake

atm

I lake
obs � I lake

atm

: (6.2)

Thisequationprovidesa roughestimateof there�ectanceratioof thebright landandthe
dark lake terrain. I estimatethe di� erentintensitiesfrom Fig. 6.6 at phaseangle35� ; I
readI land

obs from line 1, I lake
obs from line 2, andestimateI lake

atm asthedi� erencebetweenlines2
and3.

The estimatedintensitiesand derived re�ectanceratios are listed in Table 6.5 and
shown in Fig. 6.20. First we notethat thehazebecomesincreasinglydominanttowards
lowerwavelengths,contributingonly 10%to theobservedintensityat1.59� m but almost
half thelight at 751nm. Theland/lake re�ectanceratio in themethanewindowssteadily
increasesfrom around1.10at 751nm to 1.25at 1.28� m, beyondwhich it jumpsto 1.7
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Figure 6.19: The intensitiesin the DLIS 1.07 � m methanewindow with lines (phase
curves)�tted throughSM1 land(1), SM1 lake (2), SM2 lake (3) intensities.Lines1 and
2 aresteeperthan3, implying atmosphericbackscattering.

at 1.59� m. Theratio at 751nm maynot besigni�cantly di� erentfrom thatat 827nm,
but clearly the land is redderthanthe lake over thewholenear-IR wavelengthrange.In
Fig. 6.21we make a roughestimateof theshapeof thelandspectrumby multiplying the
ratioswith there�ectancereconstructedfor thelake in Chapter5. It is temptingto inter-
pret this reddeningin termsof tholinswith the implication that they aremoreabundant
on theland.Di� erenttypesof tholinshavebeensynthesizedin thelaboratory. Theblack
tholinsof Bernardet al. (2006)areredover thewholeDISR wavelengthrange,whereas
there�ectancespectrumof their yellow tholinsfeatureanabsorptionline at 1.5 � m. The
presenceof bothtypesof tholincannotexplainthejumpin re�ectanceat1.59� m. Perhaps
it is associatedwith waterice abundanceor grainsize,asthestrongestwaterabsorption
line in the DISR rangeis the 1.5 � m line. Thenwaterice would be moreabundant(or
exposed)in the lake area,or it would be in the form of coarsergrains(moreaboutthis
below). However, Fig. 6.21shows that the jump at 1.59 � m in the land spectrumcom-
pletelyerasestheshallow absorptionline thatwe�nd in thelakespectrum;it still features
abluenear-IR slope,but it is notclearwhetherthereis roomfor awaterabsorptionline at
all (thoughadmittedly, wehaveonly reliableinformationfor themethanewindows). The
brightestterrainin thelandareaseemsnot to exposewaterice assuggestedby Tomasko
etal. (2005).

How do theseobservationscomparewith thework of others?Rodriguezetal. (2006)
reportCassiniVIMS observationsof theHuygenslandingsite in near-IR methanewin-
dowsfrom 1.08to 5.00� m, severalof whicharein commonwith this study. Theauthors
notea correlationof color with albedoin DLIS rangebandratio images,andattribute it
to a strongadditive scatteringcontribution by theatmosphere.Even thoughtapparently
they do not considerthe possibility of an intrinsic color di� erencebetweenbright and
darkterrain,their ratioscorrectedfor atmosphericscatteringarebroadlyconsistentwith
the surfacecolor di� erenceI have derived, althougha detailedcomparisonis not pos-
sible due to the di� erentresolutionof the observations. McCord et al. (2006)present
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Table 6.5: Albedo ratio of the bright land/river and dark lake terrains,derived from
an analysisof the spectrophotometricmapintensities(in W m� 2 � m� 1 sr� 1) in near-IR
methanewindows usingEq.6.2. Thelower limit of r land

C =r lake
C refersto � = r land

C =r lake
C , the

upperlimit to � = 1. Theintensitieswereestimatedfrom Figs.6.6and6.7atphaseangle
35� .

type wavelength I land
obs I lake

obs I lake
atm I lake

atm=I lake
obs r land

C =r lake
C

DLVS 751nm 0.517 0.472 0.212 0.45 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 0.93� 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 1.28� m 0.195 0.160 0.023 0.14 1.22-1.25
DLIS 1.59� m 0.079 0.048 0.005 0.11 1.63-1.71

Figure6.20: The ratio of landandlake surfacere�ectancein thenear-IR methanewin-
dows, asderived from DLVS/DLIS measurements.The error barsdenotethe limiting
casesfrom Table6.5, with thesymbolsbeingtheir average.The trueuncertaintyin the
DLVS 935nm ratio is larger thanindicatedhere.Theinsertshows theatmosphericcon-
tribution to theintensity(thefractionof light scatteredinto thebeamby theatmosphere)
observedat18km altitude(opticalpathlength19km) comingfrom thelake terrain.

re�ectancereconstructionsfrom CassiniVIMS datafor di� erenttypesof surfaceseenon
Titan (classi�ed by their brightnessin di� erentatmosphericwindows). My re�ectance
spectrumfor lake terrainresemblestheir re�ectancefor dark terrain(“ddark”) in shape,
but thelandre�ectancein Fig. 6.21doesnot look likeany of theirs.

Even thoughthe DISR imagesaremonochromeandthe cameradid not carry color
�lters, wecanputcolorontheimagesusingspectra.Thespectrophotometricmapspectra
wererecordedclosely in time, andareideal for constructingfalsecolor mapsfrom the
ratio of theintensitymeasuredin di� erentmethanewindows. TheDLVS o� ersa higher
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Figure6.21:Thereconstructedlandspectrum,obtainedby multiplying thelakespectrum
(the210spline�t from Fig. 5.16)with theland/lake ratiosin themethanewindows (Ta-
ble 6.5). Notethatthelake re�ectanceis thatfor (SSL)phaseangle0� whereastheratios
weredeterminedat (solar)phaseangle35� , andthatthelakere�ectancebeyond1500nm
is uncertain(it couldbeo� by asmuchas20%at1.59� m). The0.93� m ratio is from the
DLIS.

spatialresolution,but the DLIS covers more methanewindows. Figures6.24 to 6.27
show theDLVS andDLIS spectrophotometricmapsoverlaidon panoramasof theHuy-
genslandingsite,with their footprintscoloredaccordingto theratio of theintensitiesin
thedi� erentnear-IR methanewindows. Table6.6providesasummaryof thespectropho-
tometricmapcolor analysis,andservesasa point of referencein the discussionbelow.
Thelargestratio in amapis representedby purple,thesmallestby blue.

