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Abstract

Thereflectanc®f asurfaceusuallydepend®ntheanglesatwhichthesurfaceis illuminatedandviewed.
Thedependenceanbedescribedy theBidirectionalReflectanc®istribution FunctionBRDF. In this study
the BRDFsof severalsamplegypically foundin urbanareagroof tiles, asphaltetc.) weremeasuredt the
EuropeanGoniometricFacility EGOIin Ispra,ltaly with hyperspectrasensors.The basiccharacteristicef
themeasure@RDFsareaspeculapeak,anincreasen backscatteringirectionfor theroughessurfacesand
aconstantliffusecomponentor the surfacesof moderateoughnessSurfacesof moderateoughnessanbe
well describedy the BRDF modelfor speculareflectionof roughsurfacesby (Torrances Sparrav 1967,
whereador very roughsurfaceshemodelby (Oren& Nayar1995 is moreappropriate Surfacetopography
measurementsuggesthatthe sizeof the scatteringstructureis in the 20 um range.

In reflectancderminology the principal planeis the planeformedby the surfacenormalandthe illu-
minating light ray. We found that the angularwidth of the speculampeakof rough surfacesperpendicular
to the principal planedecreaseproportionallyto the cosineof theillumination zenithangle. This resultis
importantin computevision applicationsput it is alsoof theoreticainterest.

The BRDF measurements/ere also usedto develop a BRDF modelfor urbanareasremotelysensed
from spacebornsensorawith pixel-sizesabore 500 m. The modelis built on the streetstructureof urban
areaslt shavs a strongincreaseof reflectancen backscatteringlirection. Model predictionsandsimulated
dataderved from multispectralimageryof anairbornescannemgreewell. The majorareasof application
arealbedocalculationandlandcover identificationin globalimagedata.



Kurzfassung

Die ReflektanzinerOberfacheist im Allgemeineneine Funktionder Ein- und Ausfallswinkel, der so-
genannterBidirectional Reflectancéistribution FunctionBRDF. In dieserArbeit wurdendie BRDFsvon
Probengemessendie fur die Fernerkundungon stadtischenGebietenwichtig sind (Dachzigel, Asphalt,
etc.). Die Messungemwurdenim Laborder EuropeanGoniometricFacility in Ispra, Italien unterVerwen-
dunghyperspektraleBensoremurchgeiihrt. Die grundlggendenMerkmaledergemesseBRDF’s sinddas
Spiggelungsmaximumein Anstieg in der Rickstreurichtundir die rauhesterOberfchenund eine kon-
stantediffuse Komponentdir Flachenmittlerer Rauhiglkit. LetztereFlachenwerdendurch dasBRDF
Modell von (Torrance& Sparrav 1967 gut beschriebenwahrendfir sehrrauheOberfichendasBRDF
Modell von (Oren& Nayar1995 besserdrgebnissdiefert. Oberfachentopograpbimesangendeutenan,
dasgdie Grosseder StrukturenandenendasLicht gestreuwird, im Bereichum 20 um liegt.

BeiReflektanzmessungéeziehtsichderAusdruckHauptebenaufdie Ebenedie durchdie Oberflachen-
normaleund deneinfallendenLichtstrahlaufgespannivird. In dieserArbeit wird gezeigt,dassdie Winkel-
breite desSpieggelungsmaximumsechtwinklig zur Hauptebengroportionalmit dem KosinusdesEinfall-
szenitwinlels abfallt. DiesesErgebnisist wichtig fur Anwendungernin der computegestitztenBilderken-
nungund Bilderzeugungesist aberauchvon theoretischeninteresse.

Desweiterenwurdendie BRDF Messungerbenutzt,um ein BRDF Modell fur stadtischeGebietezu
erstellenfir die Auswertungvon Datenvon satellitengestitzten Sensoremnit Pixelgrdssenvon mehrals
500m. DasModell basiertauf der StrassenstruktigtadtischeiGebiete Ein starler Anstieg derReflektanzn
Ruckstreurichtungvird vorhegesagtModellegebnissestimmengut mit simuliertenDateniibereindie aus
Bilddateneinesmultispektralenflugzeuggesitzten Sensorsaabgeleitetwurden. Hauptanwendungsgelege
sind Albedobestimmungind Landklassenidentifikatioin globalenBilddaten.
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Nomenclature

Symbolsandabbreiationsusedthroughoutthis thesisaredefinedhere. Symbolsthatonly have a local
meaningandaredefinedcloseto wherethey areused arenotincludedhere. Thelist is alphabeticalwith the
following precedencedower casebeforeuppercase guantitiesbeforeabbreviations,RomanbeforeGreek.

Symbol Description Page
a width of the streetof a streetstructure 114
b heightof the buildings of a streetstructure 114
c width of the buildings of a streetstructure 114
dy degreesof freedom 81
fr BidirectionalReflectancdistribution Function 14
g relatve anglebetweernviewing andillumination direction 125
h areahiddenfrom the detectorof a streetstructure 118
1 (subscript) incident

k index of absorption 43
kq diffusealbedoin the ON model 47
ks speculaintensityin the ON model 47
kw roughnesparametein the ON model 46
n index of refraction 43
i parameterin theapproximatiorto theurbanBRDF model 137
r (subscript) reflected

s shadwed areaof a streetstructure 118
to Lambertiancomponentn the TS model 43
ty intensityparametein the TS model 43
w speculaipeakwidth parametein the TS model 43
A area

ASF Angular Sensitvity Function 104
BRDF BidirectionalReflectanc®istribution Function 14
BRF Biconical Reflectancé-actor 14
F Fresnereflectance 43
G GeometricAttenuationFactor 45
L radiance 13
P(a) probability distribution of « 45
E irradiance 14
R Biconical Reflectancé-actor 14
spec(superscript)specular

ASD spectrometeASDFieldspec 33
AVG average

Cadr Cadrezzatdtaly 7
EGO EuropearGoniometricFacility 16
IR wavelengthrangefor infraredlight
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Chapter 1

Intr oduction

The reflectionof light from rough surfacesis a subjectof importancein remotesensingaswell ascom-
putervision. A key factorin the evaluationof reflectedlight is the compositionof the illumination, see
(Wiemker 1999 for acomprehensk investigationof this topic. In this study theincominglight is aknown
quantity thefocusis on the surfaceintrinsic reflectionproperties.

It is acommonassumptior(Horn 1986 that a surfaceis eitherspecular(like a mirror) or Lambertian
(Lambert1760, i.e. the incominglight is reflectedisotropicallyinto every direction, or a combinationof
both. Thisis illustratedin fig. 1.1.

However, the needfor a moreaccuratedescriptionof the variationof reflectancewith changingviewing
or illumination geometryhasbeenclearly recognized for remotesensingapplicationsby (Kimes 1983,
(Roujeanet al. 1992, (Rahmaret al. 1993, (Wanneret al. 1997, (Strahler1997, (Diner et al. 1999, as
well asfor computewision (Nayaretal. 1997), (Schlick1994, (Oren& Nayar1995, (Wolff 1999. We will
usethe Bidirectional Reflectanc®istribution FunctionBRDF asdefinedby (Nicodemus1970Q to describe
thedirectionalreflectanceroperties.

Smoothsurfacescanbe consideredspeculari.e. the incidentlight is reflectedinto one directiononly.
Most surfacesare not smoothbut rough. If the surface heightfunction h(z,y), wherez andy are the
horizontallocation parameterssatisfiesthe restrictions|h(z,y)| /A < 1 and| 7 h(z,y)| < 1, i.e.if the
surfaceroughnesss small comparedio the wavelengthof the incidentlight A andthe inclination of the
local slopesof the surfaceis small aswell, perturbationtheory canbe usedto analyzethe speculampeak
(Ogilvy 1992 by assuminghatthe scatteresatisfiescertainboundary Thewave characteof light becomes
apparenfor suchsurfaces.

Accordingto (Ogilvy 19929, the mostquotedbook on wave scatteringfrom rough surfacesis that of
(Beckmann& Spizzichinol963. In this book,theradiationfieldsareanalyzedor surfacesusingKirchhoff
theory alsoknown astangentplaneor physicalopticstheory The basicassumptions thatthe surfacedoes
not have ary sharpedgescomparedo the wavelengthof theincidentlight. Thusthistheoryis applicableto
amuchwider rangeof surlacesthanperturbatiortheory

This studyfocuseson man-madesurfacesmostof which arecharacterizedy a strongroughnessn the
pm scale suchthatthe assumptionsf perturbatiortheoryor physicalopticsbecomenvalid. The BRDF of
man-madesurfaceshasrecentlyrecevedwidespreadttention((Stavridi etal. 1997, (Ginnelenetal. 1998,
(Oren& Nayar1994). An extensve BRDF databaséor man-made-suatesis easilyaccessibl&ia Internet
(CUReT1996 andwell documentedDanaetal. 1999, (Danaetal. 1996. Unfortunatelythis databaseoes
not includesomesurfacetypesimportantfor remotesensingof urbanareaslike e.g. asphaltandonly one
type of roof cover. Furthermoreijt is restrictedto 3 spectralchannelgred, greenandblue). In our research
group,a systematianeasurementampaignto determinethe BRDF of surfacestypical for urbanareashas
beenconductedatthe EuropeardointResearctCenteratIspra,ltaly, usingthe EGO (EuropeanGoniometric
Facility (Solheimet al. 1996) and 2 hyperspectrasensors.Our campaignat the EGO hasbeenthe first
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Figure 1.1: Specularand Lambertianreflection. Plot on the left: specularreflection,incominglight from
zenithangle#; is reflectedinto directiond, = 6; only. Centerplot: Lambertianreflection,incominglight is
reflectedinto all directionsof the upperhemisphergroportionalto the cosineof the reflectionzenithangle
0., indicatedby thelengthof thearravs. Plotontheright: mixtureof speculaandLambertiarreflection.The
areaviewed by a radiancemeasuringsensolis inverselyproportionalto cos 6,., thusthe radiancemeasured
by the sensoiis independentf the viewing anglefor a Lambertiansurface. But the reflectedradiancedoes
dependbntheillumination angle for aLambertiansurfaceit is proportionalto cos 6;.

extensve study of urbansurfacesat this laboratory We fully exploited the bidirectionalcapabilitiesof the
EGOby performingextensve measurementsoveringall azimuthangleswith especiallydenseangulargrids
aroundthe speculadirection.

Wefoundthatmary man-madeoughsurfacesshav abroadenedpeculapeak,whoseshapecanbewell
describedy the BRDF modelof (Torrance& Sparrav 1967). This modelassumeshatthe surfaceconsists
of a superpositiorof symmetricV-cavities of indefinitelength (seefig. 1.2) headinginto all horizontaldi-
rections.’Crossings’betweenV-cavities areignored. Thefacetsreflecttheincominglight like mirrors (with
an adjustabledampeningcoeficient). The angulardistribution of facetslopesdetermineshe width of the
speculaipeak.

Wediscoveredthat the width of the specularpeak perpendicular to the plane of incidencedecreases
proportionally to the cosineof the illumination angle. Thisis averyimportantresultfor imagerendering*
applicationsyvherethePhong-mode{Phongl979 is oftenused which predictsaconstantvidth of the spec-
ular peak.We alsofoundthatshapeandintensityof the speculapeakdo not vary stronglywith wavelength,
lessthan10 % from 450 nmto 700nm, evenwith the diffusecomponenvarying stronglywith wavelength.
Thediffusecomponenbf the BRDF is often Lambertian.Only for very roughsurfaces(like e.g.asphalt)it
is necessaryo modelmaskingandshadwing effects,the BRDF modelof (Oren& Nayar1995 predictsthe
obseredincreasen backscatteringlirectionverywell. Thismodelis similarto the TS model,but it assumes
thatthefacetsreflecttheincominglight diffuse.

We comparedresultson the width of the specularpeakto surfacetopographydatawith a horizontal
resolutionof 1 xm anda verticalresolutionof 0.16 um. Unfortunately the resultsfrom this sectionarenot
conclusve.

li.e. creatingimageswith acomputetthatappeamsrealisticaspossible



Figurel.2: A symmetriccavity of the Torrance-Spart@ model. The cavity is V-shapedseealsoFig. 5.3,
page46) and of indefinitelength. It is impossibleto physically realizethe superpositiorof thesecavities
headingnto differentdirections thuswe canonly presenbnecavity here.

The results of the BRDF measuement campaign for sampleswith areasin the cm range were
usedin the developmentof a BRDF model for remote sensingof urban areasat pixel-sizesin the km
range. In recentyears,remotelysensedmultiangularglobal datasetshave becomeavailable,in particular
from AVHRR (James& Kalluri 1994 andPOLDER(Leroy etal. 1997. With the upcomingoperationof
multiangularsensordike MODIS/MISR (Wanneret al. 1997) and MERIS (Bezy & Gourmelon1999 the
availability andpotentialof suchimagerywill belargely enhanced.The prime dedicationof the sensorss
albedodeterminatione.g.for global climate models)andgloballand cover monitoringat relatively coarse
pixel sizesbetweerD.3and8.0km. Landcover classificatioroftenfocuseson vegetationandbaresoil areas,
but for a detailedapproacho this kind of datait is necessaryo identify the urbanareasasalandcwer class
aswell. The BRDF mustbe determinedor eachlandcwer classin orderto derive albedoor to support
multiangularand multitemporalmonitoring. Therehave beennumerousstudiesfor vegetatedsurfaces(e.g.
reviewedin (Mynenietal. 1999, (Qin & Goel1995), aswell asfor baresurfaces((Hapke 1993, (Jacque-
moudetal. 1992, (Liang& TownshendL9961), (Staylor& Suttles1989, (Li etal. 1999, (Gibbsetal. 1993,
(Deeringetal. 1990). Therehave beenstudiesdeterminingghe BRDF of manmadesurfacesfor sizesabout
10cm x 10 cm (Torrance& Sparrav 1967, (Oren& Nayar1999, (Wolff 1999, (Ginnelen et al. 1999,
(Stavridi etal. 1997, (Schlick 1999, (Danaetal. 1999, (Meisteret al. 1996, (Meisteretal. 19999. But
thebidirectionalreflectancef urbanareashasnot beeninvestigatedeforefor datawith a pixel-diameterof
aboutl km.

In fact, thereare several problemsassociatedvith the designof an urbanBRDF modelon this scale.
Thebiggestoneis the large heterogeneityithin an urbanarea:the homogeneityneededo properlydefine
a BRDF (Nicodemuset al. 1977 is very often interruptedby large scalestructuredlike rivers, airports,
train stations.etc. Furthermorecities like Cairo, New York City and Gen&a areso differentthatit is quite
challengingto designa BRDF modelthat coversthemall. Evenwithin a singlecity, differentBRDFsare
expectedor differentpartsof thecity, considere.g.adowntown areawith high-risebuildingsanda suhurban
areawith one storgred houses.However, all cities have a commonpropertythat can be exploited for the
designof a BRDF model: every urbanareacontainsa streetstructure whoseBRDF effect canberelatively
simply modeledby geometricabptics. Althoughin eachcity theremay be mary differentstreetstructures
(e.g.low buildingsat awide streetandhigh buildings ata narrav street) we will shav thatit is sufiicientto
usethe averagestreetdimensiongo achieve agoodapproximatiorto the overall BRDF.

We readily admitthatthe proposedBRDF modelmay be insuficient to accumately describethe BRDF
of urbanareasn general.However, airbornedatameasuredyy us shav strongdeviations(factorof 2) from
the commonlyassumed.ambertianbehaior. Thereforeour modelis a usefulfirst approximatiorwith an
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anticipatedaccurag in the20% range.

Thereare several possibleareasof application 1) Albedo calculationcan be improved by including
BRDF effects. 2) Theatmosphericorrectionof measuredadiancess stronglyintertwinedwith the BRDF
of therespectre pixel (Wanneretal. 1997, (Vermoteetal. 19973. 3) Commonchange detectionalgorithms
do not considerBRDF effectsand will mostlikely give wrong resultsif the BRDF effect is as strongas
shawvn here. 4) Classificationalgorithmscanbenefitfrom animproved knowledgeaboutthe BRDF of the
underlyingclassesb) A globalmapof simulatedreflectedadiancesecessarilyncludesBRDF information
from all landcarer classes.

Thisthesisconsistof thefollowing chaptersin chapter2, theinvestigatedsamplesrebriefly described.
Thentheradiometricquantitiesaredefined following the notationof (Nicodemus1970. Chapter presents
theerrordeterminatiorior thelaboratoryBRDF measurementd.henext chapterdescribeshe measurement
resultsand evaluatesthe performanceof the BRDF modelsby (Torrance& Sparrav 1967 and (Oren&
Nayar1995. The findings on the width of the speculampeakperpendiculato the planeof incidenceare
presentedn chapter6. The topographymeasurementare discussedn chapter7. Chapter8 describesa
post-flightangularcalibrationmethodfor airbornescannedata. This methodwasappliedto DAEDALUS
data,to obtainthe large scaleBRDF dataneededn chapter9, wherea BRDF modelfor large scaleurban
areads developed.A summaryconcludeghe mainpartof thisthesis.



Chapter 2

Description of the Samples

2.1 Overview

In this chapterthe samplesaredescribedhathave beenusedin this study We give a qualitatve description
and shav which kinds of measurementwere performedon eachsample. The goal is to investigatethe
BRDF of man-madematerialsimportantfor remotesensingof urbanareas. We choseseveral materials
that representoof coveringsaswell as streetcoverings. We restrictedoursehes to surfacesthat looked
rotationally symmetric,in orderto be ableto describethe BRDFsonly with arelatve azimuthy. BRDFs
dependingon both the incidentandviewing azimuthare muchmoretediousto measure We alsoincluded
a few materialgwall paper plastic,red paintedaluminum)thatarerelatively unimportantin remotesensing
imagery but helpto explorethe rangeof BRDFsof urbanareasandaremoreusefule.g.in computervision
orimagerendering.Two referencganelsvereusedfor calibrationpurposes.

Table 2.1 givesan overvien of the measurementgerformedfor eachsample. Two sensorsvere used
for theradiometricBRDF measurementsSE590and ASDFieldspec.The detailsaregivenin chapter4, the
basicdifferencebetweerthetwo sensorsre

e wavelengthrange:the SE590covers425nmto 925nm, the ASDFieldspecovers450nmto 2280nm

¢ angularcoverage: for the ASDFieldspecwe measurednly in forward scatteringdirection (¢ =
180°), whereaswith the SE590we variedtherelatve azimuthanglecontinouslyfrom 0° to 180°

¢ reliability: the ASDFieldspedurnedout to be lessstablethanthe SE590,and someof the measure-
mentsin the speculadirectionhave overflows.

Furthermoresurfaceprofilesweretakenfor severalsamplesResultsfrom thetopographymeasuremeniare
presentedn chapter7.

2.2 Qualitati ve Description

Picturesof thesampledakenwith adigital cameraareshavn in figures2.1to 2.4. For somesamplesywe also
provide close-upphotographsAll picturesincludeanordinarypenservingasa sizereference The pictures
areshavn in thesameorderasin table2.1.

Unlessotherwisenoted,all the samplesare new, i.e. they werenot exposedto field conditionsfor ex-
tendedperiodsof time. We focusedour studyon’'new’ sampledecausehedirt thataccumulatesnsurfaces
exposedo exteriorinfluencecanbedistributedinhomogeneouslgver the surface thuspreventingrotational
symmetry
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Sample SE590| ASD | Topography
SpectralorD.5 X X
Spectralori.O X X
Redconcrete X X X
Blue concrete X X X
Black concrete X
Redrooftile X X X
Rooftile (Opal) X X
Sandedoof paper| X X X)
Greenroof paper X X)
Redroof paper X

Wall paper X X)
Brown slate X X
Greenslate X

Redslate X X
Dirty rooftile X
Asphalt(Cadr) X

Asphalt(lspra) X X)
Walkway slab X

Plastic X) X
Redaluminum X X X

Table2.1: Overview of themeasurementserformedor eachsample X indicatesa successfuineasurement
series(X) indicateshatthe measurementseriesvasdiscardedecaus®f too mary overflows.

e Thetwo Spectralorpanelswere producedby Labsphere|nc.,Bouldey Colorado(USA). The’Spec-
tralon 1.0 panelhasanalbedoof almostl.0,theexactnumbersarewavelengthdependentlt belongs
to the TDP unit of the JRC, SpaceApplicationsinstitutein Ispra,ltaly. Its internalreferencenumber
is WTO5. The’ Spectralon0.5 panelbelongsto our group(CENSISat the Institute of Experimental
PhysicsUniversity of Hamhurg, Germary). Its albedois about0.51,see(Meister1995 for atableof
thealbedosasa functionof wavelength.

e 'Red concretég, 'blue concreté and’black concrete referto threeconcretdiles producedoy Braas
GmbH, Hamhurg. All the tiles have a very similar surface structure,the only differencebetween
thesetiles is the color pigmentsaddedduring production. The tiles arevery homogeneougptational
symmetryis given. Their surfaceareais 40 cmx 29 cm, thusthepositioningof thesamplan thecenter
of thefield of view (FOV) is easy The concretetiles were producedby Braas Dachsystemé&mbH,
Germany

e 'Redrooftile’ is atile madeof baked clay whosecolor is betweerred andorange.This type of roof
tile is called’Biberschwanz’ in German iterally translatedo English: 'beaver’s tail’. Thereasonis
its flat shape.Thisis a very importantfeature becausenary roof tiles have a sinusoidalshapewhich
makesthemunsuitablefor laboratoryBRDF measurements The areaof onetile is 15 cmx 30 cm.
In orderto obtaina surfacebig enoughto coverthe FOV of the sensorevenfor large zenithangleswe
put 3 tiles next to eachother Althoughthe edgesviolate rotationalsymmetry the effect of the edges
is sosmallthatit caneasilybeignored.

1Thesemeasurementrepresentedn (Meisteretal. 1996, (Meisteretal. 19999
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e 'Rooftile (Opal)’ is anotheroof tile madeof baked clay very similar to the’Red roof tile’ described
above, but its sizeis muchsmaller only 19 cmx 18 cm. It is coloredred. It is very homogeneous.

e 'Sandedroof paper is aroof papermadeof bitumenpartly coveredwith quartz(sand)grainswith a
diameterof aboutl mmto 2 mm. Thusit hasavery complicatedsurfacestructure:a darkbackground
coveredwith bright objects. A very non-lambertiarBRDF is expected,becausehe backgrounds
stronglyrecognizabldrom nadirviewing, but it is hiddenfrom sightfor obliqueviewing. Thedistri-
bution of quartzgrainsis random but very homogeneousver areadargerthan2 cmx 2 cm, thuswe
expectrotationalsymmetrydespitethe complicatedstructure. Thetotal areais largerthan40 cm x 40
cm.

e 'Greenroof paper and’redroof paper arebitumenroof paperghatarepartly coveredby patches
thatareblackor greenresp.red. Theshapeof thepatchess ellipsoidalto rectangularwith edgedrom
0.3cmto 1.5cm. Betweenthe patchesvalleys’ upto 1 mm deeparepossible. The samplesappeato
berotationallysymmetricto the humanobsenrer. Thesizeis 23cmx 27 cm.

e 'Brown slaté: slate(in German:'Schiefer’) tiles area commonroof cover in the USA, in Germary
they aremainly usedto cover small sectionsof the roof, especiallyif a sectionof a roof is vertical.
Our samplewasassembledrom two partsto form anareaof 27 cm x 26 cm. Again, the effectsof the
edgesaresosmallthatthey caneasilybeignoredconcerningotationalsymmetry

¢ 'Red slate and’greenslateé not only differ in color from 'brown slate’, also their surface looks
smoothethan’brown slate’. The areaof the samplewasonly 17 cm x 14 cm, thusspecialcarehadto
betakento positionthe samplesn the centerof the FOV.

e 'Dirty rooftile’ is aroof tile madeof baked clay that was actually usedasa roof tile for probably
morethan50 years.Dirt is distributedinhomogeneouslgver the surface,rotationalsymmetrycannot
beassumedThetile is of type’Biberschwanz’. Thesizeis only 14 cmx 13 cm.

e Thesample Asphalt (Ispra)’ wastakenfrom a constructiorsitein Ispra, ltaly, the sample' Asphalt
(Cadr.) wasfoundin Cadrezzatdtaly. Both sampleshaw irregularly coloredpatcheggravel inclu-
sions)on a grey background.The patchesare relatively small (covering about10 % of the surface)
with diametersof about0.5 cmto 1 cm, thuswe expectdeviations from rotationalsymmetryto be
small. Thesizeof 'Asphalt (Ispra)’ is about20 cm x 30 cm, the sizeof 'Asphalt (Cadr)’ is 15cmx
11 cm. The asphaltsampleshave the greatestoughnes®f the samplesausedin this study (exceptfor
'sandedoof paper’). As bothsamplesvereactuallyusedasstreetcoveringsbeforeandcoveredwith
sandfrom the constructiorsites,we rinsedthemwith water

e 'Walkway’ is a part (area: 20 cm x 15 cm) of a typical grey concretewalkway slab (original area:
50 cmx 50 cm) usedby pedestriangaken from a constructiorsite in Hamhurg, Germayy. Its rough-
nessis comparablgprobablyratherhigher)to the roughnes®of the sample’red roof tile’. It is very
homogeneoudiVe alsorinsedit with waterto remaove the sandstemmingirom the constructiorsite.

¢ 'Wallpaper’ is apieceof roughwallpaper(in German;’Rauhfasertapetejvith anareaof 32cmx 28
cm paintedwhite. Its topographyshaws large variations(up to 2 mm), still it seemdo shawv rotational
symmetryto the humaneye.

¢ 'Plastic is atray of white plastic(madefor householdise).lt is very smooth hasa shiry surfaceand
is extremelyhomogeneoudts dimensionsare37 cmx 25cm.
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e 'Red aluminum’ is a sheetwith a thicknessof 5 mm of aluminumwith an areaof 40 cm x 30 cm.
It was paintedred by using a sprayproducedby 'B UFABaeuerleFarbenGmbH’, the colortype is
blazingred. Thesurfaceis glossyandvery homogeneous.
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Spectralor0.5 Redconcrete

Blue concrete Black concrete

Redrooftile Redrooftile (close-up)

Figure2.1: Picturesakenwith adigital cameraof Spectralor0.5;red,blue andblack concreteiles; andred
rooftile.
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Rooftile Opal Rooftile Opal(close-up)

Greenroof paper(close-up)

Redroof paper Wall paper

Figure2.2: Picturestaken with a digital camereof roof tile Opal, greenroof paper red roof paperandwall
paper
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Brown slate Greenslate

Greenslate(close-up) Redslate

Dirty roof tile Dirty roof tile (close-up)

Figure2.3: Picturegakenwith adigital cameraof brown, greenandredslatetiles, anddirty roof tile.

11
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2 DESCRIPTIONOF THE SAMPLES

Asphalt(lspra) Asphalt(lspra)(close-up)

Plastic Plastic(close-up)

Redaluminum Redaluminum(close-up)

Figure2.4: Picturesakenwith a digital camereaof asphalf(Ispra),plasticandred aluminum.



Chapter 3

Radiometric Quantities

3.1 RadiancelL

In this study we usetheradiometricnotationintroducedby (Nicodemus1970 and(Nicodemusetal. 1977).
Electromagneticadiationcanbe measuredsradiant flux @ [W] (enegy of photonspertime which pass
theapertureof the sensor) Radiance L is definedby

0’®
cos@-0A - Ow
Ow = sinf - 96 - J¢ is the solid angle,d is the zenithangleand ¢ is the azimuthangle. A is the area
consideredeithera detectorareaor a surfacearea). The radianceis constantalong a ray of light if the
medium neitherabsorbsnor scatters. Usually radianceis definedper wavelengthintenal, thus the unit
becomesW - m=2 - sr=! - ym~1].

L (3.1)

3.2 Bidir ectional ReflectanceDistrib ution Function BRDF

TheBidirectionalReflectanc®istribution Function(BRDF) hasbeenacceptedy the scientificcommunity
asthe mostappropriateway of describingdiffuse reflection. The radiantflux d®;, originating from the
direction(0;, ¢;), hitting aninfinitesimalsurfaceelementdA is givenby

d®; = Li(0;, ¢;) - dA - dQ; [W] (3:2)
whered(; is the projectedsolid angle:
dQ; = cosb; - dw; [sr]. (3.3)

Foradiffusesurface,d®; will bescatterednto all directionsof theupperhemisphereln casehelight source
is notatrue pointsource(whichis especiallyimportantfor in situ measurementsjheradianceeflectednto
thedirection(0,., ¢,.) will beasuperpositiorof radiationstemmingfrom differentdirections:

Lr(era¢r) = dLT(0i7¢i’0T7¢T) (34)

wi

If asensomtdirection(0,, ¢,) is pointedata surfaceilluminatedfrom (6;, ¢;) , it would measure
d®, = dLr(eia bis Or, ¢r) -dA - dQ, (3-5)

whered}, is determinedy the FOV of thesensar
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It is possibleto definea quantity X as

d®,  dL;-dS,
d®;,  L;-d9;
X isdimensionlesandinvariantagainstl.; andd(2;, becauséothquantitiesaredirectly proportionalto d_,.
(doublingtheincominglight will doublethereflectedight). Unfortunately X is notinvariantwith respecto
dQ2,, but proportionatto it (a detectowith alarger FOV will measureagreaterd®, reflectedirom a diffuse
surface, becausal(), increases).Thus (Nicodemuset al. 1977 introducedthe Bidirectional Reflectance
Distribution Functionf,.

X =

(3.6)

dLr(9i> ¢ia 97‘7 ¢T)
£r (i, 91,01, 80) = TS0,
fr dependsonly on propertiesof the surfaceand is independentof characteristicsof the light sourceor
the detector

ForalLambertiansurface theBRDFis constantvith respectoilluminationandviewing angle.For aper
fectly speculasurface,the BRDF becomes productof two Dirac delta-function§Nicodemusetal. 1977):

fr=26(sin®0, —sin8;) - §(¢, — ¢ £ ) (3.8)

[st™1] (3.7)

3.3 lIrradiance, Albedo and BRF

Theirradiance F; is ameasurdor thetotal radiatve enegy reachingthe surface.lt is definedas

_ d%;
Ei=—1 (3.9)
Integratingtheincomingradiancel; overthe upperhemispher@'ieldstheradiance:
¢i=2m
Ez' = / Li(OZ-, ¢z) dQ = / 01, ¢z - sin 91 - COS 91 d9,d¢z (310)
Q ;=0

The unit of irradianceis W-m~2um™1. Very often, BRDF is definedasthe ratio of reflectedradianceand

irradiance:
dLr(gia ¢ia 07" ¢r)
dE;(0;, ¢;)

fr =

whichis equvalentto the definitionof eq.3.7.

The albedo (called’ directional-hemisphreal reflectanceby (Nicodemus197Q) canbe calculatedby
integratingthereflectedradianced., overtheupperhemispheranddividing by theirradiancejf theirradi-
anceoriginatesirom only onedirection:

(3.11)

fQ Lr(era ¢r) ds}
E;

p (3.12)

Thealbedocanbeafunctionof theincidenceangles;.
Thebidirectionalreflectancdactor is definedas

R(0;, bi, Or, br) = mfr (63, b3, Or, br). (3.13)
Thebiconicalreflectancdactor BRF is definedas
™
A Jo S,
wherer hastheunit[sr]. A differencebetweerthesawo quantitiesonly emegesif theBRDF variesstrongly

within eitherdw; or dw,., which is rarelythe casefor diffusesurfaces.We will follow commonpracticeand
neglectthedistinction.

R(wj,wy) = fr(0i, b3, 0y, r)dS2,.dSY; [dimensionless] (3.14)



Chapter 4

Radiometric Calibration of the EGO
Sensors

4.1 Overview

The EuropearGoniometricFacility (EGO)at the SpaceApplicationsinstitute,JointResearctCentey Ispra,
Italy, providesthe opportunityfor laboratorymultiangulamreflectanceneasurements his chapterdescribes
theerroranalysisfor our measuremertampaigratthe EGO. The errorswill beusedin thefollowing chap-
ters. Theresultscanalsobe directly usedfor future measurementampaignsat the EGO, andthe methods
presentedreusefulfor any similarexperimentsetup.Theaveraggotal errordependstronglyonthespectral
signatureof the samplefor the SE590detector(SpectrorEngineering)yaryingfrom 4 % to upto 14 %. The
spatialillumination heterogeneitys identifiedasthe largesterrorsource.lts effectsincreasewith increasing
zenithangles.t is shavn thattheinstrumenihoiseof thedetectolSE590is afunctionof themaximumsignal
in a measuredpectrum.Basedon this result,a procedurego definethe wavelengthrangewith acceptable
measuremengrrorsis presentedDifferentwaysto calculatethe irradianceare compared.lt is shavn that
calculatinga constantrradiancefor eachincidenceangleis in betteragreemenivith thereciprocityprinciple
thanassuminga differentirradiancefor eachillumination andviewing geometry The measuremergrror of
the ASDFieldspeds foundto be dominatedoy dark currentnoise. Partsof this chaptemave beenpublished
in (Meisteretal. 19994.