Fromthe0.751,0.827,and0.935� m methanewindowsof theDLVS wecancalculate
thecolor ratios0.827� m / 0.751� m and0.935� m / 0.827� m (at lowerwavelengthsthe
atmospherichazeinterferestoo much). However, theresponsivity at 0.935� m is solow
thatcalibrationartifactsdominatethesignal;whenwecalculatetheaverageof eachof the
16 footprintsover all spectrain eachmap,we �nd that they show a similar dependence
on zenithangle.This is clearlyanartifact,sincebothmapsviewedcompletelydi� erent
terrains.As theseartifactsdominatethe0.927� m / 0.827� m ratio, I excludeit from my
analysis.Theartifactsareminorfor the0.827� m / 0.751� m ratio,only signi�cant for the
footprintsat lowestnadirangle.I devisedacorrectionfor eachfootprintby averagingthe
intensitiesof bothmaps,andits applicationimprovesthecolor balancewithin themaps.
Note that thepositionandorientationof the individual spectraandthemapsasa whole
arenot100%accurate;no imageswererecordedclosein timeto eitherof thespectropho-
tometric maps,which could have constrainedtheir orientation. The azimuthangleof
eachspectrumwascalculatedfrom theprobeattitudereconstructionby Karkoschkaetal.
(2007),assumingzerotip andtilt. Notethatthelattermayleadto inaccuraciesin theposi-
tioningof thefootprints;therelativeorientationof thespectrawithin amapis reliabledue
to therapidacquisitionof spectra,but wecannotaccountfor a possibleswingingmotion
of theprobe.Figure6.24shows theDLVS spectrophotometricmapswith the0.827� m /
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Table6.6: Summaryof the resultsof the spectrophotometricmapcolor analysis. � obs

is thedi� erencebetweenthemaximumandminimumintensityratio R, in bracketsasa
percentageof themaximum.� exp is thedi� erenceexpectedfrom surfacebackscattering
(Fig. 6.29),in bracketsasapercentageof thedi� erenceobservedfor SM2.

SM1 SM2
ratio Rmax Rmin � obs Rmax Rmin � obs � exp
827nm
751nm 1.007 0.929 0.078(8) 1.107 1.043 0.064(6) n/a
1:07� m
0:93� m 1.011 0.955 0.055(5) 1.033 1.006 0.027(3) 0.013(48)
1:28� m
1:07� m 0.687 0.632 0.055(8) 0.675 0.656 0.018(3) 0.009(50)
1:59� m
1:28� m 0.360 0.260 0.100(28) 0.317 0.285 0.032(10) 0.009(29)

0.748� m intensityratio in falsecolor. In theSM1 a high color ratio (pink footprints)is
associatedwith the landarea(labeleda), andthe lowestratios(bluefootprints)with the
lakeareaeastof thelandingsite(b), con�rming the�ndings in Tomasko etal. (2005).As
mentionedbefore,at thesewavelengthsit is notclearwhetherthelandareais truly redder
or simply brighterthanthelake area;thepreferentialabsorptionof light of lowestwave-
lengthby thehazemaymerelymakethelandareaappearredder. TheDLVS colormapis
mostusefulfor verifying thebrightnessdistribution of theDISR landingsitepanorama.
For example,lake bedassociatedwith blue footprints in Fig. 6.24A is probablydarker
thanlake bedoverlayedby greenfootprints. Thefact that the footprintsthatcover what
appearsto be lake bednorthof the landarea(c) arealsoblue suggeststhis terrainis as
darkasthelake bedin theeast(b), con�rming our suspicionput forward in Section6.1.
Thebright terrainsoutheastof the landingsite (d) is characterizedby orangefootprints,
with thebroaddarkchannelimmediatelysouthof it tracedout well by greenfootprints.
The lake bed in front of the land area(e) is brighter, showing up in greenandyellow
footprints. In termsof thebrightnessgradientin Fig. 6.9 I interpretlake bede to beless
cleanthanb andc, beingcoveredby out�ow depositsfrom the mainland. This terrain
wasobservedin detailby SM2. Figure6.24Bshows thatthehighestcolor ratio is found
in front of the coastline, andthe lowestratio in the lake bedareasouthof the landing
site.Thiscolorgradientis associatedwith theaforementionedlargescalebrightnessgra-
dient.Smallscalecolordi� erencesmayberelatedto thepresenceof bright islandsin the
lake bed. However, the `banded'appearanceof the spectraalongthe spatialdimension
suggeststhatcalibrationartifactshavenotbeencompletelyremoved.

Thespatialcoverageof theDLIS spectrophotometricmapsis muchsmallerthanthat
of theDLVS maps;oneDLIS exposureyieldsonly asinglespectrumasopposedto 16for
theDLVS.Figures6.25to6.27show theDLIS footprintsof bothmapsoverlaidonpanora-
masof the landingsite, coloredaccordingto the ratio of intensity in the four methane
windows. For all threecolor ratios,SM1 con�rms that the river areais redderthanthe
lake area. This is mainly dueto the intrinsic color di� erencebetweenthe two typesof
terrain;asexpectedfrom Fig. 6.20,it is mostpronouncedfor the1.59� m / 1.28� m ratio.
This explainswhy thesubtlecolor variationswithin the landareaseenin the1.07� m /
0.93 � m and1.28 � m / 1.07� m ratiosdo not appearin the 1.59 � m / 1.28� m ratio; if
present,they aredwarfedby thelargecolor gapbetweenlandandlake. It mustbenoted
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6.4 Surfacecolor

Figure6.22: Theintensitiesrecordedby theDLVS in the20-columnspectrophotometric
mapmodeshow evidencefor the presenceof calibrationartifacts. For eachof the 16
footprintswe calculatethe averageover all spectrain map 1 and2. Shown are ratios
of the intensityin threemethanewindows; at the top the827 nm / 751nm ratio, at the
bottom the935nm / 827nm ratio. On theleft averagedintensitiesfor thetwo maps,on
theright theaveragedintensitiesof SM1multipliedby aconstantto matchthoseof SM2.
To lower the level of noise,the intensitiesarecalculatedastheaverageof threespectral
pixelsaroundthewavelengthof interest.

thattheSM1colorvariationis largerfor the1.07� m / 0.93� m ratio thanfor the1.28� m
/ 1.07� m ratio, althoughit is unclearwhat this means.As is oftendonefor spectraac-
quired from outsidethe atmosphere(e.g.Gri� th et al. 2003,McCord et al. 2006),we
caninterpretthe color di� erencein the methanewindows in termsof water ice; when
we comparetheobservedvariability of the threeratioswith thatof waterice (Fig. 5.22,
measuredatmethanewindow wavelengths),we�nd thatit is broadlyconsistentwith land
consistingof �ne andlakebedof mediumgrainedwaterice. But with theavailability of a
full lakebedspectrum(Fig.6.21),this interpretationbecomesquestionable.As discussed
above, thedetectionof waterice at theHuygenslandingsite is by no meanscertain,and
thecolordi� erencebetweenlandandlakebedmayalsoberelatedto tholin abundance.