4.2 Experimental Setup

The goniometerat EGO consistsof two quarterarcswith a radiusof 2 m, seefig 4.1 for anillustration.

A sensorand a light sourcecan be attachedto the arcs, their position on the arc determineshe zenith
angle. The arcscanbe moved on a circularrail (radius: 2 m), determiningthe azimuthangle. The angles
can be positionedwith an accurag of 0.1°. Several light sourcesand sensorsare available, we useda

1000W halogenampanda spectroradiomete8E590,SpectrorEngineeringnc., Derver, USA. Thetarget
sampleswere man-madesurfacestypical of urbanareaslike e.groof tiles or asphalt. They are ideal for

laboratorymeasurementsecausef their homogeneityandtemporalinvariance ,opposedo e.g.vegetation
samplessee(Sandmeieetal. 1998. Thesectionsn thischaptediscusghefollowing aspect$or the SE590:
wavelengthconsiderationdamp constang anddetectomoise,illumination heterogeneitydeterminatiorof

theirradiancetotalmeasuremerdrrorandreciprocityprinciple. Concerninghe ASDFieldspecwavelength
range BRDF calculationanderrordeterminatiorarediscussedThe chapterconcludeswith a comparisorof

the SE590andthe ASDFieldspedata.
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Figure4.1: Designof the EGO: two quarterarcs(’2’ and’4"), runningon circularrails ('1’). Sledsare
attachedo thearcsto carrylight source(’3’) andsensoi(’5’). Thesamples placedin thecenter(’6’). This
sketch, originally publishedby JRC,was editedby André Rothkirchto accountfor recentchangedo the

goniometedesign.
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4.3 WavelengthCharacteristics of the SE590

4.3.1 WavelengthResolution

The wavelengthrangeof the SE590covers400 nm to 1100nm with 252 channelsj.e. a samplingintenal
of about3 nm per channel. Thereis a strongoverlap of the spectralsensitvity function betweenadjacent
channelsThefull width half maximum(FWHM) spectrafesolutionis 3 to 4 detectorelementspr 10 nm, if
no FOV (field of view) opticsis used(standardslit aperture)for smallerslit apertures resolutionof 1 to 2
detectorelementss possiblgall valuesgquotedfrom the SE590documentatioty SpectrorEngineering) We
foundthatthesamplinginterval increase$rom 2.6 nmfor shortwavelengthgo 3.1 nmfor longwavelengths.

We measuredhe signalof a greenlaserat 543 nm after beingscatteredn white paperwith a 1° FOV
optics. The FWHM is lessthanthe quoted10 nm, ratherabout5 nm. The smallFWHM canbe attributed
to the 1° FOV optics,afterremaving this device the FWHM increaseso aboutl5 nm. Similar resultswere
obtainedby (Rothkirchet al. 1999. Althoughwe usedthe 1° FOV opticsfor our campaignwe choseto
averageover 5 detectorelements. This yields 50 channelswith a samplinginterval of about15 nm and
ensureghatthe averagedsignalswill only be weaklyinfluencedby neighboringpixels. The strongoverlap
of the spectraksensitvity functionsbetweereachdetectorelement(praisedn thedocumentationbecauset
preventssensitvity gaps)is ratherincorvenientfor our purposesbecauseave needsignalsnot disturbedby
neighboringwavelengths.The errorstemmingfrom the signalof neighboringwavelengthsafteraveragingis
negligible in our case pecaus®ur signalsdo rarely showv rapid variationswithin shortwavelengthintenals.
For outdoormeasurementsyheresharpatmospheri@bsorptiorlinescanbe seenn thedata,e.g. O2 A (one
of theabsorptiorlinesof the oxygenmolecule)at 760nm, an errorestimationmight be necessary

4.3.2 WavelengthCalibration

The wavelengthcalibrationof the SE590usingthe 1° FOV is not quite exact: the peakin the greenlaser
spectrumis expectedto be at 543 nm, the highestmeasuredralueis at 544.7nm, seefig. 4.2. Giventhe

samplinginterval of 2.8 nm, i.e. the neighboringdetectorelementsareat 541.9nm and547.5nm, an exact
calibrationwould have yieldedthe peakvalue (or peakcenterin caseof anasymmetrigpeak)at 541.9nm.

For the standardkslit aperture the highestvalueis at 544.7nm too, but the peakcenteris shifted by about
1 detectorelementtowardssmallerwavelengthsyielding the expected541.9nm. Resultsfrom (Rothkirch
etal. 1999 alsoshowv a very good agreemenbetweenwavelengthcalibrationanda red (632.8nm) laser
spectrumfor the standardslit aperture. This indicatesthat the wavelengthcalibrationis optimizedfor the

standardslit aperture We concludethatfor the1° FOV opticsthe wavelengthcalibrationhasanerrorabout
as large asthe instrumentsamplingintenal, which is nggligible for us aswe summarizeover 5 detector
elementgseesection4.3.1). As the checkof wavelengthcalibrationwas madefor only two wavelengths
(534nmand633nm), it is possiblethatdifferenterrorsoccurat otherwavelengths.

4.3.3 WavelengthRange

Thewavelengthrangeof the SE590is 400nmto 1100nm accordingto the SE590documentationThedata
evencontainsalargerwavelengthrange from 368.4nmto 1113.7nm. Themeasuregpectrunis theproduct
of thelampspectrumthetametreflectancendthe sensoisensitvity. The measuredhtensityis alwaysvery
weakbelov 400nmandabore 1000nm. It will beshavn in sectiond.4thatthereis a detectomoiseof about
0.2 % of the maximumsignal. This would give a very high error for thosewavelengthswith low counts,
about20 % at 1100nm. We excludedthosewavelengthswherethe averagedetectornoiseis expectedto
be higherthan2 %. Thereforewe computedthe averagespectrumof all samplesafter normalizingto its
maximumvalue,seefig. 4.3. All thevalueslowerthan0.1(dashedine) correspondo averagedetectomoise
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Figure4.2: Spectrumof the greenlaserfor the 1° FOV (top) and openslit aperture(bottom). The right
columnshaws the samedatabut for a smallerwavelengthrange. The peakcenterfor the 1° FOV datais
shiftedby aboutl detectorelement(2.8 nm) to longerwavelengthsvhencomparedo the openslit aperture.
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Figure4.3: SE590countsnormalizedto the maximumvalueof eachrespecire spectrumaveragedover all
samples.Starsindicatethe valuesaveragedover 5 detectorelementqseesection4.3.1). The valuesbelow
0.1 (dashedine, correspondingo 10 % of the maximumvalue) have averagedetectomoiselevels higher
than2 %. For this study only thosewavelengthswith abetteraveragedetectomoisewill beconsidered425
nmto 975nm, verticaldottedlines).

levelsbiggerthan2 % (0.2% / 0.1 = 2 %). Thuswe restrictthe wavelengthrangeusedfor this studyfrom
425nmto 975nm (dottedline), this yields 38 channelsafteraveraging.

4.4 Lamp Constancyand SE590Detector Noise

The SE590hasan automaticdark currentsubtraction.But measurementwith a capblockingall incoming
light still yield a signalof about0.5 counts,averagedover all dark currentmeasurementasndwavelengths.
We believe thatthis valueis associatesvith awrongoffsetin the dataprocessingoftware,see(Rothkirchet
al. 1999, andthereforesubtracit from all our measurement&\e estimateheerrorfrom darkcurrentto be
aboutl count,thedigitizationerroris 0.5 counts.We will combinethesetwo errorsin oy = 1.5 counts.In
mostcasesg . is negligible becausgéhe measuredignalsareusuallywell aboze 100counts.

In orderto investigatehe measuremerdrrors,we measuredhe spectrunbefore(namedM ]’?) andafter
(namedM;') eachSE590measuremenseries(namedscenario)j’ at¢; = 30° andd, = 0°. Thetime
passedetweerthesewo measurementgariesfrom 30 minutesto 2.5 hours.The differencedetweerthese
measurementdo not increasesignificantlywith time, thuswe found no evidenceof a thermaldrift of the
system A look atthedifferencesuggestshatthey consistof arelative deviation (relative to themeansignal
M(\) = (MJ’-’()\) + M£(X))/2) plus a partthatis causedby detectornoise. Althoughin principle the
relative deviation canalsobe causedoy the detector e.g.inducedby temperaturevariations,it is far more
likely thattherelative deviation is causedy fluctuationsof thelamp,becaus& changdn the lampintensity
will resultin arelatve changeof the measuredignal. The lamp hasa stabilizedvoltagesource.Basedon
theresultsof previous measurementsye expectedthatthe variationin signaldueto thesefluctuationss less
thanl %.

We regardthe differenceAtot'j = Mj’-’ — M} asbeingcomposedf a partproportionalto the shapeof
the meansignaIAprop’j anda partindependenbf the shapeof the meansignaIAind,j:

Aprop,j T Aind,j = Atot,j = M} — M (4.1)

Our goalis to determineAprop’j and Aind,j- We assumedhat a changein lamp intensityAI|amp’j()\)
is proportionalto the spectrumof the lamp: AIIamp j()\) =pj- Ilamp j(/\), wherep; is a number(not a
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functionof wavelength)specificto eachscenarig. ThenAprop’ jcan bewrittenas
Aprop,j(A) = pj - Mj* (M) (4.2)
Varyingthe parametep; we minimized|Ajn j‘ (cf. equationst.1and4.2):
[Ajnd,j(M] = [A¢ot,j(A) —pj - Mj*(A)] = minimum (4.3)

becausén thisway the componenbf Atot,j thatis proportionalto Mjm is removed. Theremainingspectrum
is not proportionalto the shapeof M7™ andcanthusbeassociateavith Ajqq j(A).

We want to determinewhat changein lamp intensity is expectedfrom one measuremento another
ignoringwhetherthis changecorrespondso anincreaseor to adecreaseThisis givenby theaverageof the

absoluteof p;:
1
“lamp = - > |pj| = 0.003 (4.4)

J
wheren; is thenumberof scenariosWe regardthis value(0.3%) asanestimatefor thelampconstang. The
procedureof minimizing Ajnq j() (€9.4.3)leadsto anunderestimationf Ajnq ;(A) andanoverestimation
of Aprgp,j(A)- This canbe understoodmagininga A¢qy j(A) createdby randomnoise, wherewe would
expectthe componenproportionalto the meanspectrumtio be zero. However, in this caseeq.4.3will still
resultin anonzercp;. Fromnumericalsimulationswe expectthatfor our casethe overestimatiorof ojgmp,
is betweerb % and30 %.

The lamp constang at the EGO wasalsodeterminedy (Solheimet al. 19969, usinga 100 W halogen
lamp with similar results. The lamp constang of the 1000W lamp wasalsodeterminedoy (Sandmeieet
al. 1999 atthe EGO, but without a stabilizedpower source resultingin a muchlargertime drift (about2.7
% for atime interval of 1 hour).

The Aind,j valuesobtainedfrom the abore minimizationprocedurgeq. 4.3) do not have ary common
characteristicandcanbeassociateavith randomdetectomoise.Their standardieviationstaken over wave-
length

(4.5)

_ AZ155 (Qind jN) — 2= TAZ8 Ajnd,j(V)?
Aind,j ny — 1

wheren is thenumberof wavelengthchannelsrangefrom 0.36to 17.4countsvaryingby afactorof about
40. The valuesareshawvn in the left plot of fig. 4.4. They are correlatedto the maximumvalue of M,

becaus¢he SE590choosesheintegrationtime automaticallyin sucha way thatthe maximumvalueof the
spectrumis belov the saturationlevel andabove 50 % of the saturationlevel. The maximumvaluevaries
from 218.3countsto 9140.0counts.We divided Ajpq j by themaximumvalueof M andcalledtheresult
Anprm,j becauset is now normalizedto the maximumdetectorsignal. Thenwe computedthe standard
deviation TAnorm. . (fig. 4.4, right plot) analogoudo equatiord.5. It canbeseenthatoA normj only varies

from 0.0012to O. 0028 afactorof about2, a muchnarraver rangethanthe variation of TAind.i’ J Thusit is
reasonabl¢o regardthe averageof aAnorm,j

1

™ 2]: 9 Anorm,j = 0-0019 & 0.0004 = opise (4.6)

asthe detectomoiselevel o, 5iseWith a statisticalstandarcdeviation of 0.0004. We concludethat 0.2 %
of the maximum detector signalis a good estimateof the error from detector noiseand that the error
from illumination constancyover time canbe estimatedto be 0.3% of the detector signal.
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Figure4.4: Theleft plot shavs TAind i’ the standarddeviations of the before-aftedifferencesf eachsce-

nario after correctingfor the relative differencesseeeq. 4.5 for eachscenario.Theright plot shavs these
standardleviationsafternormalizingto themaximumdetectorsignal(aAnorm i seetext). It canbeseerthat

0.002is a goodestimatefor oa ., whereaghe variation of TAing j is too large to allow a meaningful

norm,j
estimateof the averagevalue.
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Figure4.5: Thelampfootprint,measuredby moving aluxmeteroveralOcm x 10cmgrid ontheilluminated
area,crossesndicatemeasuremeryoints. Thearravs indicatethe lamp position: nadirillumination for the
left plot, 8; = 51.7° for theright plot. Thelamp footprintfor §; = 0° is quite homogeneoud}; = 51.7°
shavs alinearrise (aboutl5 %) towardsthe lamp.

4.5 lllumination Inhomogeneities

4.5.1 Luxmeter Measurements

In orderto assesshe spatialconstang of the light spotproducedby the halogenlamp, we measuredhe
spatialdistribution of the incominglight intensitywith the luxmeterMAVOLUX digital’ for two different
incidentzenithanglesnadirandd; = 51.7°. Theinstruments availableat EGO, seetable4.1 for technical
specificationslts sensohasa sensitve areawith a diameterof 2 cm. We placedthe sensoifacingupward
on several positionsin a squarein the illuminated spot. The lengthof the edgesof the squarewas 10 cm.
Theresultingvaluesnormalizedto the centerof the squarecanbe seenin fig. 4.5, 2D plots are shavn in
fig. 4.6. For light incidentfrom nadir, the spatialdistribution of thelight intensityis very homogeneoug-or
0; = 51.7° theintensity closeto the lamp is about15 % higherthanaway from the lamp. The horizontal
distribution is constanto about3 %, the measuremergrror of the detector Thusthe left/right asymmetry
obsered by (Solheimet al. 1996 and (Sandmeieet al. 1999 is confirmed,but its impactis negligible *
for the small FOV of 1° usedin this study The stronginhomogeneityof the vertical distribution (increase
towardsthelamp) canbe explainedby thelarge solid anglethe lampilluminates(we evensetthelampfrom
'spot’ to 'flood’ in orderto achiavze a homogenoudllumination from nadir). Unlessthe light sourceemits
parallellight rays(like e.g.a laser)the areacloserto the light sourcewill alwaysbe brighterthanthe area
furtheraway.

Theluxmetermeasurementshav thatthe spatialdistribution of thelight intensityis quite linearwithin
the measuredsquare. If the centerof the FOV of the detectorwould always coincidewith the centerof
thelight spot,therewould be a nggligible measuremergrror stemmingfrom illumination inhomogeneities.
However, thecenterof the FOV of thedetectorrevolvesapproximatelyon a circle with adiameterf about2
cm aroundthe centerif the detectoris movedby 360° for detectorzenithanglessmalleror equalto 50°, ac-

!Assumingacircular FOV of 1°, asensowiews a circulartargetareaof 3.4 cm diameterfor zenithangled, = 0°.
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Effective Range 0...1999W/m?
Errorfor incandesceriampandnadirillumination +2.5%
Errorfor incandesceriampandskew illumination +3.0%
Diameterof detectorarea 20mm
Spectrakresponséspectrafilter used) similar to humanperception
Detectormaterial silicon

Table 4.1: Technicalspecificationsor the MAVOLUX digital, seesection4.5, page22). Manufacturer:
GOSSENBMBH - MESS-UND REGELUNGSTECHNIKPB 1780,Nagyelsbachst25,D-8520Erlangen,
Germany

cordingto measuremenigonepreviously (Hosgood1997). We calculatedhe signalthatwould be measured
from alambertiartargetfor bothincidentzenithangleg6; = 0°,51.7°), 3 viewing angleq#, = 0°,30°, 50°)
2 and4 azimuthangles(¢ = 0°,90°,180°, 270°). For this reasorwe integratedthe luxmetermeasurements
over the areacoveredby the FOV. The sizeof the areais determinedy theviewing zenithangled, (cosine
dependencearead = Ay/ cos 0., where A, is theareaof the FOV for 6, = 0°), andthe centerof thearea
is determinedby the azimuthangle,assuminghe centerrevolveson a circle with a diameterof 2 cm. The
resultscanbeseenn fig. 4.7. Becausef theapproximatespatiallinearity of theluxmetermeasurementsghe
sizeof theFOV hardlyinfluencegheresults.However, achangédn azimuthcausesheresultto vary between
0.97and1.02for §; = 51.7°, between0.99and1.00for #; = 0° resp. We thus estimate (first estimate,
seebelow) the error stemmingfrom illumination inhomogeneitiesto be 0.5% for §; = 0° and 2.5%
for 8; = 51.7° (half the maximumdeviation). Although 6, seemdo have little influenceaccordingto our
calculationswe do expectlargererrorsfor large 8,., becausdor large 6, we expectanincreaseof theradius
of thecircle onwhichthe FOV revolves(Hosgood1997). (Solheimetal. 1996 reportsthatthedisplacement
of thecenterof the FOV canreachupto 7 cm, increasingwith 6,.

4.5.2 Equivalent-Angle Measurements

The calculationsof the previous sectioncould be checled easilyif we hada truly lambertiansurface. The
surfacesavailableto usarecloseto lambertian but only to within a few percentj.e. they arenot suitableto
checkfor deviationsof 1 or 2 %. Anotherway of verifying theabove calculationss to assumeéhatthesurface
is rotationally symmetric. This assumptioris confirmedfor our samplesby measurementsf the surface
topographyat um resolution. In this case measurementwith the detectorat anazimuthangleof ¢ = 90°
shouldyield the sameasmeasurementwith the detectorat ¢ = 270° (in our measurementampaignthe
azimuthangleof the light sourcewasfixedto 0°). It is alsopossibleto comparemeasurementsf different
detectorazimuthswhereeitherthe lamp or the detectorarein nadir3. For detectorin nadir (8, = 0°), we
measuret detectorazimuthpositionsy = 90° andy = 180° for lampzenithangles; = 30°, 50° and65°.
Thesemeasurementwill beinvestigatedn the following to estimatethe errorfor 6, = 0°, the comparison
betweeny = 90° andy = 270° (only availablefor §; = 50°) will beusedto estimatetheerrorfor arbitrary
0,.

The measurementor differentazimuthanglesat §, = 0° are available for 7 scenarios:Spectralon
50% reflectanceredroof tile, sandedoof paper asphaltred paintedaluminum,blue concretetile andred
concretetile. Therelative differencegmeasuremerdt ¢ = 90° minusmeasuremerat ¢ = 180° divided
by measuremerdt ¢ = 180°) werecomputedor ; = 30°,50° and65°, resp. It canbe seenthatbecause
of their low signalfor small wavelengthsthe red surfaceshave a very unstablesignalin that wavelength

2For largerviewing anglesthe FOV becomesargerthanthe areawherewe took the luxmetermeasurements
3If thedetectoris in nadir, avariationin azimuthmeansa rotationof the detectoraboutits vertical axis.
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Figure4.6: Lamp footprint from luxmetermeasurementshavn as2D plots (cf. fig. 4.5 on page22 for a
3D plot). Starsindicatemeasurementst§; = 51.7°, rhombsaremeasurementat; = 0°. In theplot titled
'Vertical’ a 15 % rise canbe seenwhenmaoving closerto the lampfor 8; = 51.7°. As expectedthe plots
titled 'Diagonal’ shawv the largestvariationbecauséhey cover the pointsthe furthestaway from the center
For 8; = 0° theplot 'Horizontal’ shavs aslightly largervariation(0.98to 1.00)thentheplot 'Vertical’ (0.99
to 1.00)

range.We excludedthe wavelengthdower than600 nm of thesesampledrom the errorestimation.We also
excludedthe sampleasphalt’ becausef its colorheterogendy (irregular coloredpatcheglistributedonits
surface). The averageabsolutevalue of the relative deviations of thesemeasurements shavn in fig. 4.8.
For the nadirviewing measurements, is computedby

0 =90°) — M(0;,0, = 0°,¢ = 180°)
M(0;,0, = 0°,p = 180°)
J = scenario,n; = numberof scenarios

4.7)

1 M(6;,6, = 0
co, 0o (0;) = n_]z‘ (65,0,
J

Fig. 4.8 shavs a strongrise of €5, —¢o With wavelength. Accordingto (Sandmeieet al. 1998 the lamp
footprint of a similar halogenlamp at the EGO doesnot changewith wavelength.A sampleinhomogeneity
is highly unlikely, becausdhe rise with wavelengthcanbe seenfor eachsinglesample.Thereseemdo be
no reasorwhy the spectralsensitvity shoulddependon the detectorazimuth. Thereforea dispersiorin the
lampopticsis themostlikely explanation.Thesedataprovide agoodsourcefor estimatinghe measurement
error It canbe seenthatfor §; = 50° in the visible wavelengthrange(namedVIS, 425 nm < A < 700 nm),
€g,—oc 1S aboutl.5% (secondplot from theleft in fig. 4.8),avaluecomparabléo the 2.5 % estimatedrom
theluxmetermeasurement@he luxmeteris sensitve only in the VIS). Thereareno luxmetermeasurements
for 8; = 30°, buttheerrorestimatedromthed; = 0° luxmetermeasurementsf 0.5% suggestshattheerror
will dropthecloserd; getsto nadit Thiscanbeconfirmedby fig. 4.8,for §; = 30° thevalueof eg, - is about
1%for VIS. For 8; = 65° €y, oo risesto about2 % in theVIS. We concludethattheluxmetermeasurements
andthef, = 0° measurementsonfirmeachother For NIR, €y, —¢o rises,thebiggerd; thestrongerupto 6.5
% for 8; = 65°. Wewill ratherusethed, = 0° measurementhantheluxmetermeasurement® determine
themeasuremerdrrorof the SE590 because
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Figure 4.7: Radianceqgnormalized)calculatedfrom the luxmeter measurementsassuminga lambertian
surfaceanda FOV which revolvesarounda circle with a diameterof 2 cm. Theleft columnshowvs 6; = 0°,

theright column@; = 51.7°, thefirst line shaws 6, = 0°, thesecondine 6, = 30°, thethird line §, = 50°.

All cunesarenormalizedto the valuethatwould be obtainedif the luxmetermeasurementsere constant.
The cuneshardlyvary with 6,.. Thevariationwith azimuthangleis smallfor §; = 0° (0.99to 1.00),larger
for 8; = 51.7° (0.97t0 1.02).
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Figure4.8: Thetop threeplots shav the averagerelative deviation eg, - (6;) (seeeq.4.7) of thed, = 0°
measurement®r differentincidenceanglesd;. Thebottomthreeplots shav the averagerelative deviation
ep,—270° (0r) (seeeq.4.8)for differentviewing angles derived from measurementwith §; = 50° andy =

90°,270° resp.All theplotsshav a similar wavelengthdependence.



4.5ILLUMIN ATION INHOMOGENEITIES 27

1. theluxmetermeasuremenigon't provide informationontheNIR andevenfor VIS they areintegrated
over all wavelengths

2. notintroducinga new detectoreliminatesthe possibility of regardingunknavn luxmeterpeculiarities
asmeasuremerdrrorsof the SE590(luxmetermeasurementarenot standarcgroceduresn the EGO
facility)

3. thef, = 0° measurementsot only containerrorsdueto illuminationinhomogeneitiebut alsopoten-
tial detectorinherenterrors(seesection4.4).

In orderto estimatehemeasuremerdrrorfor viewing anglesaway from nadirwe examinedthemeasure-
mentsat a detectorazimuthof ¢ = 270° andanincidenceangleof 8; = 50°. For a surfacewith rotational
symmetry measurementst ¢ = 270° areequivalentto measurementst o = 90°. As we did above for the
0, = 0° measurementat ¢ = 90° andy = 180°, we computethe relatve difference(signaht ¢ = 90°
minussignalat ¢ = 270° divided by signalat ¢ = 270°). Again we excludedthe wavelengthdower than
600 nm of certainsampledrom the error estimationaswell asthe sample’asphalt’. The averageabsolute
valueof therelative deviationsof thesemeasurements computedas

1 M(6; =50°,0,,¢0 =90°) — M(0; = 50°,0,,p = 270°)
€p=270° (0r) = — - Z‘ — o — om0
nj 7 M(Oi—50797‘>§9—270)

(4.8)

(4 = scenariosyn; = numberof scenariopandshavn in fig. 4.8.In theNIR, thereis arisewith wavelength
comparabldo e, —oo, seefig. 4.8.In the VIS, thevalueof e,—a7¢- (6, = 50°) of about2 % agreesvell with
thevaluepredictedfrom theluxmetermeasurementsf 2.5% for 8; = 50°, seesectiord.5.1. Thesmallrise
with 8, from 1.5% for 6, = 0° to 2 % for 6, = 50°, canbe explainedby the increaseof the radiusof the
FOV with 6,.. Thisis alsoavery likely reasorfor theincreasef e,—a700 (6 = 70°) to about4 % in the VIS,
seefig. 4.8. Themeasurement®r §, = 60° donotfit perfectlyinto this picture:for VIS, e,—270¢ (6, = 60°)
is nothigherthane,—2700 (6, = 50°), in theNIR it is evenlower.

4.5.3 General Function for Illumination InhomogeneityErr or

In section4.5.2we derived the measuremengrrorsat 6 different combinationsof angles,seeFig.4.8 or
equationst.7 and4.8. In orderto obtainanerrorfrom illumination inhomogeneitiesor every combination
of anglesin our scenariosywe assumedhattherelatve erroris alinearfunctionof theinverseof thecosines

of §; andé,
a a1

%ilu = o5 T cos [dimensionless (4.9)

Thiswaytheerrorincreasesvith the FOV of the sensor(x ﬁ seesectiord.5.1)andwith theilluminated
areaof thelamp (x 00;01- if light emittedwasparallel). Thereasorbehindthis choiceis thatthelargerthese
areasthe moredifficult it is to achieve a homogenoudlumination. Thetwo coeficientsa; wereobtained
by linearregressionof eq.4.9to the 6 ¢ valuesdervedin section4.5.2from equationst.7 and4.8,andare
shavn in Fig. 4.9 asa function of wavelength. We expecttheillumination errorto be a smoothfunction of

wavelength,so we smoothedhe obtainedcoeficients with a bin sizeof 5. It canbe seenthatthereis no

wavelengthdependencef the errorfor coeficienta; (viewing angledependencejut thereis a strongrise

for coeficienta (illumination angledependencelith wavelength.This confirmsour assumptiorthatthere
is adispersionn thelampoptics(seefig. 4.8 onthewavelengthdependencef oy, —go).

Thedashedine in fig. 4.9 givesapproximatedalues.This approximatiorcanbeusedif theillumination
errorneeddo beevaluatedor othermeasuremertampaignsitthe EGOandequivalentanglemeasurements
arenotavailable.

Examplesof errorscalculatedwith thesecoeficients are plottedin fig. 4.9 to shawv the increasewith

wavelengthandzenithangle(minimum: 1%, maximum:8 %).
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Figure4.9: The two plots on the top shawv the coeficientsto interpolatethe illumination error The stars
shawv valuesobtainedfrom eq. 4.9, the solid line shavs the smoothedvalues(bin size of 5). The dashed
line shavs approximatedralues(ag = 0.003 for A < 600 nm, ay = —0.0254 + 0.0000488[nm]~* - X for

A > 600nm, a; = 0.008).

The3 plotsonthebottomshav examplesof interpolatedlluminationerror(seeeq.4.9)or 6; = 6, = 0°, 50°

and#; = 65°,0, = 70°. 6; = 6, = 0° hasthe smallestillumination error of ary combinationof angles,
0; = 65°,0, = 70° hasthe biggestillumination error (about8 %). Due to our approachin eq.4.9,the
calculatedllumination error oy, doesnotdependntheazimuthangle.
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4.6 Determination of the Irradiance

4.6.1 Constantlrradiance VersusView Angle Dependantirradiance

In orderto obtainBRDF valuesi,t is necessaryo divide the measurementsy theincomingirradiance:

Lr(eia 0’” (P)

E;i(0:) (4.10)

f'r:

Thereareno possibilitiesfor anabsolutecalibrationat EGO.The measuredountsM (6;, 6,., ¢) arepropor
tional to thereflectedradianceby anunknawn factorers: L, = M - cpps. However, alsotheirradianceE;
determinecdelaw is proportionatto thisfactorey, s, whichthuscancelsn equatiord.10. ThusBRDF values
canstill be obtainedwithout anabsolutecalibrationof thereflectedradiancel, in Sl units.

In principletherearetwo waysof determiningthe BRDF of a sample. Eachway requiresmeasurements
with a referencepanel. The first methodassumeshatall disagreementbetweenmeasuredraluesandthe
(assumedo be known) BRDF of the referencepanelmustbe attributedto deficienciesof the instruments,
eitherthemeasuringlevice (e.g. if theFOV of thedetectoiis notcorrectlycenteredo themiddleof thelamp
spot)or theirradiance(e.g.the lamp doesnt provide spatiallyhomogeneousradiance). In this caseeach
measuremertdf the samplemustbedivided by the measuremertf thereferencepanelandbe multiplied by
the BRDF of thereferencepanel. This is equvalentto assuminghattheirradianceis varying with viewing
angle.

The secondmethodassumeshat the irradiancedoesnot changewith viewing angle. Only the albedo
of the referencepanelneedsto be known, not the BRDF, andfor each#; the reflectedradiancesmustbe
integratedover the upperhemisphereA goodangularsamplingis neededo pursuethis secondvay:. If it is
assumedhattheirradiancechangegxactly with cos 6;, this procedureneeddo be donefor only oneé;.

We pursuedthe secondway (assumptiorof constantirradiance)becausdor the first way it is crucial
to know the BRDF of the referencepanelexactly, a wrong referenceBRDF will directly propagateo the
sampleBRDF. Also theassumptiorof avaryingirradianceis moresusceptibldo singlemeasuremergrrors.
E.qg.,if themeasuremenif thereferencganelatacertaincombinationof angleshappenso be5 % too high,
the BRDF valuesof all the samplesat this combinationof angleswill becalculated % too low.

Thestrongesamgumentin favor of assuminghattheirradiancechangesvith viewing angleis thecorrec-
tion for deficiencie®f theinstrumentsHowever, theseproblemswereinvestigatedabose andwe canpredict
theerrorcausedy them,whereaghe BRDF of thereferencepanelis quite speculatie.

In our caseabout40 measurementareavailablefor eachincidentzenithangle. We did not requirethe
irradianceto changewith 6; accordingto the cosinelaw, but computedheirradiancefor eachf; separately
Thisway deviationsfrom the cosinelaw of theirradiancedo not propagaténto the calculationof the BRDF
values.

At the endof this sectionit will be seen(fig. 4.11)thatthe computedBRDF valuesof all samplesare
in betteraccordwith the theoremof reciprocityif a constanirradianceis assumed. Computingthe BRDF
while assumingheirradiancechangesvith viewing angle the deviationsareon averagemuchlarger. In the
following a detaileddescriptionof the determinatiorof theirradiancewill begiven.

4.6.2 Calculation of the Irradiance

As referencepanelswe usedtwo Spectralormpanels,both from Labspherdnc., Boulder Colorado:a 100
% reflectingSpectralorpanelavailableat EGO anda 50 % Spectralorpanelownedby our working group
CENSIS.The BRDF of the 50 % Spectralompanelis describedn (Meister1995, (Meisteretal. 1999. We
foundthatthe BRDF of the 100% Spectraloris very similarto the50 % Spectralorafteradjustingfor albedo
anda reductionof the intensity of the speculampeakof the 50 % Spectralorby two thirds. The relatively
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strongspeculampeakof the 50 % Spectralorshavs thatthis panelshouldnot be usedasa referencepanel
without correctingfor its BRDF.

The scenariof the two Spectralonpanelsbasically consistof measurementat 4 differentincident
zenithangles:6; = 0°,30°,50° and65°. The numberof differentcombinationsf viewing zenithangled,
andazimuthangley for eachd; is 14,61, 78, 45 resp. Thusthe angularsamplingexceedshe requirements
for anintegrationover the upperhemispherdecausef the slovly varying BRDF of the referencepanels,
exceptmaybefor §; = 0°, wheremeasurementat several azimuthanglescould confirm our assumptiorof
rotationalsymmetry However, the luxmetermeasurementg&ection4.5.1) strongly supportthe assumption
of rotationalsymmetryfor 6; = 0°.