Peculiar, sinceit doesnotshow upin theDLVS SM1(andhenceis notassociatedwith
surfacebrightness),is thereddishterrainin thelakebedsouthof thelandingsite(labeled
with anasteriskin Fig. 6.25).Its spectralbehavior is di� erentfrom theotherlake terrain,
but it doesnot standout asunusualin the images(althoughadmittedlyit is di� cult to
interpretany featurein this partof the lake). Unfortunately, this partwasnot imagedat
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6 SurfaceBRDF

Figure6.23: Calibrationartifactsin theDLVS SM1. The �gures at left andright show
the mapbeforeandafter 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. 6.28betraysthe presenceof riversin this area.
In the SM1 overview panorama(e.g.Fig. 6.27, top) it canbe seenthat thesered DLIS
footprintsareclosestto theverydarkterrain(theDarkSpot)to thesouth,whichI suggest
is land/river terrainlike that north of the landingsite (seeSection6.1), andarelocated
within what may be an out�ow channel.An exciting possibility is that the red color is
associatedwith out�ow from theDark Spot,with eitherthe liquid itself beingredor the
sedimentit transported.

The color variability in the SM2 is lesspronouncedthanin the SM1, andthe color
spatialdistribution is di� erentfor all ratios. Exceptfor the highestcolor ratios,which
oftencanbefoundin thenorthwestcornerof mostspectrophotometricmaps,associated
with spectraacquiredat the lowestsolarphaseangles.This raisesthequestionwhether
reddeningis associatedwith surfacebackscattering.I calculatedthedegreeof reddening
for thebest-�tting Hapke model,that for isotropicallyscatteringparticles,andshow the
resultsin Fig. 6.29. For the DLIS rangeof solarphaseanglesonly a moderateamount
of reddeningis expected,accountingfor roughlya quarterof thatobservedfor SM2 (last
columnin Table6.6). Apparently, mostof the variability observed in the lake areaby
SM2is intrinsicto thesurface,althoughatDLVS wavelengthsatmosphericbackscattering
may contribute. Other thanthe fact that higherratiosaregenerallyfound closerto the
coastline, thereis no obviouscorrelationwith surfacemorphology. It is unclearhow the
color variability in the lake shouldbe interpreted.It may be relatedto subtlechemical
and/or particlesizedi� erences,likely associatedwith the�o w featuresthataboundin the
darkterrain.Sinceweexpectthataerosoldepositionshouldcompletelycover thesurface
within a few decades,the fact that thesecolor di� erencesexist indicatesthat �uvial or
aeolianprocessescreatesor maintainsthem.
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6.4 Surfacecolor

Figure6.24: Theratio of the intensityin themethanewindows at 827and751nm, dis-
playedfor thetwo DLVS spectrophotometricmaps.A: SM1(45� 45km),B: SM2(10� 10
km). Theratiosarecorrectedfor thecalibrationartifactsin Fig. 6.22. Intensitiesarecal-
culatedas the averageof threespectralpixels centeredon the wavelengthof interest.
Projectionis gnomonic,andthe landingsite is exactly at thecenterof eachbackground
mosaic(Karkoschkaetal. 2007).
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6 SurfaceBRDF

Figure 6.25: The ratio of the intensity in the methanewindows at 1.07 and 0.93 � m,
displayedfor thetwo DLIS spectrophotometricmaps(A: SM1,B: SM2).
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6.4 Surfacecolor

Figure 6.26: The ratio of the intensity in the methanewindows at 1.28 and 1.07 � m,
displayedfor thetwo DLIS spectrophotometricmaps(A: SM1,B: SM2).
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6 SurfaceBRDF

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

Figure6.28: Close-upof the anomalousregion southof the landingsite which consis-
tently showsup redin theDLIS SM1colormaps.Shown is the1.59� m / 1.28� m inten-
sity ratio of DLIS 86-105overlaidin falsecolor on MRI 487-613in Mercatorprojection
(colorscaleis slightly di� erentfrom Fig. 6.27).

Figure6.29:Thecolor of thelake surfaceasa functionof solarphaseangle,asexpected
from thebest�t HapkeSHOEmodelfor isotropicallyscatteringparticles(Fig. 6.16,top).
Color is expressedasthe ratio of observed intensity in four near-IR methanewindows.
Thescalehasbeenchosento facilitatecomparisonwith theSM2projectionsin Figs.6.25
to 6.27. The vertical dottedlines indicatethe phaseanglelimits of SM2, and� is the
increaseof theratio over this interval.
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7 Temporal Variability

After successfullylandingon Titan's surface,Huygenscontinuedto operate.About an
hoursworthof datawasreceivedfromthesurface,thecommunicationeventuallycutshort
by Cassini'sdisappearancebelow thehorizon.Earthradiotelescopesdetectedtheteleme-
try carriersignalfor severalhourslonger(Lebretonet al. 2005). DISR remainedactive
too,andapartfrom 198imagesatotalof 49DLV, 190DLVS,and36DLIS measurements
werereturnedfrom thesurface(in datastream524b).As theinstrumentinitially needed
time to adjustto thehigherintensitylevelsdueto the�ood of re�ected lamplight, many
of theearlyspectraareoverexposed.Thesepost-landingmeasurementsprovedto bevari-
ablein time. In thischapterI analyzetheshorttermtemporalvariability observedaround
landing,andthegradualchangesobservedoverthecourseof thehouronthesurface.The
detailsof all measurementsdiscussedcanbefoundin AppendixA. Apart from thethree
aforementionedinstrumentsI alsoincludecolumn49 in thediscussion.Strictly speaking
not aninstrument,column49 wasusedasa measureof light spilling over from theMRI
to thevisualspectrometers(`crosstalk',seeSection3.3and§3.4.5),andmayberegarded
asa onedimensioncamera.It is importantto keepin mind thedi� erent�eld of view of
theinstruments.TheDLVS samplesasmallfractionon theleft sideof there�ection spot
visible in the post-landingMRI image,and the DLIS samplesthe re�ection spot itself
(seeFig. 4.7).Column49 samplestheright sideof theMRI image(morespeci�cally the
upper200pixels),andDLV �eld of view is half thehemisphere.With theSurfaceScience
Lamp(SSL)beingthemainsourceof light, it is paramountto establishthatits outputwas
constant.Theprobehousekeepingdataprovide theSSLdiagnosticscurrentandvoltage.
Figure7.1shows thatthesetwo indicatorsweresteady. Beinganincandescentlamp,this
impliesthattheSSLbrightnesswasconstantfrom themomentit wasswitchedon.

All active downward looking instrumentsrecordedrapid changeswithin an interval
of six secondsafter landing. In thenext sectionI discussthesein termsof two possible
mechanisms.Oneis that after landingthe probemoved for several seconds.The SSP
foundevidencethattheprobelandedonacobble,liketheonesweseein thepost-landing
images(Zarneckiet al. 2005). But the stablepost-landingaltitudeof the DISR camera
is consistentwith the probe's bottomrestingon the soil (Karkoschkaet al. 2007). So
it is reasonableto assumethateithertheprobepushedthe cobblesit landedon into the
apparentlysoft soil, or that it slid o� of them while rotating (a 320 kg probelanding
with 1 rpm carriesa lot of angularmomentum).Both movementswould have changed
DISR'sattitudeanddistanceto thesurfacesigni�cantly for a few seconds.An alternative
mechanismis thedevelopmentof adustcloud.Lorenz(1993)investigatedthelikelihood
of a dustcloud beinggeneratedby the impactof Huygenswake, andpredictedthat in
thepresenceof �ne particlesat thelandingsitetheformationof anoptically thick cloud,
lastingfor someseconds,would bepossible.Theweaksurfacewind of <1 m s� 1 (Bird
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7 TemporalVariability

Figure7.1: Thecurrent(left) andvoltage(right ) of the20 W SSLwereconstantafter it
wasswitchedonatmissiontime8734sec.Thesehousekeepingdataarefrom datastream
524aastheSSLcurrentin stream524bis corrupt(ChuckSee,personalcommunication).

etal. 2005,Lorenz2006)couldhavecarriedthedustaway in a few seconds.
In the lastsectionof this chapterI discussthegradualchangesobservedby someof

thedownwardlooking instrumentsoverthecourseof thehourin whichCassinicontinued
to receive datafrom Huygens.Whetherthesechangesarerelatedto theenvironmentof
thelandingsiteis questionable,but at leastthey provideusmoreinsightinto theworkings
of theinstruments.

7.1 Variability around landing

Rightafterlandingtheinstrumentwasstill operatingin theVLNS mode(seeSection4.1).
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
recordedasingledarkmeasurement0.25sbeforelanding).In thefollowing paragraphsI
�rst dealwith eachinstrumentindividually, beforeI attemptto developa comprehensive
view of whattranspiredaroundlanding.

7.1.1 DLV

In contrasttoall otherobservationmodes,theDLV darkcurrentassociatedwith theVLNS
modeis unimodal. This meansthat the raw datanumberscanuniquelybeconvertedto
intensities. Figure7.2 shows all the DLV VLNS measurements,both beforeandafter
landing. The �rst intensity in this series,acquiredat the lowest solar phaseangle, is
clearly higherthanthatof subsequentmeasurements,demonstratingthat the opposition
e� ect(dueto backscatteringof sunlightby thehaze)wasalsoobservedby theDLV (see
Chapter6 for adiscussionof theoppositione� ect).Thelastpre-landingintensity(441, at
3.5m above thesurface)is higherdueto theproximity of thelampre�ection spoton the
surface.After landingthe intensityjumpsto a higherlevel, reachingthestablevalueof
0.104� 0.002[W m� 2 � m� 1 sr� 1] afterabout� ve secondsfrom 449on. Small variations
observed thereafterarewithin the limits of uncertainty. The �rst post-landingintensity
(445, 0.100[W m� 2 � m� 1 sr� 1] after 2.7 s) is signi�cantly lower, whereasthe second
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7.1 Variability aroundlanding

Figure7.2: TheVLNS modeDLV measurements,with errorsindicatingtheuncertainty
in the biaslevel. Left : All measurements.Right: Zoomingin on the time of landing,
with sequentialnumberslabeled.

(447, 0.111[W m� 2 � m� 1 sr� 1] after3.8s) is signi�cantly higherthanthestablevalue.To
explain thetwo anomalouspost-landingdatapointswehave to considerthetwo di� erent
mechanisms(probemovementanddustcloudformation),outlinedin theprevioussection.
With the�eld of view beinghalf thehemisphere,it is di� cult to distinguishbetweenthe
e� ectsof movementanddust.Dustwouldbebrightcloseto thelamp,butatthesametime
obscurethelampre�ection spot.Probemovementcouldexplain thedataby changingthe
distanceto the surfaceor bringing objectsof di� erentbrightnessinto the �eld of view.
Weneedto examinethemeasurementsof otherinstrumentsfor moreclues.

7.1.2 Column 49

CCDcolumn49is essentiallyaone-dimensionalcamera;it collectslight spilledoverfrom
theMRI. This “crosstalk”is mainlyanuisancefor theULVS (aminor for theDLVS), and
column49 is usedto gaugeits magnitude.Figure3.2showsthelocationof column49on
theCCD with respectto theMRI. Note that if anMRI imageis projectedin thecorrect
orientation(raw imagesareupsidedown), light leaksfrom therightmostcolumns.

Column49 wasreadout several timesaroundlanding,andFig. 7.3 shows theasso-
ciatedbrightnesspro�les. Measurement787 wasactuallyacquiredduring landing,and
its brightnesspro�le appearssmoothed,mostlikely becauseof smear(it wasinitiatedbe-
fore landing,while theprobewasstill rotating). In contrast,the�rst pro�le after landing
(790, recordedafter4 s) is jagged,showing thesamedetailedstructureaslaterones(791
and792). As the signalwasstrongdueto re�ected lamp light, the jaggednatureof the
pro�le mustbe dueto surfacefeatures.It cannotre�ect pixel-to-pixel variationsin the
responsivity of column49 (which is unknown) because787 is smooth,asexpectedfor
a smearedpro�le. The small variationssuperposedon the pre-landingpro�les 783 and
784aredueto photonnoise;their magnitudeis in theorderof a few DN, visible in only
becauseof theuseof thelogarithmicscalein Fig.7.3.Figure7.4examinesthecorrelation
betweena post-landingMRI imageandcolumn49. Shown arethetop 200pixelsof the
� ve rightmostcolumnsof theMRI imagetogetherwith column49 791. Thecorrelation
of thedetailedpro�le featuresis weak,but appearsto bepresent,e.g.aroundpixel 170.
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7 TemporalVariability

Figure7.3: Thevariability of column49aroundthetimeof landing.Left : 783, 784(pre-
landing),787 (aroundlanding),and790-792 (post-landing).791 and792 aredrawn in
black. The insetshows thesame�gure in log-scale.Right: Thevariability of pixels10
and190.Thescaleof pixel 10hasbeenenlargedto show changesin theintensitygradient
over thecolumn.Thecolorsarethesameasin the�gure on theleft.

Figure 7.4: After landing, the small-scaledetailsof the columnsof the MRI that are
locatednext to column49 correlatereasonablyweaklywith the latter. Left : Column49
791displayedin black,with the raw MRI 1191columns1-5 in red. Right: MRI 1191,
with the plottedcolumnsin red. The overexposedlamp re�ection spot is visible in the
lowerright corner. SeeFig.3.2for thelocationandorientationof theMRI andcolumn49
on theCCD.