Thealbedosof thereferencepanelsareprovided asa tablefor wavelengthdrom 250to 2500nm by the
manugcturer Becauseof the goodangularsampling,in the calculationof the integral we abstainedrom
alinear interpolationbetweenviewing anglesof the measured/alues. InsteadL, (6;, 6,, ¢) wassetto the
measuredalueof thenearesviewing angleof the scenario.

The irradiancescomputedfrom the EGO-100%-Spectralo(solving eq. 3.11, page 14 for E;(6;)) are
alwayslower thantheirradiancesomputedrom the Hamhurg-50%-Spectralon4 % for §; = 0°, 10 % for
0; = 65°. Possibleerror sourcesarewrong albedocalibrations(error given by manugcturer:1 % for each
panel) lampconstang (estimatedo bebetterthanl %, seesectiond.4), measuremerandintegrationerrors
(we estimatehemto bebetweer? % and4 %, dependingn ;). Combiningtheseerrorsleadsto anoverall
errorfor eachirradianceof about3 to 5 %, dependingon 6;. Thusthe two computedrradiancevalueslie
within areasonableange.

Usingthesetwo irradiancesseparatelyo computethe BRDF values,they shav somesignificantdiffer-
ences:

e Usingtheirradiancefrom the Hamhurg-50%-Spectralorthe computedBRDF valuesagreebetterwith
the BRDF derived in (Meister1995. This is expected,becausef the irradianceobtainedfrom the
Hamhurg-50%-Spectralois usedto computethe BRDF valuesof the Hamhurg-50%-Spectralorthis
is equivalentto normalizingthe measured/aluesto the Hamhurg-50%-Spectralomlbedo. Using the
irradiancefrom theEGO-100%-Spectralothealbedoof theHamhurg-50%-Spectralomcreasefrom
51.5% (valuegivenby manufcturer)to 53 % for 8; = 0° and55 % for 6; = 50°.

e The(Helmholtz)theoremof reciprocity(or reciprocityprinciple) stateghatexchangingncidenceand
viewing angledoesnt changethe BRDF value: f,(6; = 01,0, = 02,¢) = f.(6; = 62,0, = 61,¢).
Thistheoremis fulfilled betterwhenusingtheirradiancefrom the EGO-100%-Spectraloto compute
the BRDF values. The averagedeviation is about2 % smallerthanif the Hamhurg-50%-Spectralon
irradianceis usedto computethe BRDF values.

o |deally, theirradianceis expectedto be proportionalto the cosineof the incidenceangle. For a non-
parallellight sourcelike the halogenlamp somedeviations are expected. The deviations from the
cosinelaw aremuchlarger for the irradiancefrom the Hamhurg-50%-Spectralothanfor theirradi-
ancefrom the EGO-100%-Spectralofor §; = 65°: theirradiancefrom the EGO-100%-Spectralon
is only 5 % higherthanthe value expectedfrom the cosinelaw, the irradiancefrom the Hamhurg-
50%-Spectraloms about10 % higher For 8; = 30° the deviations betweerthe two irradiancesare
negligible.

However, noneof thesedifferencess a strongenoughargumentto dismisseithertheirradiancefrom the
Hamhurg-50%-Spectralomr the irradiancefrom the EGO-100%-SpectralonSo we decidedto determine
theirradianceby averagingthesetwo measurementsihe error associateavith theirradianceo;,rgq will be
computedasthe statisticalerror of averagesAs thereareonly two measurementshis yieldsanerrorequal
to half the absoluteof the differenceof thetwo irradiancesWe obtainairrad = 2.5%, 2.6%, 4.5%and5.1
% for 6; = 0°,30°,50° and65° respectrely. Thereis only avery smallincreasewvith wavelength.
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Figure4.10: Averagerelatve BRDF erroroy, (eq.4.12)for 8 samples.The averageis taken over all mea-
surementg150to 200). It usuallyvariesbetweend % for shortwavelengthsand6 % for long wavelengths
(only red paintedaluminumis significantlyhigher). For thosesamplesshaving low reflectancei the blue
andsimultaneoushhigh reflectance# thered/NIR (red roof tile, red paintedaluminum,red concretetile)
theaverageerrorrisesstronglyfor shortwavelengthgto 14 % for red paintedaluminum).

4.7 Total SE590MeasurementErr or and Reciprocity Principle

Using the resultsfrom sections4.4, 4.5 and 4.6, we can calculatethe overall error with the law of error
propagation:

O%T(Hi,ﬁhgo)) = (MAX )\[LT(HZ" H'M ®, )‘)] 'Unoisé2+(L7‘(9i7 97‘5 (P)‘U|amp)2+(Lr(9i, 9'” (P)'Gillu (91, 97’(’ <P))2)
4.11
Tnoise 9lamp andoj), aregivenin equations.6,4.4and4.9, respectiely. Thereflectedradiancel, is

measurea@sa function of wavelength for eachcombinationof angles(6;, 8, ¢). MAX x\[L(6;, 6, ¢, A)]
denoteghe maximumvalueof the spectrummeasuredor L, [count]for the combination(é;, 6., ¢). Using
theirradianceerror oj 54 givenin the paragraptabove we obtainthe error of a singleBRDF measurement
f?"(giaeﬁ(p’)‘): 1 I
2 2 r 2
0t = (= -0r,) + (=5 0j 412
5 = g, " )7+ ( B irrad) (4.12)

The error averagedover all measurements shavn for 8 sampledn fig. 4.10. Usually it risesfrom 4 % at
425nmto 6 % at 975 nm. Somesampleshave a low reflectancean the blue wavelengthrangeanda high
reflectancen the red/NIR wavelengthrange. For thesesamplesthe detectornoiseterm oy, 55 Produces
a strongincreaseof the relative error for shortwavelengths,up to 14 % for 'red paintedaluminum’. This
characteristicanalsobe expectedfor vegetationsampleshecausef the low reflectancen the visible and
thehighreflectancen NIR.

We testedthereciprocityprinciple (explainedin section4.6.2)for 8 samplesWe found11 combinations
of anglesin eachscenariovherethe theoremcould be tested.The averagedeviation (averagedover the 11
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Figure4.11: Averagedrelative differenceof the eleven reciprocity-pairsas a function of wavelengthfor
8 samples. The crossesshav the resultsbasedon the assumptiorof constantirradiancefor eachéd;, the
solid line shaws the resultsbasedon the assumptiorof varying irradianceusingHamhurg-50%-Spectralon
asreference the dashedine using EGO-100%-Spectraloas reference. Assuminga constantirradiance
improvesthe resultsconsiderablythe averagerelative differenceis reducedto about5 % for all samples
exceptfor 'Red roof tile’ and’Red aluminum’. The solid line is 0 for the sample'Spectralon50 %’ andthe
dashedine is 0 for 'Spectralon100%’ becausdghesemeasurementsave beennormalizedby themseles,
thusa checkfor reciprocitywill give zerodeviation.

combinationf angles)s shavn in fig. 4.11ascrosseslt is aboutb %, exceptfor the samplegedroof tile
andred paintedaluminum.

It is interestingo compardheresultsfor the 2 differentwaysof computingthe BRDF values(seesection
4.6.1).1f thefirst way is chosen(divide eachmeasuremerity the measuremertf thereferencepanelatthe
samecombinationof angles,assumptictmattheirradiancevarieswith viewing angle),the deviationsareon
averageabout2 % larger (solid line in fig. 4.11 for Hamhurg-50%-Spectralomas referencepanel,dashed
line for EGO-100%-Spectraloasreferencepanel)thanif theirradianceis assumedo be constanfor each
incidencezenithangle(crossesn fig. 4.11). This supportsour decisionto choosethe secondwvay. Although
the validity of the reciprocity principle for BRDF measurementss still underdiscussionpour samplesare
stronglyexpectedo obey thereciprocityprinciple,becauséor mostof themthe BRDF canbedescribedn a
first orderapproximatiorto be composeaf alambertianplusa speculapart. Thedeviationsobsered from
thereciprocity principle are mostprobablycausedy the spatiallyinhomogeneousradiance.The method
assuminganirradianceindependentf viewing angleperformsan averagethatreduceghe deviations. This
is anothemreasonwhy this methodis better
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4.8 Description of the Detector ASDFieldspec

The ASDFieldspeds manufcturedoy Analytical SpectraDevices,Inc., Boulder USA. We usedthe model
'FR’, thatcoversa spectrarangefrom 350to 2500nm.

Thewavelengthsbelov 1050nm aredetectedy a plasmacoupledphotodiodearray the spectraresolu-
tion is 3 nm (FWHM), the samplingintenal is 1.4 or 0.7 nm. Wavelengthsabose 1050nm aredetectedoy
dual, 1/2 second-scanningyratingspectrometerwith INnGAs photodiodesThe spectrakresolutionis 10 nm
(FWHM), the samplingintenal is 2 nm. Wavelengthaccurag is givenas=+ 1 nm, repeatabilityis givenas
+0.1nm.

Thedigitizationis 16 bits. Thereis anautomaticdark currentsubtractionthe integrationtime is chosen
automaticallyaswell (betweenl6 msand10 minutes).

Unfortunatelyit is impossibleto obtainraw datafrom the ASDFieldspedcalled ASD from now on).
The only outputaretwo arraysof 2151 elementsach:one containsthe wavelengthg(in integer steps:350
nm, 351nm, 352nm, ..., 2500nm), the othercontainghe measuredaluefor therespectie wavelength.No
informationon the dataprocessings availableto us, but it is obviousfrom the integerwavelengtharraythat
somere-mappinghasbeendone(in the NIR the samplingintenal is 2 nm, sothe outputmustbe basedon
aninterpolationalgorithm). From experiencewith differentspectroradiometer@.g. IRIS (Kollewe 1995,
OVID (Bartsch1999), we know thatthe transitionfrom onegratingto anotheris usually not smooth,but
oftendiscontinuousThis canalsobe seenfor the ASD, seefig. 4.12.

In afirst step,we averagedhe ASD resultsto the samebin sizeaswe usedfor the SE590,aboutl5 nm.
Furtheraveragingwill be explainedbelown. As is clearfrom above, theinternal ASD softwarecontainssome
smoothingalgorithm,thuswe don't expectto looseinformationby averaging.

Anotherdisadwantageof the ASD is the fragile couplingto the goniometer:thereis no directlinkage
betweena datatake of the ASD anda movementof the goniometer After eachgoniometermaovement,a
mechanicatonstructionlmadeby the EGO engineerspresseshe spacebaron alaptopwhichis connected
to the ASD. This is the sign for the ASD to take a single measurement.This systemis not error proof,
sometimeshe ASD missesa datatake, sometimest makesadditionalmeasurementdt is not clearwhether
this problemis dueto the constructiordescribedabove or to aninternalASD error If unnoticedthis kind of
errorcanmake awholescenariovorthlesshecausé¢heallocationof goniometeangleso measuredadiance
will bewrong.

Also the ASD canstoptakingdatacompletelyit thenneeddo bereinitialized. Thesetwo reasonsnake
the ASD apoorcandidatdor long (morethanl hour)scenariosWe only usedthe ASD for measuremenis
the principal planethatusuallylastedabouthalf anhour The datawereexaminedfor missingor additional
measurementsjtogethe missingdatatakesandl additionalmeasurementerediscoseredandcorrected.

4.8.1 WavelengthRangeand Resolution

The wavelengthrangeof the ASD extendsto 2500 nm. At this large wavelengths the productof sensor
sensitvity andintensity of the light emittedfrom the lamp is quite weak. Thusthe influenceof the dark
currentplays animportantrole. The effect canbe seenin fig. 4.13, wheretwo plots of the sameangular
combinationwheresubtractedrom eachother:in thewavelengthrangeof thefirst grating(450to 2000nm),
thecurwe is very smooth becomingrougherfor the secondgrating(1000to 1800nm) andvery roughfor the
third grating(1800to 2500nm). Thuswe decidedto increasehe channelaveragingfor the secondgrating
to threetimesthe intenal of the SE590andfor the third gratingto seven timesthe intenal of the SE590.
Thusthe wavelengthresolutionis 15 nm for thefirst grating,45 nm for the secondgratingand 105 nm for
thethird grating. Thiswill reducethe errordueto the detectomoise. The valuesafter averagingareplotted
in fig. 4.13,to0. Thereareno highfrequeng featureglike valleys or mountainghatonly extendover avery
smallwavelengthrange)presenin the unaveragediata.
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Figure4.12: ASD ’original’ dataplotted as countsover wavelengthfor a measuremendf the Spectralon
panel(50 % reflectanceyvith ; = 30°, 6, = 0°. Theupperplot shavsthetransitionbetweerthe gratingsto
beat 1800nm. Thelower plot shavs the samedatawith a differentplotting rangefor the wavelength now it
canbeseenthatthefirst transitionis at 1000nm.
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Figure4.13: Noiseof ASD asa functionof wavelength.The plot shaws the differencebetweerntwo unpro-

cessedASD measurementsf 100 % Spectralorwith the sameanglesseparatedby 15 minutes. The solid

line shavs dataaveragedo 15 nmintenvals. Thesolid line is smoothesfor thefirst grating(A < 1000nm)

androughestfor the third grating( A > 1800nm). The starsshav the dataafter the averagingprocedure
describedn section4.8.1. Thenoiseis significantlyreducedgspeciallyfor thethird grating.

Anotherpoint specificto the ASD is the transitionbetweenthe gratings. We found strongervariations
for the wavelengthsaroundthe transitionareaghanelsavhere. Unfortunately the documentatiordoesnot
mentionif ary algorithmwas usedto smooththe transitions. For othersensorqOVID (Rothkirch 1997,
IRIS (Kollewe 1999) thetransitionbetweergratingsoftenleadsto discontinuities Thisis why we excluded
thewavelength€900to 1100nm and1700to 1900nm from our analysis.

4.9 BRDF Calculation for ASDFieldspec

4.9.1 Calculating Irradiance andits Err or

For the SE590 theirradiancewascalculatedby anintegrationover thewhole upperhemisphereseesection
4.6. The ASD measuremenido not cover thewholehemispheréut arerestrictedo the principalplane thus
this procedurds not applicableto the ASD measurements.

Thevaluefor theirradiancecalculatedor the SE590is only valid for the SE590becausét containsan
unknavn calibrationfactor seesectiord.6.1. Multiplying by theratio of themeasurementsf asampleatan
arbitrarycombinationof angleswould solve this problem,but only for the commonwavelengthrangeof the
SE590andthe ASD.
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Figure4.14: Relatve ASD irradiancedifferenceof the two reflectancepanelsfor eachangleof incidence.
Thevaluescomputedrom the 50 % Spectralonwveresubtractedrom the 100% Spectraloranddivided by
thelatter The dependencef wavelengthis weak,only at the gratingtransitions(1000 nm and 1800 nm)
peaksor valleys canbeseen.

We thuschoseanothemway to calculatetheirradiance:we simply useda transformof equation3.11

(4.13)

andcomputedE;(6;) for all available combinationsof angles(é;, 8., ¢). For the wavelengthrangeshared
betweerASD and SE590we usedthe BRDF valuesobtainedwith the SE590.For thosewavelengthswvhere
no SE590measurementareavailable,we extrapolatedhe BRDF valuefrom the closestwavelengthshared
betweenASD and SE590andadjustedor the differentalbedo(the albedois known from the manufcturer
for the whole wavelengthrange). E.g., if we wantto calculatethe irradianceat A = 2000nm, we would

divide the closestavailable BRDF valuefrom the SE590measurementf, (A = 975nm)) by the albedoat

975 nmandmultiply by thealbedoat 2000nm. Thisis equivalentto assuminghatthe shapeof the BRDF

of thereferencepanelsdoesnot changewith wavelength,areasonabl@pproximation.