This tentatively con�rms that thesmall-scalefeaturesin thecolumn49 pro�le correlate
with surfacefeatures.All of this suggeststhatDISR waslooking at thesamespoton the
surfacefrom 790onward. Yet 790 is brighter, mostly towardshigherpixel numbers,i.e.
closeto thelampre�ection spot.In principle,thisbrighteningcouldhavebeencausedby
a dustcloud,which would have increasedthe amountof lamp light scatteredbackinto
thecamera.Becausethedetailedstructureof pro�le 790is similar to thatof subsequent
measurements,this cloudmusthavebeenoptically thin.
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7.1 Variability aroundlanding

7.1.3 DLVS

Directly after landing the DLVS signal oscillatedfor several secondsbeforereaching
stability. Figure7.5showshow it startedout low (788; 28%lower thanthestablebright-
ness),reachedamaximum(789; 16%higher),andthenreachedasecondminimum(790;
10%lower) beforestabilizingsomewherebetweenfour to six secondsafter landing(791
andlater). The �rst post-landingspectrum(788, recordedafter1.6 s) is not only a third
lowerin brightness,but its shapeis alsodi� erent(redder)thanthatof thestablespectrum,
whereastheshapeof thetwo subsequentspectrais virtually identical.In view of thetwo
mechanismsproposedabove (probemovementanddustcloud), it is di� cult to envision
how a dustcloudcouldhave causedthebrightnessto oscillate. TheDLVS did not look
directly into thecoreof theSSLbeam,but wasaimedjust to the left of it (seeFig. 4.7),
souniformly distributedinterveningdustwould have absorbedthe light re�ectedo� the
surface.Turbulencewithin thedustcloudcouldhavecauseddi� erentdegreesof darken-
ing, but only in aspecialcase(dustcloseto theground)it couldhave leadto brightening.
On the otherhand,if we assumethat Huygenswasinitially elevatedabove the surface
by about10 cm, perchedon ice cobbles,it would leadto an intensitya third lower than
thestablevalue,exactly whatis observedfor 788. We cancalculatethis quiteaccurately
becauseof thesmall �eld of view of the DLVS in theVLNS mode(seeFig. 4.7). That
this spectrumis alsoredderthanthestablespectrumstrengthensthesuspicionthatDISR
waslooking at a di� erentpatchon the surface. As mentionedabove, thehigherbright-
nessof the next spectrum(789) cannotreasonablybe explainedby dust. Togetherwith
thefactthatit alsois slightly redderthanthestablespectrum(Fig. 7.5),thissuggeststhat
Huygenswasstill moving 3.0s afterlanding.Thebrighteningcanbeexplainedby DISR
beingcloserto thesurface(inclinedforward?),or thepresenceof arelatively brightobject
in the �eld of view. The 10% lower brightnessof 790, recordeddirectly after 789, can
beexplainedby eitherprobemovementor adustcloud.Theformerwould imply thatthe
probewasstill moving 4.0s afterlanding.

7.1.4 Synthesis

Figure7.6 shows how thesignalof thedownwardlooking instrumentsactive aroundthe
time of landing(t0) variedin a similar, but not identical,way. Secondsbeforelanding
thesignalincreasedin strengthdueto thebrighteningof the lampre�ection spoton the
approachingsurface. Directly after landingthe signalwasvariablefor a periodof four
to six seconds,afterwhich it stabilized.We now concentrateon threesubsequenttimes
of measurementwithin this brief interval of variability indicatedin Fig. 7.6 (t1 = 1:6 s,
t2 = 3:0 s,andt3 = 4:0 s afterlanding).Initially all instrumentsrecordeda relatively low
signal.For column49 (787at t0) this wasprobablydueto thefact that themeasurement
wasinitiated beforelanding. The low intensityof DLVS 788 (at t1) with respectto the
stablevalueis consistentwith theprobebeingperchedon10cmdiametericecobbles.Its
reddercolorcomparedto thestablespectrumsupportstheideathattheprobewasinitially
lookingatadi� erentpatchof surface.TheDLV (445) andDLVS (789) observationsat t2

aremoredi� cult to explain. TheDLV measureda 10%lower intensitycomparedto the
stablevalue,whereasthe DLVS wasactually16% brighter. The DLV readingsuggests
that the probe's undersidehadnot yet cometo reston the soil, but wasstill elevateda
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Figure7.5: The DLVS spectraexhibit changesin intensityaroundthe time of landing.
Top left: All VLNS modeDLVS spectra.Unlabeledare768-785at the bottom,dotted
lines indicatewherethe spectrumwasoverexposed. The spacecraftlandedin-between
therecordingof 786and788. Top Right: The �rst four spectrarecordedafter landing,
scaledto matchattheredendof thespectrum(791is behind790). The�rst spectrumafter
landingis signi�cantly redderthanthe others.Bottom: The intensitiesin two methane
bands,with the time of landing indicatedby the vertical dottedline. The x-error bars
delimit theexposuretime. They-errorbars,while drawn, arehardto seeasthey aremuch
smallerthantheplottingsymbols.

few cm above thesurface.Thebright DLVS spectrummaybeexplainedby thepresence
of a bright, or elevatedobject(cobble?)in its small �eld of view. Thefact that it is also
slightly reddersupportsthe ideathat theprobehadnot yet cometo rest. It appearsthat
theobservationsat t3 (DLV 447, column49 andDLVS 790) areinconsistentwith probe
movement.Thecolumn49 pro�le shows a brighteningtowardsthelampre�ection spot,
andhasa detailedshapethat resemblesthat of the stablepro�le, indicating that DISR
musthave viewedexactly the sameterrain. TheDLV detectedbrighteningby a similar
amount,but at the sametime the DLVS darkenedby 10%. How can the DLVS have
experienceda local minimumwhile both theDLV andcolumn49 reacheda maximum?
Theanswermusthave to do with theinstruments'di� erent�eld of view, andmaybethe
temporarypresenceof adustcloud.

To investigatethiswesimulatethepost-landingilluminationof thesurfaceby theSSL
with theopen-sourcePOV-Rayraytracer(version3.6,www.povray.org ). Thesimulation
putsa spotlight in the samepositionasthe SSL on DISR with Huygensrestingon the
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7.1 Variability aroundlanding

Figure7.6: Theobservationsof thedownwardlooking instrumentscomparedaroundthe
time of landing(t0). Error barsdelimit theexposuretime. Shown is thesignalstrength
of theDLV, DLVS, andcolumn49,o� setby anarbitraryamount.Also indicatedarethe
threetimes(t1, t2, t3) discussedin thetext.

surface(MRI altitude46 cm). Light re�ectedo� a surfaceis observedfrom thepoint of
view of theMRI. Thespotlightbeamis circular(not elliptical asfor theactualSSL),and
its �ux dropso� with thesquareof thedistance.Beforelight reachesthesurfaceit maybe
scatteredby dust(if present)to beregisteredby thecamera.POV-Rayo� erstwo waysto
simulatedust.The�rst is with themedia statementto simulatescatteringandextinction
by amediumof microscopicscatterers.Thistypeof simulationis not formulatedin terms
of particles,and it doesnot modelextinction of light re�ected o� the surfacetowards
the cameras. Hence,its resultscan only be discussedin qualitative terms. The type
of scatteringcanbe speci�ed. I considerboth isotropicscattering,and(morerealistic)
the stronglyforward scatteringbehavior of the Mie hazemodel. Alternatively, I model
macroscopicdustparticlesastiny spheres,whichdoestakeintoaccountextinctionof light
re�ectedo� thesurface.For thespherediameterI selectavaluein therangeprovidedby
Lorenzetal. (2006b)for particlesthatmaymakeuptheequatorialdunes.SinceHuygens
landed30 km southof two dunes(seeFigs. 1.10 and 6.3), it is reasonableto assume
theseparticlescan be found aroundthe landing site. Figure 7.7 shows the resultsfor
the microscopicdust (media) simulation. The top �gures aresimulatedMRI views of
a variegatedsurfaceilluminatedby a SSL-typelamp,thebottom�gures show simulated
column49 pro�les. It is clearthatdustabsorptiondarkensthe left sideof the re�ection
spot(the approximatelocationof the DLVS footprint), but it is key to demonstratethat
at thesametime it canbrightenthe right sideof theMRI image(which spills over into
column49). The �gure shows that isotropicallyscatteringdustcando this, wherethe
(more realistically) forward scatteringdust fails. In both casesdetailson the surface
remainvisible, as requiredby the column49 observations. Apparently, to explain the
increasedbrightnessof column49 790substantialbackscatteringis required.Figure7.8
showstheresultsof themacroscopicdust(spheres)simulation,with at left simulatedMRI
views, andat right theassociatedcolumn49 pro�les. Note that the lampre�ection spot
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Figure7.7: Simulationsof how column49 would perceive the presenceof microscopic
dustbetweenDISR andthesurface.Top: POV-Raysimulationsof how theMRI would
seethe lamp re�ection spot. The simulationemploys the media statement,which does
not considerextinction of light re�ected from thesurface. Far left: MRI image1011of
theoverexposedre�ection spot.Centerleft: No dust.Centerright: Dustscatteringwhite
light isotropically. Far right: To illustratetheprocesswe let dustscattergreenandblue
light only (red light is transmitted).The simulatedlamp beamis circular, whereasthe
actualbeamis elliptical. Bottom: Simulatedcolumn49 pro�les (i.e. the top 200pixels
of the rightmostcolumnof the MRI images)in the presenceof isotropically (left) and
forward(right) scatteringdust.Comparethesepro�les to Fig. 7.3(left).

is displayeddarker thanin Fig. 7.7 to accommodatefor the high brightnessof particles
closeto thelamp. Theparticlenumberdensityis 3 cm� 3, which resultsin a darkeningof
10%at theleft sideof thelampspot(asrequiredby DLVS observation790). Clearly, the
presenceof macroscopicparticlescreatesspikesin thecolumn49 pro�le, with maxima
in brightnessdueto particlescloseto the lamp,andminimadueto particlescloseto the
camera.In reality, thespikeswouldnotbeaspronouncedasin Fig. 7.8,becauseparticles
closeto thecamerawould beout of focus,andbecausecrossover to column49 doesnot
only involve the rightmostcolumnof the MRI. Nevertheless,thesesimplesimulations
suggestthatthebrighteningof column49pro�le 790with respectto 791is de�nitely not
dueto large(>0.1mm)dustparticles,asthesewouldleadto spikesin thepro�le thatwere
not observed. In principle,it maybecausedby thepresenceof very �ne particles,which
would needto exhibit a substantialdegreeof backscattering,andhavea scatteringcross-
sectionindependentof wavelength.This wouldbeanunusualtypeof dust.Scatteringby
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7.2 Long termvariability

Figure7.8: Simulationsof how column49 would perceive thepresenceof macroscopic
dustbetweenDISR anda uniform surface.Left : POV-Raysimulationsof how theMRI
would seethe lampre�ection spot. Dust is modeledasisotropicallyscattering0.25mm
(left) and2 mm(right) diameterspheresatanumberdensityof 3 cm� 3. Right: Simulated
column49 pro�les (i.e. the top 200pixelsof the rightmostcolumnof the MRI images)
for the0.25mmdiameterspheresat left. Comparethis �gure to Fig. 7.3(left).

Titanaerosols,for example,is foundto bestrongin theforwarddirectionandwavelength
dependent(Tomasko andSmith1982)(Tomasko etal. 2007).

In summary, the downward looking instrumentmeasurementsareexplainedbestby
the assumptionthat Huygenswas moving and/or rotating for at least3 seconds,after
landing,probablyperchedon cobbleslike thoseobserved in the SLI images. Because
the �nal restingpositionof theprobewaswith its bottomon thesoil (Karkoschkaet al.
2007),it musthaveslid o� thecobbles,or pushedtheminto the(soft)ground.TheDLVS
measurementswithin that interval provide evidencefor the presenceof materialswith
di� erentspectralcharacteristicsat thelandingsite. Themeasurementsat 4 secondsafter
landingaredi� cult to explain. They arenotcausedby thepresenceof largedustparticles
in theair betweensurfaceandcamera,thatarethoughtto make up theequatorialdunes
(Lorenzetal. 2006b).Very �ne particlesareruledoutby therequirementof backscatter-
ing andthespectrallyneutralcharacterof theputativeabsorption.Possiblywedonotfully
understandthecrossovermechanism,and/or thepost-landingbehavior of theCCD.Input
from otheronboardsensors(radio,accelerometers)could leadto furtherunderstanding,
andperhapsindicatewhethertheprobewasstill moving after4 secondsafterlanding.

7.2 Long term variability

After 47 secondson thesurfaceDISR switchedto oneof theseveralsurfacemodes(see
Section4.1). The DLVS returnedto the 10-columnmode,andthe DLIS measurements
wereoncemoresummedonboardasif thespacecraftwasstill suspendedin theair. Some
of theDISRinstrumentsobservedslow, gradualchangesoverthehourthatHuygensspent
immobilizedon the surface. In this sectionI discusswhetherthesearereal, or canbe
attributedto instrumentale� ects.
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7 TemporalVariability

Figure7.9: Thesignalof theDLV is virtually constantover time afteroneminuteafter
landing.Themeasurementsarebimodaldueto thedarksignalassociatedwith thesurface
operationalmode.

7.2.1 DLV

After the initial variability aroundlandingthe DLV signal remainedvirtually constant.
Thechangesvisible in Fig. 7.9aredueto thebimodaldistributionof thedarksignal(see
§3.1.1)in the varioussurfacemodes. The expecteddi� erencein dark signal is about
10DN, moreor lessthevalueobserved.

7.2.2 CCD instruments

The long term behavior of the CCD-basedinstrumentsafter landingwaspeculiar. The
brightnessdistribution on the imagesgraduallychanged,with the brightestpartsof the
SLI surface image(the top and bottom part) becomingeven brighter over time. The
brightnessdistribution on all SLI surfaceimagesis in fact identical. The CCD wasnot
designedto dealwith the�ood of re�ectedlamplight it receivedafterlanding,andcould
not get rid of the excesscharge completely. The DLVS measurementsarea� ectedin a
similar way. Furthermore,post-landingCCD measurementswere severely a� ectedby
straylight, dueto thesmalldistanceof the�ber to theCCD surface(20 � m).