Following the above approachyve calculatedhe irradiancefor bothreferencepanels(50 % and100 %
Spectralon¥or every combinationof angles(35 per scenario).For eachpanelseparatelye averagedover
all combinationswith the sameincidenceangle(d; = [10°, 30°, 50°, 65°]). Therelative differencebetween
theirradiancedrom both panelscanbe seenin fig. 4.14. Thereis no clearwavelengthdependencesxcept
for the gratingtransitions wherepeaksor valleys canbe seen.Althoughtheseareonly two measurements,
we will regardthis differenceasthe statisticalerror This leadsto relative irradianceerrorsof aboutl %, 1
%, 3 % and5 % for §; = 10°,30°,50° and65° resp. We estimatethe methodicalerror of our methodto
about2 % (mainly dueto theaveragingandthe unknavn behaior of the BRDF for wavelengthggreateithan
1000nm), which will be addedquadraticallyto yield overall relative irradianceerrorsof about2 %, 2 %, 4
% and5 % for therespecite incidenceangle.
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Figure4.15: Thetop row shavs oa,,, ; for the ASD for eachof the 17 scenarios.Left columnshaws the
first grating, middle columnthe secondgratingandright columnthe third grating. The averagevaluesare
16 + 14,14 + 5 and15 + 10 countsfor VIS, NIR andIR, respectiely. Calculatingoa,,,.,; (i.e. dividing
by the maximumvalueof eachspectrum)oesnotimprove theresults,which areshavn in the bottomrow,
averagevaluesare(0.0011 £ 0.0010, 0.0022 £+ 0.0030, 0.0052 £ 0.0064 for VIS, NIR andIR, resp.),in effect
therelative variationevenincreasegor NIR andIR.

4.9.2 Error Determination for ASD

We performedthe sameanalysisof the instrumentnoiseerror op.ise (€9.4.6) asdescribedn section4.4.
17 scenarioscontainedmeasurementat the sameangles. We assumedhat the measuremenprocesses
(especiallythe choiceof integrationtime) for thethreegratingsin the ASD areindependentrom eachother
Thuswe calculatedra,, 4 ; (seeeq.4.5)andoa,,,,, ; for eachgratingseparatelfVIS, NIR andIR). Dividing
by the maximumsignaldid not reducethe variationbetweenscenariospn the contrary it ratherincreased
(see€fig. 4.15). This shaws thattheinstrumentoiseof the ASD is not determinedy the maximumintensity
of thesignal.In effect, it canbeseerthattheca,,, ; arequiteconstantilreadywith average®f 16+14, 14+5
and15 + 10 countsfor thethreegratingsrespectrely. Notethatdueto our extensve averagingfor thelonger
wavelengthghe errordoesnotincreasenith wavelength.

We alsocalculatedhedeviation oa (M) for eachwavelength(i.e. averagingover the measurementsf all
n; = 17 scenariosnsteadof averagingover thewavelength seeeq.4.5):

(4.14)

oa() = J Y51 (Aind j) — 5 il Aing j(V)”

nj —1

Theresultingvaluesaresimilar, rangingbetweeril0 and28 countswith ameanvalueof 19 + 5 counts.This
indicategthatthe instrumentoiseis independenof illumination aswell assamplereflectanceandthuscan
beidentifiedasdarkcurrentnoise.

Dark currentmeasurementsf the ASD areshavn in fig. 12.1in the appendix. It canbe seenthatthe
averagedark currentis about10 counts. However, the dark currentis not distributed randomlyfor the first
grating,ascanbe seene.g.in the spectralQ, 21 and 26. Spectrab and 18 are very high for the lasttwo
gratings,but low for thefirst one. We suspecstraylight to be the reasorfor theseoffsets. The root mean
squaredraluesof the measurement@fteraveragingover thewavelengthsasdescribedchbose) areshavn as
a function of wavelengthin fig. 4.16. We attribute the small rise for shortwavelengths(< 500 nm) to the
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Figure4.16: Root meansquarevaluesfor 30 ASD dark currentmeasurementgeefig. 12.1,appendix for
theindividual measurements.hevaluesrisefrom about4 countsat 900nmto about13 countsat 2300nm.

straylight effectsmentionedabore, the strongrise for high wavelengthgstartingat 1300nm) to noisefrom
thermalelectrons.

For severalwavelengthsthe constang of 30 measurementsf the ASD without moving the goniometer
is shavn in the appendixfig. 12.2(time differencebetweenconsecutie measurements 10 seconds).The
standardieviation of the signalsis shavn asa functionof wavelengthin fig. 4.17. It is lowestfor thesecond
grating,about7 counts. The third gratinghasvaluesfrom 10 to 15 counts. The first gratingshavs a small
but steadyrise from 14 to 15 counts. Theriseis probablydueto the decreasingensitvity of the silicon
detectorsNotethattheresultscanalsobeinfluencedby shorttermlampintensityfluctuations.The standard
deviationis quiteconstantwithin eachgrating,thusit doesnotdependnthe productof lampintensitytimes
detectorsensitvity.

All thesdfindingsindicatethattheinstrumenterrorof the ASD is absolutgnotrelatve asfor the SE590).
Wedecidedto usean error of o4, = 20 countsasa consenrative andsimplechoicefor theerrorpropagation
of theinstrumenterrorof the ASD. Our choiceis basedn thefigures4.15(top row), 4.16and4.17.

The ASDFieldspeavasdesignedor field measurementsherethelight intensityis usuallymuchhigher
thanin our laboratorysetup. This may explain why the dominantinstrumentnoisesourcein our caseis the
darkcurrent.

Anotherindicationthatthe ASD wassetto its mostsensitve modeis that thereare several overflows
for the specularmeasurementée.g. all measurementwith 8; = 6., = 180° for the sample’Plastic’
areoverflows). Overflovs canbeidentified becausahe (unprocessedignalsof neighboringchannelsare
exactly equal. They were eliminatedfrom the analysis. Problemsat high intensitiesprobablydue to a
nonlinearityof therespons®f the ASD whenreachingthe saturatiorievel arediscussedn section5.7.2.

Theerrorof the BRDF valuesf,, measuredvith the ASD is obtainedwith the sameequationasfor the
SE590(eq.4.12),but with o, calculatecasdescribedn section4.9.1. Theformulato calculatesy,, is

U%r(a,-,ar,(p) = (LT (91, 07‘7 (P) ' Ulamp)2 + (LT (01, 97‘7 (P) : Uillu(eia 07‘7 (P))Z + Oﬁc (415)

whereog. = 20 counts. oy, andoamp are the sameasin the correspondingequationfor the SE590
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Figure4.17: Standarddeviation of 30 ASD constang measurementgbtainedby repeatedneasurementsf
Spectraloril00% without moving the goniometer(seefig. 12.2,appendixfor theindividual wavelengths).

0.08
L *
0.06 - o X
0.04 F 4
0.02F 4

000l o v v
0 500 1000 1500 2000 2500

Wavelength [nm]

Figure4.18: Relatve errorof the ASD measuremeniaveragedover all samplesandmeasurements.

(eq.4.11). Averagedover all samplesandwavelengthsthe meanerroris 4.9 %. Therelative erroris shavn
asa function of wavelengthaveragedover all samplesn fig. 4.18(fig. 12.3in the appendixshavs the plots
for eachsampleseparately).

4.10 Comparisonof ASD and SE590Measurements

Generally the measurementsf the ASDFieldspecand the SE590agreequite well, as canbe seenfrom
figures5.18t05.21,pp. 66 ff., in section5.7.1.

A statisticalcomparisorof the measuredialuesis complicatedby the factthatthe wavelengthchannels
of the ASD andthe SE590do not exactly correspondo eachother thusit is difficult to decidewhethera
deviationis dueto sensoiproblemsor dueto a changeof reflectancevith wavelength.Thuswe averagedhe
measuredeflectanceso intervals of 50 nm andtestedjf the hypothesis

A
1"SE590 — fi SD =0 (416)

passeshe x? test. The resultingx?-valuesdivided by the degreesof freedomd 7 (the numberof measure-
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Figure4.19: Agreemenbf SE590andASD measurementsheratio of x? (testingthehypothesisf eq.4.16,
thatthe ASD measurementare equalto the SE590measurementsjver the degreesof freedomd;, in this
casethe numberof measurementsjarying betweenl0 and20. For mostsamplesthe hypothesiscanbe
acceptedbut for aluminumit is rejected.

mentsin this case)areplottedin fig. 4.19. The numberof measurementsyherethe samecombinationsof
anglesis availablefor both SE590and ASD varieshetweenlO (aluminum)and20 (Spectralon).It canbe
seenthatXQ/df is usuallybelov one,thusthe measured/aluesof the ASD andthe SE590agreewell. In
effect, avaluebelow 1 suggestan overestimatiorof the error sources However, it hasto be notedthatfor
this comparisorthe errorsare expectedto be too high becausellumination inhomogenitiedoiy, €9.4.9,
page27)will affectbothsensorsimilarly.

A peakcanbe seenin all 3 red sampleg(red roof tile, red aluminum, red concrete)at 575 nm. 1t is
probablydueto therapidincreaseof thereflectancet this wavelength which causeshe deviationsbecause
of the differentwavelengthsamplingof the two sensors.The aluminummeasurementdo not agreewell,
especiallyfor shorterwavelengths. The other sampleswith a strongspeculampeakshov a smallincrease
above 700nm, whichis dueto problemsof the SE590,aswill beshavn in thefollowing paragraph.

Fig. 4.20 shaws that thereis a significantdifferencebetweenthe ASD and the SE590measurements
above 700nmfor highintensities.Theratio of the measuredadianceof the samplesandthereferencepanel
SpectralorD.5at6; = 6, = 50°,p = 180° is shawvn. For the sample’redroof tile’, which doesnt have a
strongspeculapeak bothcurvesagreewell. Forthetwo concretesampleswhichbothhave astrongspecular
peak,the ASD measurement@reaboutl5 % higher A similar patterncanbe obsenedwhendividing by the
respectre measurementsf the SpectraloriL.O panel. We will seelaterthatthe decreas®f the SE590from
700nmto 770nm canbe seenin the specularalbedoof all samples.Thusthis decreasés probablya sign
of anonlinearityof the SE590for high intensitiesabore 700 nm, becauset averageintensities(i.e. for the
diffusecomponentho suchdecreasés detectable.
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Figure 4.20: Deviations of the SE590measurementsom the ASD measurementat high intensitiesfor
A > 700nm. Thesolid line shavs SE590reflectedradiancalividedby thereflectedradianceof thereference
panel’Spectralon0.5’, bothat§; = 8, = 50°,p = 180°. The starsshaw the respectre ratio for the ASD
measurementd.hemeasuremerdrrorsareshavn asverticalbars.Above 700nm, thedisagreemeretween

thetwo curvesextendsbeyondtheerrorbarsfor thetwo sampleswith a strongspeculapeak.



Chapter 5

BRDF of the Samples:Data and Models

5.1 Overview

This chaptershavs how the measurediatacan be describecby BRDF models. Two modelswereinves-
tigated: the speculareflectancemodelfor rough surfacesby (Torrance& Sparrav 1967, andthe BRDF
modelfor roughsurfacesby (Oren& Nayar1995. We demonstrat¢hatfor thevery roughsurfacesasphalt’
and’sandedoof paper’'the secondmodelis in betteragreementvith the measurementsyhereador the
othersurfacesthefirst modelis preferable Previousin situ measurementsith agoniometetableareshavn
to agreewell with thelaboratorydata.

5.2 Angular Grid

Thebasicstructureof the EuropeanGoniometricFacility EGOis depictedn fig. 4.1, pagel6. Thesamples
to be placedin the centerof the structure. Two quarterarcscanbe moved on circularrails into arny azimuth
angle.Oneacharc,asledis mountedwhosepositiondetermineshezenithangle.Onthesleds thelampand
thedetectormremountedseechapter for adescriptionof theavailablesensorandlamps).A measurement
seriesconsistingof the measurementand the positioningof the arcsand sledsis called’scenario’. The
positionsof thearcsandthe sledsarecontrolledby a PC program.

The input files neededo createthe scenarioonsistof commandsor moving the two sledsandthe
detectorarc, and commandso take radiometricmeasurements.The resultingangularcombinationsare
shawvn in figuresb.1land5.2for the ASD scenariosndthe SE590scenariostespectiely. Themeasurements
with the ASD whereonly takenin forwardscatteringlirection(¢ = 180°), varyingtheviewing angled, from
0° to 70° with a10° samplingratefor 4 differentilluminationangleg#; = 10°, 30°, 50°, 65°).

Theangularcombinationgor themeasurementsith the SE590coverthewholerangeof relatve azimuth
anglesy € [0°,180°]. Thedensestoveragewaschoserfor the speculampeaksat§; = 30° andf; = 50°.
We alsomeasuredhe speculapeakat§; = 65°, but with alessdensecoverage.

Oursecondocusweremeasuremenis backscatteringirectionto investigatehehotspof(in association
with BRDF, "hotspot’ is referredto asanincreasean reflectancavhenthe viewing directionapproachethe
illuminationdirection).Herewetook measuremenis theprincipalplaneaswell asoutof theprincipalplane
again.Theclosestve couldgetto thehotspotdirectionwasarelatve angleof 10°, e.g.at(6; = 0°,6, = 10°)
or (6; = 65°,0, = 55°, ¢ = 0°). A closerpositioningof sensorandlight sourcewasnot possiblebecause
the devicesmight have touchedeachother

To studythe diffuse componentwe measurecicrosshe principal plane(y = 90°) for 4 differentillu-
minationangless; = 0°,30°,50°,65°. Notethatatd; = 0° the relative azimuthis not defined,thusthese
measurementslsocover the speculapeakor the hotspot,in casethey arebroadenough.
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Figure5.1: This figure shavs the angularcombinationgor the ASD in polarplots. The innercircle (dotted
line) correspond#$o # = 10°, themiddlecircleto § = 50°, andtheoutercircleto § = 90°. Thestarindicates
the positionof thelight source.The smallrhombsshav the anglesat which the sensottook measurements.

For the ASD, theazimuthalpositionsof thearcswaskeptconstanto save time. Thusall measurementsere
takenwith arelative azimuthof ¢ = 180°.

Thechoiceof angularcombinationss acompromiséetweertheavailabletime andtherequiredangular
coverage.Especiallymoving the arcson the circular rails is very time consumingabout5 minutesto vary
¢ by 180°. An ASD scenaridastedabout20 minutes,whereaghe SE590scenariatook about90 minutes.
The ASD scenaricconsistof 35 angularcombinationsthe SE590scenaricof 166.

5.3 Torrance-Sparrow Model

The speculareflectionmodel of rough surfacesby (Torrance& Sparrav 1967 hasreceved widespread
attention((Ginnelenetal. 1999, (Nayaretal. 1991, (Danaetal. 1999, (Meisteretal. 19989, (Rothkirch
etal. 2000). The speculapeakof roughsurfacesdoesnot reachits maximumwhentheillumination zenith
angleequalsthe reflectionzenithangle(forward scatteringdirection), but the maximumis shiftedtowards
higherreflectionzenithangles. This behaior canbe well describedoy the BRDF model of (Torrance&
Sparrev 1967. Wewill call thismodelTSmodel The BRDF f,IS is givenby

SE =to+ b fP, (5.1)

F(6;,0,,0,n,k) 202
spec - G(0;,0,, ) e
Ir cos ; cos 0, G(0:,0r, ) - e

7
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Figure5.2: Thisfigureshavs theangularcombinationgor the SE590in polarplots. Theinnercircle (dotted
line) correspond$o § = 10°, themiddlecircleto 8§ = 50°, andtheoutercircleto § = 90°. Thestarindicates
the positionof thelight source.The smallrhombsshav the anglesat which the sensoitook measurements.
The dashedine shavs the movementof the detector Eachtime the sourceangleis changeda new plot is

created.
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whereF is theFresnereflectancegivene.g.in (Hapke 1993, seeappendixpagel48. It is afunctionof the
index of refractionn, the coeficient of absorptionk andthelocalillumination angled; onthe surfacefacet.
This angleis determinecby the zenithanglesof incidenceandreflection(d;, 8,), andthe relative azimuth
angley:

cos 26 = cos 6; cos O, — sin §; sin 6, cos ¢ (5.2)

to istheLambertiarcomponentt; describesheintensityof thespeculacomponent( isthe’Geometric
AttenuationFactor’, which modelseffectsof maskingandshadwing, andtakeson valuesbetweerD and1.
In mary casessettingG = 1 is avery goodapproximation(Meisteretal. 2000, (Nayaretal. 199J). In this
study G is alwaysexactly calculatedlt is givenby (Nayaretal. 1991

2cos cos B, 2cosacos Qi)

G(eiaeﬂ(p) = min(la (53)

cosf, 7 cos®!
Basically the TS modelassumeshat the surfaceis madeup of surfacefacets,whosenormalshave a
Gaussiarprobability distribution P(«):

P(a) o wie? , (5.4)

wherea denoteghe zenithangleof the surfacefacetnormalandw determineghe width of the distribu-
tion. (Torrance& Sparrov 1967 usea with the unit’degree’, thusw hasthe unit degree™!. Accordingto
(Ginnelenetal. 1998, « canbecalculatedrom

cos o = (cos 6; + cos 6,) - ((cos ¢ sin 6, + sin#;)? + sin? psin? 6, + (cos §; + cos GT)Q)_% . (5.5)

In the TS modelit is assumedhat eachsurfacefacetis next to a surfacefacetwhosesurfacenormalhas
the sameinclination «, but is orientedinto the oppositedirection (the azimuthangleof the secondsurface
normaldiffers by 180 degreesfrom the azimuthangleof thefirst suriacenormal),forming a V-cavity (see
fig.5.3, page46). In fact, this a very unrealistic assumptionbecausehe inclinationsof neighboringfacets
areusuallyuncorrelated This assumptiorwasintroducedbecausdor this kind of V-cavity, it is possibleto
exactly derive the shadwing andmaskingeffectsanalytically Theseeffectsareexpressedy the Geometric
AttenuationFactorG.

The TS modeldoesnot make ary assumptionsn how the V-cavities connecto eachother It is possible
to imagineneighboringV-cavities that are all parallel (headinginto the samedirection) (seefig. 1.2, page
3), but the TS modelrequiresV-cavities that are runninginto all possibledirectionsof infinite length. A
realizationof this leadsto 'crossings’ betweenV-cavities, but thesecrossingsare not treatedby the TS
model. Thusit is not possibleto createa consistentealizationof the TS model. Anotheragumentagainst
understandinghe TS modelasa seriesof neighboringV-cavities is the necessityor theseV-cavities to have
the samemaximumheight(seefig. 5.3), arestrictionthatdoesnot applyto the TS model.

We concludethatbecausef theunrealisticassumptiorof V-cavities, maskingandshadwing effectsare
probablynotwell describedby the TS model. Theseeffectsarethe moreimportantthe rougherthe surface,
seee.g.(Meisteretal. 2000.

5.4 Oren-Nayar Model

The BRDF modelproposediy (Oren& Nayar1995 (seealso(Oren& Nayar1994) is basedon the same
assumption®n V-cavities asthe TS model. We will call their model ON model The descriptionof the
speculapeakwasadoptedrom the TS model. They alsoassumea Gaussiardistribution of theinclinations
of thesurfacefacetscf. eq.5.4:

Pla) xe 2 | (5.6)
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Torrance-Sparrow

Oren-Nayar

Figure 5.3: NeighboringV-cavities headinginto the samedirection. Thesesurfacesare not appropriate
realizationsof the TS resp.ON modelsurfacesbecausdhey all headinto the samedirectionandthe peak
of eachcavity hasthe sameheightfor thewhole surface(seetext). Thedifferencebetweerthe two profiles
is that the profile of the TS modelhasfacetsof constaniength, whereaghe profile of the ON modelhas
cavities of constantength.

wherethe width parametek,, is in radians.However, whereagTorrance& Sparrev 1967 assumehatthe
width of eachsurfacefacetis constant,(Oren& Nayar1999 assumehat the width of the total cavity is

constant(seefig.5.3, the width of a surfacefacetof the Oren-Nayarsurfacevariesconsiderablybut stays
constantfor the Torrance-Sparm surface). Thus, for a surfacefacetwith an inclination «, the length of

the surfacefacetis 1/ cos a timeslarger in the ON cavity thanin the TS cavity. Both modelsassumea
Gaussiardistribution of inclinationsa. This resultsin differentwidths of the specularpeaks,becausen

the ON modelthe total areaof inclined surfacefacetsis largerthanin the TS model. Analytically, the ON

modelhasthe samespeculapeakasthe TS model,divided by cos . (Oren& Nayar1999 setthe Fresnel
reflectanceequalto one,reasoninghatit wasdifficult to obtainmeaningfulestimate®f therefractive index

n. Although we agreethatthe determinatiorof the refractve index is difficult, we believe that settingthe
Fresnereflectanceo 1 requiresfurtherjustification,becausé seemsanorereasonabléo estimaten (which

usuallyvariesbetweenl.3 and2.0, (Wolff 1994, n = 1.5 is anaveragevalueoftenfoundin the literature
(e.g(Hapke 1993, (Stover 1995). We did notfollow their approachbut treatecdtherefractive index like ary

otherparametein themodel.

Theimportantadwantageof the ON modelover the TS modelis thatthe diffusecomponents no longer
assumedo belambertianput is modeledbasedn geometricabptics,taking effectsof masking,shadaing
andmultiple reflectionsnto account.Thebasicassumptioris thateachsurfacefacetreflectdambertian.The
resultingmodelis only numerical,but (Oren& Nayar1999 give the following analyticalapproximation,
which we usein this study A Gaussiarinclinationdistribution of the surfacefacetsis assumed

o2

P'(a) x e?*% . (5.7)

We usethe primein P’ to distinguishthis distribution of equalcavity width from the distribution P intro-
ducedby (Torrance& Sparrav 1967 in eq.5.4 for equalfacetwidth. Thedirectillumination componenbf
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reflectancef asurfacecharacterizethy eq.5.7is:

. k
= 2 (CL+ Oy cosptan By + C - (1 — |cos ) - tan

m[s7]

B1 42-52) (5.8)

with 81 = Max[6;, 6;], B2 = Min|[0;, 0, ]
-k 2k (5152)2
T 2K2+0.66° 0 k2 +0.09° n2

0.45k2, . 26,
k2 1009 SA — (50

Cy

0.45k2,

—ifcosg > 0
Cr =ifcosp 2 0: 55775 09

)*)

sin 81, Co = ifcosp < 0:

Themultiple scatteredcomponents approximatedy

Pk
w[sr] k2, 4+ 0.13

e =0.17 (1—cosp(£2)?) . (5.9)

The specularcomponents similar to f2P¢¢ asdefinedby (Torrance& Sparrav 1967 (eq.5.1), but divided
by cos « :

F(giaera()oanak) ’

fRNTERee = -G(6:,0;,0) e (5.10)

cos 0; cos 0, cos «

We obtainthetotal BRDF asalinearcombinationof the diffuseandthe speculacomponent:
FON = [ (kas kw) + [ (Kas kw) + ks - NP (ky) (5.11)

The parametersleterminingthis modelarethe diffusealbedok, thewidth of the distribution of thesurface
inclinationsk,,, andthe intensity of the speculampeakk;, togetherwith the index of refractionn andthe
index of absorptiork.

5.5 Further BRDF Models

A BRDF modelfor man-madesurfacesproposediy (Wolff 1996 predictsa strongdecreas®f the diffuse
componenfor large zenithangles.As we did not find evidencefor sucha decreasen our data,we did not
investigatethis modelary further

Several BRDF modelsexist to predictthe directionalreflectanceof soil (Hapke 1993, (Liang & Town-
shendl19963, (Staylor& Suttles1986. Their predictionsgualitatively did not matchwith the BRDF values
measuredhere.

Dueto the completelydifferentapproachwe did not examineempiricalor semi-empiricaBRDF mod-
els that were primarily designedo eithercover a large variety of BRDFs (Walthall et al. 1985, (Goel &
Reynolds1989, (Rahmaretal. 1993, (Wanneretal. 1999, (Meisteretal. 1996 or arefocusedon vegeta-
tion (Jupp& Strahler1997), (Kuusk1999, (Ni etal. 1999, (Gastellu-Etchgorry etal. 1999.

5.6 Resultsof the SE590Measurements

5.6.1 Angular Dependence

Theplotsin figures5.7to 5.14shav theBRDF valuesof differentsurfacematerialaneasuredvith the SE590
attwo wavelengths:450nm and660nm (plotsfor 900 nm canbefoundin theappendixpagesl50to 157).
The error barsindicatethe measurementat 660 nm, the crossesshav the measurementat 450 nm (no
errorsareshovn for the450nm measurements) hesolid line shavs thefit of the bestfitting BRDF model
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(eitherTS or ON) to the 660 nm data,the dashedine shawvs thefit to the450nm data. The parametersvere
fitted to the measurementsf all anglessimultaneouslybut for eachwavelengthseparately In somecases
(Spectralorsamplesandblueconcrete ¥50nm and660nm dataareso closetogethethatthey canhardlybe
discriminatedandwe choseto plot only 660nm. The modelswerefitted to the datausingthe programming
packageDL by ResearctBystems)nc., Boulder Colorado,USA. A leastsquaresalgorithmwasusedto
minimize x2. The parametek wassetto 0.25,seechapter6. Therespectie plotsfor a wavelengthof 900
nm areshawn in theappendixfiguresl2.4to 12.11.An overvien canbe obtainedirom figures5.5and5.6,
whereonly the datain the principal planefor 660nmis shavn for 8; = 30° and§; = 50°.

For the Spectralonpanels,the concretetiles, 'red roof tile’ and’red aluminum’, the TS model gives
the bestfit. For 'asphalt’ and’sandedoof paper’,the two roughestsamplesthereis a strongincreasen
backscatteringlirection (¢ = 0°), which is modeledvery well by the ON model. We expectedthe ON
modelto performequallywell asthe TS modelfor the smootheisurfaces becausén thelimit of a perfectly
flat surface,the diffuse componenbf the ON modelbecomedambertian like in the TS model. However,
especiallyfor theroughnes®f sampledike 'redrooftile’, the ON modelpredictsanincreasan backscatter
directionfor large incidencezenithanglesthatis not supportedby the data. Anotherdravback of the ON
modelis that the valuesretrieved for the refractve index n are even higherthan the valuesretrieved for
the TS model. Althoughthe valuesretrieved for the refractive index canonly be regardedasestimategsee
discussionon the parameters, and k in chapter6), this is anotherdisadwantage,becausehe valueswe
retrieved for n from the TS modelare probablyalreadyrathertoo high thantoo low. The reasonfor the
worseperformancef the ON modelis probablythe assumptiorof cavities of constaniength (seesection
5.4),becausthis is the only differencebetweerthetwo modelsregardingthe speculapeak.

Overall,themodelpredictionsagreeremarkablywell with the measurediata.However, we wantto note
thefollowing interestingdeviations:

e Forthesample'redrooftile’, atd; = 0° theincreaseof the datawhenthe detectoris approachinghe
light sourceis notwell modeled.

e Themeasuredialuesatd; = 65° and@, closeto nadirareusuallylower thanthe valuespredictedby
the TS model(see'Spectralon0.5’, 'redroof tile’, ’aluminum’ and’blue concrete’).

e For’aluminum’, thespeculapeakatd; = 65° is underestimatetly almost40 %.

e Thespeculapeakpredictedby the ON modelis shiftedstronglytowardshigherzenithangles but the
measurediatarathersuggest lessstrongshift, especiallyat 8; = 50°.

e Forthesamplésandedoofpaper’thereisanedgeatf; = 0°, ¢ = 90°, 6, = 60° in themodeleddata,
becaus¢hevalueof G startsto becomesmallerthanone. The datado not shav this peak.Thereason
is thattheincreasewith 6,. is not causedy the speculapeak,asassumedy themodel. Theincrease
is dueto the coloredstructureof the 'sandedoof paper’ (bright quartzgrainson black background).
For increasing,., the backgrounds concealedandonly the bright quartzis seenby the detector

o In the backscatteringlirection(e = 0°), almostall sampleshav anincreasevhenf, approaches;
within 10° of afew percent.Theincreasas sosmallthatit doesnot exceedtheerrorbars,exceptfor a
smallamountfor 'asphalt’and’red concrete’at§; = 30°. Thecommonexplanationfor anincreasén
backscattedirection(hotspo} is thedisappearancef shadas whentheviewing directionapproaches
the sourcedirection(Jupp& Strahler1991). But this effectis alreadymodeledoy the ON model,and
it producesa very broadincreasenot sucha localizedincrease.Furthermorethe localizedincrease
seemdo be strongesfor 8; = 30°, whereaghe amountof shadav increasedor higheré;, thusfrom
the shadav-hiding approachwe would expecttheincreaseat ; = 30° to be wealer thanat8; = 50.
We believe thatthe localizedincreasewe areseeingin the datais dueto coheent badkscatter(Kuga
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Figure 5.4: Computergeneratene-dimensionasurface profiles, correspondingo a surfacewith width
paramete(seeeq.5.4)w = 0.032 (SpectralorD.5, seetable5.1) for the profile above zeroandto a surface
with width parameteiw = 0.169 (redaluminum)for the profile below zero.

& Ishimaru1984, (Hapke et al. 1993, alsocalledweakphotonlocalization It occursif two partial
waves associatedvith the sameincidentwave front travel the samemultiply scatteredpath on the
surface,but in oppositedirections.Typical coherent-backscattavidths obseredin thelaboratoryare
of the order0.5° (Hapke 1993, thusour datais clearly inappropriateto studytheseeffects,because
we can approachthe direct backscattedirectiond, = 6;,¢ = 0° only up to 10° becauseof the
limitations of the EGO construction. Our dataprobablyonly shav the beginning of the rise of the
coherenbackscattepeak.

Thespeculaalbedop; is calculatedastheintegral of thespeculaBRDF givenby f:P¢ for theTS model
(fON—spec for the ON model) over the projectedsolid angled(2, = sin 8, cos 0,.df,dy (cf. (Nicodemuset
al. 1977) overthewholeupperhemispherelt usuallydepend®n theillumination angled;:

pu(0) = [ FP(0:0,,0)d0% (5.12)
Qr

Thefitted parameteraregivenin table5.1and5.2 ata wavelengthof 660nm, togethewith thespecular
albedop, atd; = 30° andx?/d;. If thelattervalueis greaterthan1.3, the x? testrejectsthe model. The
samplesredaluminum’and’blue concrete’arerejected.Thecorrespondingaluesfor wavelengths\ of 425
nmand900nm aregivenin theappendixtablesl2.1to 12.4.

In orderto visualizethe surfaceroughnesseassociateavith thefitted width parameters, fig. 5.4 shavs
surfaceprofiles generatedvith a roughnessorrespondingo w = 0.032 (Spectralor0.5) abore zeroand
w = 0.169 (redaluminum)below zero.

Thespeculaalbeddor SpectralorD.5is 0.024.,i.e. abouts % of thereflectedadianceundego aspecular
scatteringprocess. For Spectralonl.0, about2 % of the reflectedradianceis reflectedspecularly These
valuesareratherhigh, especiallyfor Spectralori.0we would have expecteda speculamalbedoof aboutl %
orless.

5.6.2 WavelengthDependence

The wavelengthdependencef the BRDF of rough surfacescan be understoodbestby investigatingthe
wavelengthdependencef the parametersetrieved from fitting BRDF modelsto the data. Thereflectancé

Thediffusereflectanceanbe obtainedby multiplying coeficient o with 7, seefigures5.15t0 5.17.
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Figure5.5: Models(TS, ON, resp.) fitted to BRDF measurementsf the SE590at 660 nm for 8; = 30°.
Positive 8, correspondo backward scatteringy = 0°), negative 8, to forward scattering(p = 180°).
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Figure5.6: Models(TS, ON, resp.) fitted to BRDF measurementsf the SE590at 660 nm for §; = 50°.
Positive 0, correspondo backward scattering = 0°), negative 8, to forward scatteringp = 180°).
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Figure5.7: TS modelfittedto BRDF measuremenignmt.) of the SE590for SpectralorD.5atvariousangles.
A lambertiansurfacewith analbedoof 0.5hasa BRDF valueof 0.159(SpectralorD.5actuallyhasanalbedo
of about0.51).
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Figure5.8: TS modelfitted to BRDF measurementsf the SE590for 'red roof tile’
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Figure5.9: ON modelfitted to BRDF measurementsf the SE590for 'sandedoof paper’at variousangles.
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Figure5.10: ON modelfitted to BRDF measurementsf the SE590for 'asphalt’at variousangles.
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Figure5.11: TS modelfitted to BRDF measurementsf the SE590for 'aluminum’ at variousangles.
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Figure5.12: TS modelfitted to BRDF measurementsf the SE590for 'blue concrete’at variousangles.
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Figure5.13: TS modelfitted to BRDF measurementsf the SE590for 'red concrete’at variousangles.
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Figure5.14: TS modelfitted to BRDF measurementsf the SE590for Spectralori.O at variousangles.
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Sample to [sr 1] ty [sr 1] w[deg ] n ps | x°/ds
Spectralor0.5 | 0.1594+ 0.002 | 0.16+ 0.13| 0.032+0.002 | 1.53+0.8 | 0.024| 1.0
Redrooftile 0.0888+ 0.0007| 0.18+ 0.10| 0.040+0.001 | 1.86+0.9 | 0.035| 1.3
Redaluminum| 0.1568+ 0.0006| 3.01+ 1.30 | 0.1694+0.002 | 1.84+ 0.58| 0.039| 3.9
Blue concrete | 0.0605+ 0.0003| 1.06+ 0.26 | 0.083+0.001 | 1.47+0.16| 0.028| 1.5
Redconcrete | 0.0964+ 0.0004| 0.984+ 0.29 | 0.0842+ 0.001| 1.53+ 0.22| 0.029| 1.0
Spectralorl.0 | 0.3006+ 0.0017| 0.09+ 0.23| 0.046+ 0.005 | 2.06+ 5.61| 0.017| 1.2

Table5.1: Parametersbtainedrom fitting the TS model(eq.5.1) to the SE590dataof therespecire sample
at a wavelengthof 660 nm, andthe specularalbedop, (eq.5.12)atf; = 30°. The parametelk wassetto
0.25. Seetext for a discussiorof the errorsof the parametersTherelative errorof the speculaalbedop; is
estimatedo beabout5 %. Thelastcolumnshaws the x? valueover the degreesof freedomd;.