The otherdownward looking instrumentsthat usethe CCD aslight detectorindeed
behavedsimilarly. Figure7.10shows how the signalof both column49 andthe DLVS
graduallyincreasedovertime,column49mostlywherethechargerateis highest,andthe
DLVSmostlyathigherwavelengths,wheretheintensityis highest.SincetheDLV andthe
DLIS observations,whichdo not usetheCCD asdetector, did not exhibit any signi�cant
changesover time, thechangesobservedby column49 andtheDLVS mustresultfrom
thephenomenondescribedabove. Thenit follows that themostaccuratemeasurements
arethoserecordedright afterlanding.
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7.2 Long termvariability

Figure7.10:ChargeaccumulationontheCCDovertime. Column49(left) andtheDLVS
(right ) werereadout at thesametime, andthereforehave identicalsequentialnumbers
(listedin thelegend).Thetime betweenthe�rst andlastmeasurementwas4074sec(1h
8m). The increaseis largestwherethesignalis strongest.SpectraDLVS 821and1077
arethatof footprint 6 (out of 8) of the �rst andlast correctlyexposed10-columnmode
spectrarecordedafterlanding.

7.2.3 DLIS

Figure7.11(left) comparesthe�rst correctlyexposedDLIS spectrumrecordedafterland-
ing (249) with the lastone(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
spacecraftwasmistakenabouthaving landedandin reality wasstill suspendedin theat-
mosphere(seeSec.4.1). In contrastto spectrarecordedearly in �ight, summingwhile
on thesurfaceis of no consequencebecausethespacecraftwascontinuouslylooking in
thesamedirection. The �gure shows that theDLIS observeda slight gradualdarkening
over the courseof the hour on the surface. Whetherthis darkeningof about5% is real
cannotbeestablishedwith certainty, but probablynotbecauseit wasnotobservedby any
of the otherdownward looking instruments.Instead,it may emerge from a switch to a
di� erentsetof responsivities associatedwith the14 K increasein detectortemperature.
Even thoughthe imagesshow that the probetilted slightly over the hour (Karkoschka
etal. 2007),theestimatedamountis sosmall(0.06degrees),thatthiscouldhavea� ected
the spectrometerobservations. The overall re�ectanceof the surfacewas most likely
constant,asimplied by theDLV measurements.

Is the depthof the methaneabsorptionlines constantaswell? As Fig. 7.11 (right)
shows,the1.16� m methanecomplex doesnotshow any changesin shapeoverthecourse
of an hour. This implies that the methanemixing ratio in the atmospherebetweenthe
DLIS andthe lamp re�ection spoton the surfacewasconstant.If evaporationof liquid
methanefromthesoil by lampor probeheatoccurredafter90secondsafterlanding,it was
too little to beobservedin theDLIS opticalpath.Thepresenceof liquid methaneon the
surfaceat thelandingsiteis ruledout by thepost-landingDLIS spectra(seeSection5.3)
andobservationsby otherHuygensinstruments(Fulchignoniet al. 2005,Zarneckiet al.
2005).However, therearehints that thesubsurfaceis wet at a depthof severalcm (Nie-
mannet al. 2005,Zarneckiet al. 2005,Lorenzet al. 2006a).Most of the energy of the
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7 TemporalVariability

Figure7.11: Evolution of theDLIS spectrarecordedon thesurface. Left : 249and268
arethe �rst andlast unsaturatedspectra(seeTableA.14). The recordingtimesof 249,
261, and268are8960,10943and12902s, respectively, andtheir detectortemperatures
189,196,and203K. All spectraused202asbackground.Right: Whenspectra261and
268arescaledto match249, the1.16� m methaneabsorptionline complex is foundto be
invariant.

20 W SSLwasdepositedon anareaof about80 cm2, andtheheat�o w downwardmay
haveheatedliquid methanein thesubsurfaceto theboiling pointat 116K (at Titan pres-
sure). The resultsfrom a simplesimulationof the heat�o w, usingthe parametersfor a
porousicy regolith from Tokano(2005),indicatethat the top of thesurfacewould have
heatedup quickly, possiblyto temperaturesashigh as170 K dependingon the amount
of freeconvection(this temperatureassumesair �o w velocitiesof 2 m s� 1). Evidencefor
strongsurfaceheatingis foundin thepost-landingimagesin theform of changesin see-
ing (Karkoschkaet al. 2007). However, dueto the low thermalconductivity of this type
of surface,a temperatureincreaseof at least20K is reachedonly in theupper2 cmof the
soil. If liquid methanewaspresentbelow 3 cm,evaporationwouldhardlyhave increased
themixing ratio in theair above thelampre�ection spot.TheDLIS waspeeringdirectly
into thespot(seeFig. 4.7),but thefact that it did not recordany changesin themethane
absorptionlinesdoesnotexcludethepresenceof liquid methaneafew centimetersbelow
thesurface.
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A Overview of DISR Observations

This appendixprovidesanoverview of selectedDISR downwardlooking instrumentob-
servationsfrom datastream524b. Measurementsarelistedin 14 tablesasfollows,DLV:
TablesA.1 to A.3, DLVS: TablesA.4 to A.8, column 49: Table A.9, and DLIS: Ta-
blesA.10 to A.14. Tablesareranked in chronologicalorderandgenerallyclassi�ed ac-
cordingto observationmode(seeChapter4 for an overview). Tabulatedareonly those
modesthatwe areconcernedwith in this thesis:SM1, SM2, MNS, VLNS, anddiverse
post-VLNSsurfacemodes.

The�rst columnin eachtableis thesequentialnumber(#) assignedby DISR.Except
for thesetables,sequentialnumbersareprintedbold throughoutthis thesis.Thesecond
columnlists themeasurementcycle number. Di� erentinstrumentscanhave a measure-
ment in the samecycle, asdescribedin the �le Science_Summary. The third column
lists the missiontime, countedfrom the startof the descent.Othercolumnsmay con-
tain theprobeattitudeandaltitude,calculatedaccordingto theKarkoschkaet al. (2007)
reconstruction,andexposuredetails. Exceptionsarealtitudesbelow 30 m, which were
calculatedfrom thetimeof landingatmissiontime8869.77s,assuminganimpactveloc-
ity of 4.60m s� 1 asdeterminedby the SurfaceSciencePackage(Zarneckiet al. 2005).
Azimuth anglesarede�ned counterclockwisewith respectto theeast.Thespectrometer
altitudeafterlandingis 46 cm,andtheazimuthis 257:0� (Karkoschkaetal. 2007).
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A Overview of DISRObservations

TableA.1: All VLNS modeDLV measurementstransmittedbeforelanding. Instrument
readoutwasinstantaneous.Thealtitudesof 435, 439, and441werecalculatedfrom the
timeof 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 11.4 270.7
441 110 8869.01 3.5 261.9

TableA.2: All VLNS modeDLV measurementstransmittedafter landing. Instrument
readoutwasinstantaneous.

# 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 DISRObservations

TableA.3: All post-VLNSDLV measurementstransmittedfrom thesurface.Instrument
readoutwasinstantaneous.

# 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 Overview of DISRObservations

TableA.4: All DLVS SpectrophotometricMap 1 spectra.Missiontime listedis halfway
throughexposure.Thephaseangleis theaverageof thatof pixel 11and12.

# 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 18.24 147.6 16.3
543 52 5543.57 0.85 18.23 124.2 22.6
545 52 5545.81 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 42.4
565 52 5568.95 0.85 18.05 239.7 35.3

TableA.5: All DLVS SpectrophotometricMap 2 spectra.Missiontime listedis halfway
throughexposure.Thephaseangleis theaverageof thatof pixel 11and12.

# 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 47.5
694 61 8056.27 0.85 3.83 269.1 43.7
696 61 8058.51 0.85 3.82 254.3 39.5
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 3.78 193.5 19.5
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 19.5
714 61 8079.14 0.85 3.72 117.1 24.3
716 61 8081.40 0.85 3.71 101.8 29.5
718 61 8083.82 0.85 3.70 85.5 35.0
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A Overview of DISRObservations

TableA.6: All VLNS modeDLVS spectratransmittedbeforelanding.Missiontimelisted
is halfway throughexposure.Thealtitudesof 785and786werecalculatedfrom 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 44.7
774 97 8847.44 1.36 101 30.0 49.6
775 98 8849.15 1.36 93 19.1 51.4
777 100 8852.57 1.36 78 357.4 53.6
779 102 8855.99 1.36 62 336.1 54.0
781 104 8859.42 1.36 47 315.4 52.6
785 108 8866.27 1.36 16.1 276.4 45.5
786 109 8867.98 1.36 8.2 267.0 43.0

TableA.7: All VLNS modeDLVS spectratransmittedafter landing.Missiontime listed
is halfway throughexposure.Spectramarkedwith anasteriskwerepartlyoverexposed.

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

788* 111 8871.41 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 8912.91 0.30
801 124 8891.42 0.30 816 139 8914.78 0.30
802 125 8893.28 0.30
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TableA.8: Selectedcorrectlyexposed10-columnmodeDLVS spectratransmittedfrom
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: Selectedcolumn49 measurements.Mission 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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TableA.10: All DLIS SpectrophotometricMap 1 spectra.During an operationthe in-
strumentacquiredtwo exposures(samples)with shuttersubsequentlyopenandclosed,
which were summedon board. Mission time listed is halfway throughthe operation.
Eachspectrumis theaverageof 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 5545.31 0.13 0.56 18.21 107.8 24.3
69 52 5545.99 0.13 0.56 18.21 101.3 26.7
71 52 5547.37 0.13 0.56 18.20 88.4 31.4
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 43.5 46.0
79 52 5552.85 0.13 0.56 18.16 37.0 47.7
82 52 5554.91 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 55.3
95 52 5563.83 0.13 0.56 18.09 291.8 52.7
96 52 5564.51 0.13 0.56 18.08 285.0 51.4
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 40.3
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
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TableA.11: All DLIS SpectrophotometricMap 2 spectra.During an operationthe in-
strumentacquiredtwo exposures(samples)with shuttersubsequentlyopenandclosed,
which were summedon board. Mission time listed is halfway throughthe operation.
Eachspectrumis theaverageof 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 3.87 315.5 55.0
119 61 8051.33 0.13 0.56 3.86 301.9 53.6
122 61 8053.38 0.13 0.56 3.85 288.3 51.5
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 3.82 251.9 42.6
132 61 8060.24 0.13 0.56 3.81 242.9 39.8
133 61 8060.92 0.13 0.56 3.81 238.3 38.3
136 61 8062.98 0.13 0.56 3.80 224.7 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 23.7
143 61 8067.79 0.13 0.56 3.78 192.9 22.1
146 61 8069.85 0.13 0.56 3.77 179.2 17.6
149 61 8071.90 0.13 0.56 3.76 165.5 14.1
150 61 8072.59 0.13 0.56 3.75 160.9 13.4
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 3.73 133.4 15.5
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 21.1
162 61 8080.81 0.13 0.56 3.71 105.8 24.4
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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TableA.12: All MNS modeDLIS spectra.During anoperationthe instrumentacquired
two exposures(samples)with shuttersubsequentlyopenandclosed,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 2.77 215.6 30.3
174 67 8324.95 1.99 8.02 2.53 256.9 44.0
176 69 8373.44 1.99 8.02 2.30 279.0 49.5
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 42.6
186 79 8618.70 1.99 8.02 1.15 74.9 35.4
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 22.4

TableA.13: All VLNS modeDLIS spectratransmittedbeforelanding.During anopera-
tion theinstrumentacquireda singleexposure(sample)with eithershutteropen(bright)
or closed(dark). Mission time listed is halfway throughsampling.Thealtitudesof 210
and213werecalculatedfrom thetimeof 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 1.02 169 124.3 17.9
199 96 8845.55 bright 1.00 1.02 109 42.2 45.5
202 99 8850.68 bright 1.00 1.02 86 9.4 52.6
204 101 8854.10 bright 1.00 1.02 72 347.9 54.9
206 103 8857.53 bright 1.00 1.02 55 326.8 55.4
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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TableA.14: All correctlyexposedpost-VLNSDLIS spectratransmittedfrom thesurface.
During an operationthe instrumentacquiredmultiple exposures(samples)with shutter
openandclosed,which weresummedon board. For spectra261 to 268 the sampling
time of two of theeight regionswashalf thevaluein the table. Thenumberof samples
tabulatedis for shutteropen.Missiontime listedis halfway throughtheoperation.

# 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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B Abbreviations

BRDF BidirectionalRe�ectanceDistributionFunction
CBOE CoherentBackscatterOppositionE� ect
CCD ChargeCoupledDevice
DISR DescentImager/ SpectralRadiometer
DLIS DownwardLooking InfraredSpectrometer
DLV DownwardLookingViolet photometer
DLVS DownwardLookingVisualSpectrometer
DN DataNumber
ESA EuropeanSpaceAgency
FWHM Full Width atHalf Maximum
GCMS GasChromatograph/ MassSpectrometer
HASI HuygensAtmosphericStructureInstrument
HNS High NearSurface
HRI High ResolutionImager
ISS ImagingScienceSubsystem
JPL JetPropulsionLaboratory
LNS Low NearSurface
LPG LaboratoirePlanétologieGrenoble
LPL Lunar& PlanetaryLaboratory
MNS MediumNearSurface
MPS Max-Planck-Institutfür Sonnensystemforschung
MRI MediumResolutionImager
NASA NationalAeronauticsandSpaceAdministration
SAR SyntheticApertureRadar
SHOE Shadow Hiding OppositionE� ect
SI SystèmeInternational
SLI SideLooking Imager
SM1 SpectrophotometricMap 1
SM2 SpectrophotometricMap 2
S/N Signalto Noise
SSL SurfaceScienceLamp
SSP SurfaceSciencePackage
ULIS UpwardLooking InfraredSpectrometer
ULV UpwardLookingViolet photometer
ULVS UpwardLookingVisualSpectrometer
VIMS VisualandInfraredMappingSpectrometer
VLNS VeryLow NearSurface
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