Sample kq ks [st™!] ky, [rad] n ps | x*/ds
Sandedoof paper| 0.0357 = 0.0005 | 0.053 +0.04 | 0.643 £0.004 | 2.3 +1.9 | 0.043| 1.2
Asphalt(Cadr) 0.1999 £ 0.0006 | 0.026 £ 0.06 | 0.36 £0.03 22+6.4 | 0.011| 1.0

Tableb5.2: Parametergbtainedrom fitting the ON model(eq.5.8) to the SE590dataof therespectie sample
atawavelengthof 660nm. The parametek wassetto 0.25. Seetext for adiscussiorof theerrors.Theerror
of the specularalbedop; is estimatedo be about5 % for the sample’Asphalt’. The speculamlbedoof the
sample Sandedroof paper’is considerablyverestimatediueto ignoringthe blackbackgroundseepage?,

probablyby asmuchas30 %. Thelastcolumnshavs the x? valueover the degreesof freedomd;.

of amaterialcanbe calculatedrom the bandstructurein crystals(Kittel 1996. Figures5.15,5.16and5.17
shav the coeficientsof eitherthe TS modelor the ON modelasa functionof wavelength,aswell aSX2/df
andthespeculaalbedo.

For all samplesthe drop of the specularalbedofrom 700to 750 nm discussedn section4.10 canbe
seen.Thuswe will ignorewavelengthsgreaterthan700nm in the following discussion. Especiallyfor the
Spectralorpanelsjt canbe seenthatthe diffusecomponent, is not affectedatall by this drop.

The diffuse componenshaws very strongvariations(e.g.factorof 15 for the samplealuminum,seet
in fig. 5.16) exceptfor Spectralonwhereaghe speculaparametersary by only lessthan15 % from their
mearvalue. Thewavelengttdependencef the specularcomponents not strongly relatedto thewavelength
dependencef thediffusecomponent.

All the sampleswith ared color shav a maximumof the x? valueat 500 nm, the blue concreteshaws
amaximumat 600 nm. Thusa low reflectancglow comparedo the maximumreflectanceof the sample)
combinedwith asmallerror(seesectiord.7,fig. 4.10)leadsto arejectionof the TS model. This mighteither
be dueto a morecomplicatedBRDF at low reflectanceshecauséiigh reflectanceseadto highermultiple
scattering , which resultsin a morelambertianBRDF, or dueto anunderestimatiomf the error o,eise (S€€
eq.4.6).

The valuesretrieved for n from the TS model are quite reasonablethey lie in the expectedrangeof
[1.3,2.0] (Wolff 1994, with the exceptionof 'Spectralonl.0’, wheretheretrieved valuesof n arerathertoo

2A high reflectancdeadsto high multiple scatteringbecausef small absorption. Considerthis example: assumethat snav
consistof scatteringparticleswith asinglescatteringalbedoof 0.99(i.e. 99 % of theincomingphotonsarereflected 1 % absorbed)
andthat charcoalpownder consistsof scatteringparticleswith a singlescatteringalbedoof 0.05. A photonbeingscatteredn snaw
hasa 99 % chanceof beingreflected high multiple scattering)whereas photonbeingscatteredn charcoapownderhasonly a5 %
chanceof beingreflected(low multiple scattering).
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Sample to [st1] ty [st™1] w [deg '] n Ps x°/ds
Spectralorl.O 0.2993+ 0.0037| 0.04+0.31 | 0.078+0.020| 3.48+45.4| 0.008 1.3
Spectralor0.5 0.1469+ 0.0070| 0.13+0.43 | 0.040+£0.005| 2.19+ 8.3 | 0.038 0.4
Redconcrete 0.0991+ 0.0014| 1.144+0.52 | 0.090+ 0.002| 1.51+0.32| 0.028 1.2
Blue concrete 0.06884+ 0.0009| 1.31+0.96 | 0.089+ 0.002| 1.43+0.35| 0.027 1.3
Greenroof paper | 0.0263+ 0.0005| 0.03+0.02 | 0.056+ 0.014| 0.87+0.17| 0.001 5.2
Redrooftile 0.0891+ 0.0039| 0.21+0.28 | 0.045+ 0.003| 1.90+ 2.24| 0.030 2.4
Rooftile (Opal) 0.0656+ 0.0012| 0.87+0.40 | 0.069+ 0.002| 1.39+0.24| 0.027 1.3
Dirty roof tile 0.0693+ 0.002 | 0.05+0.14 | 0.018+0.030| 1.06+1.07| 0.004 3.3
Redroof paper 0.0372+ 0.0005| 0.03+0.05 | 0.070+0.021| 0.95+ 0.40| < 0.001 4.0
Brown slate 0.02104+ 0.0004| 1.13+0.40 | 0.085+0.001| 1.42+0.17| 0.025 5.1
Sandedoof paper| 0.0090+ 0.0014| 0.065+ 0.070| 0.013+0.002| 1.96+2.1 | 0.032 2.4
RedAluminum 0.15884+ 0.0014| 2.00+ 1.55 | 0.168+0.002| 2.22+ 1.86| 0.041 3.5
Black concrete 0.0136+ 0.0005| 0.77+0.26 | 0.062+0.001| 1.35+0.14| 0.027 2.9
Walkway 0.0769+ 0.003 | 0.02+ 0.33 | 0.037+0.010| 2.92+ 78.6| 0.010 1.7
Asphalt(lspra) 0.0668+ 0.0009| 0.013+ 0.13 | 0.080+ 0.027| 2.34+ 28.0| 0.001 1.32
Greenslate 0.0315+ 0.0004| 1.71+0.51 | 0.101+0.001| 1.49+0.19| 0.032 3.72
Redslate 0.0897+ 0.0009| 1.57+0.62 | 0.119+0.002| 1.58+0.34| 0.026 7.0
Wall paper 0.255=+ 0.002 0.03+£0.51 | 0.263+0.845| 1.00+4.52 | < 0.001 2.5

Table5.3: Parametersbtainedfrom fitting the TS model(eq.5.1) to the ASD dataof therespectie sample
atawavelengthof 660nm. The parametek wassetto 0.25. Seetext for adiscussiorof theerrors.Theerror
of the speculamalbedop; is estimatedo beabout0.01,becaus@SD measurementsereperformedata far
worseangulargrid thanthe SE590measurementgndfurthermoremodeland measurementdo not agree
aswell asfor the SE590measurement$:ompareIheX2/df of this tablewith theaccordingcolumnin table
5.1).

high. However, the valuesretrieved from the ON modelareusuallyabove 2.0, only for the sample/Asphalt
(Cadrezzate)for the suspiciousvavelengthggreaterthan700nmn falls belav 2. Thusit is probablybetter
to setn = 1.5 whenusingthe ON model.

5.7 Resultsof the ASD Measurements

5.7.1 Angular Dependence

Theplotsin figures5.18to 5.21 shav the BRDF valuesmeasuredvith the ASD at 660nm. The errorbars
areshawvn for eachmeasuredalue. Thesolidline shavs afit of the TS modelto thedata.lt canbe seerthat
the TS modelis capableof describingthe measuremenigualitatively very well. Theresultingparametersf
the TS modelaregivenin table5.3, alongwith the speculaalbedop, andxz/df. Thelatter shaws thatthe
TSmodelis rejectedby the x? testfor severalsamplesFor adiscussiorof theerrorsof thefitted parameters,
seesection6.2.

Thesamplerooftile (Opal),the concretdiles andtheslatesampleshov awell definedspeculapeakfor
0; = 10° and@; = 30°. At 6; = 10°, themaximummeasuredalueis alwaysat 6, = 10°. At 8; = 30°, the
shift of themaximumto higherviewing zenithanglescanbe seenfor the sampleswith thebroadesspecular
peak,’roof tile (Opal) and’black concrete’ who have their maximumat 8, = 40°. At 6; = 50°, only the
samplesredslate’and’greenslate’shav awell definedspeculamaximum the othersamplesiseupto the
maximummeasurediewing anglef, = 70°.
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Figure5.15: Wavelengthdependencef the parameter®f the BRDF modelsasa function of wavelength,
fitted to the SE590measurementgl/3). ¢y, t; andw denoteparametergrom the TS model, k4, ks andk,,
denoteparameterérom the ON model. Furthermoretheratio of x? over the degreesof freedomd; andthe

speculamalbedoat; = 30° is shavn.
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Figure5.16: Wavelengthdependencef the parameter®f the BRDF modelsasa function of wavelength,
fitted to the SE590measurement@/3). ty,t; andw denoteparameterérom the TS model, kg4, ks andk,,
denoteparametersrom the ON model. Furthermorethe ratio of x? over the degreesof freedomd; andthe
speculaalbedoat8; = 30° is shawvn.
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Figure5.17: Wavelengthdependencef the parameter®f the BRDF modelsasa function of wavelength,
fitted to the SE590measurementéS/3). ¢y, t; andw denoteparameterérom the TS model. Theratio of x?
overthedegreesof freedomd; andthe speculamlbedoat; = 30° is shavn, too.
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The Spectralormpanelsthe samplesredroof tile’ and’dirty roof tile’, theroof paperswalkway, Ispra-
asphaltandwallpaperdo not shav a well definedspecularmaximum. Thusfor thesesamplest is hardto
decidewhethertherise at large viewing anglesis dueto a speculampeakor dueto a non-lambertiardiffuse
componentcauseddy (internal)volumescattering.However, it is very likely thattherise is indeeddueto
specularreflectancebecausehe TS modelcandescribethe shapequite well, andthe surfacesareall very
rough,whichis in accordwith the predictionof alarge shift of the maximumof the speculapeak. Therise
cannot be explainedby a BRDF modelapplyinggeometricalopticsto diffusescatteringon roughsurface
structureshecausehis would predicta decreasén forward scatteringdirection,not anincreaseaswe seeit
in thedata.

The specularcomponentof the BRDF for the sample’plastic’ could not be modeledfrom the ASD
measurementecausall measurementsf this samplein thespeculadirectiond; = 6, areoverflons, thus
only the lambertiancomponentf the TS modelis plotted. It is interestingto notethatat §; = 65°, the
measuredRDF valueat 8, = 70° of about0.8is muchhigherthanthe measuredRDF valueat 6, = 60°
of about0.35,althoughbothanglesare5° away from the speculadirectiond; = 6,.. Thisis againin accord
with the predictionof the TS modelof a shift of the speculapeaktowardslarger zenithangles.

For sereral samples,measurementwith the SE590are available aswell. They are shavn as stars,
togetherwith their error bars. As we shaved in section4.10, the resultsfrom both instrumentsagreevery
well atthewavelength)\ = 660nm.

5.7.2 WavelengthDependence

The ASDFieldspeconsistof 3 unitsthatcover differentwavelengthrangesseesectiord.8.1.We processed
datafrom the secondunit in the wavelengthrange1100nm to 1700nm and datafrom the third unit from
1900nm to 2300nm. We will shav that both theseunits shav featuresthat make themunreliablefor the
analysisof speculareflectancaneasurements.

Fig. 5.23shaws the speculamlbedoderived from fitting the TS modelto the ASD data. Trianglesshav
the specularalbedoat §; = 30°, starsat8; = 50°. It canbe seenthatin the wavelengthrangeof the
secondunit, the shapeof the curve is always given by a decreasdrom 1100 nm to 1400nm, from 1400
nmto 1700the curve continuegelatively flat. This shapeis soconsistenthatit is mostlikely producedoy
saturatiorproblemsof the ASD at high intensities(belov we will seethatthis shapedoesnot occurfor the
difftusecomponent)Fromtheblack-bodyspectrunshovn in fig. 5.22for 2850K (atypicaltemperaturef a
halogentungsterbulb like the oneusedin this study)we seethatthe maximumintensityis emittedat about
1000nm. But fig. 4.12 on page34 shaws very low measuredtountsat 1100 nm inspite of the high lamp
intensity i.e.the ASD is notvery sensitve at this wavelength.

In the wavelengthrange1900nm to 2300nm, thereis a consistenpatternaswell: the specularalbedo
riseswith wavelengthfor 8; = 50° muchstrongerthanfor 8; = 30°, with the exceptionof the sample'red
roof tile’, which hasavery broadspeculapeakandthusdoesnot reflectasstrongintensitiesin the specular
directionasthe othersamples.Therise could be dueto a saturationproblemaswell, becausehe reflected
radiancesrehigherfor §; = 50° thanfor 6; = 30°, by about80 % for n = 1.5 andk = 0.25. Althoughit is
alsopossiblethatthe rise of the speculamlbedoat 8; = 50° is causedy a decreasef n in thatwavelength
range,t is ratherunlikely to occurfor all sampleswith a sharpspeculapeak.

A stricttreatmentould thusdiscardall wavelengthsdrom measurementsf the secondaswell asfrom
the third unit for high intensities. However, it is very likely that the errorsresultingfrom thesesaturation
problemsarein therangeof lessthan30 %, becausall the obviously saturatedneasurementsave already
beendiscarded seesection4.9.2, page38. Thuswe canderive from the wavelengthdependencef the
specularalbedo(seeFigures12.12to 12.15,pagel58to 161, appendix)thatit usuallyvarieslessthan30
% over the wavelengthrange450 nmto 2300nm. This is significantlylessthanthe variationin the diffuse
componentE.g.thediffusecomponenbf 'redconcrete’shavs adropfrom 1900nmto 2300nm of about50
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Figure5.18: TS model(solid line) fitted to BRDF measurementsf the ASDFieldspe@at 660nm (errorbars)
for several samplesn forward scatteringdirection (¢ = 180°) for 4 differentillumination anglesd;. Stars
shawv therespectre measurementsith the SE590.
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Figure5.19: TS model(solidline) fitted to BRDF measurementsf the ASDFieldspe@t 660nm (errorbars)
for several samplesn forward scatteringdirection (¢ = 180°) for 4 differentillumination anglesf;. Stars
shaw therespectre measurementsith the SE590.
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Figure5.20: TS model(solid line) fitted to BRDF measurementsf the ASDFieldspe@at 660nm (errorbars)
for several samplesn forward scatteringdirection (¢ = 180°) for 4 differentillumination anglesd;. Stars
shawv therespectre measurementsith the SE590.
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Figure5.21: TS model(solidline) fitted to BRDF measurementsf the ASDFieldspe@t 660nm (errorbars)
for several samplesn forward scatteringdirection (¢ = 180°) for 4 differentillumination anglesf;. Stars
shaw therespectre measurementsith the SE590.
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Figure5.22: The normalizedblack-bodyspectrumfor a temperaturef 2850K. The maximumis at about
1000nm.

%, the diffusecomponenbf 'greenslate’dropsby 50 % from 1100nmto 1700nm, red concreteisesfrom
0.015sr~ ! at450nmto 0.18sr~! at 1200nm anddropsto 0.06sr~! at 2300nm. Noneof thesevariations
is accompaniedby a similar variationin the speculamlbedo. Thusthe ASD measuementssugyestthat the
specularreflectancaloesnot dependon the diffusecomponentor the full wavelengthrange from450nmto
2300nm

Anotherproblemof our ASD measurements illustratedin fig. 5.24. The starsshawv the speculawidth
(parameterw from the TS model)derived from ASD measurementsf the first unit (wavelengthrange450
nmto 900 nm), the solid line shavs w derived from SE590measurementshe dashedine shavs w derived
from SE590measurementshoosingonly angularcombinationswith ¢ = 180°. The dashedine differs
from the solid line by about10 %, beingeithertoo high or too low. Thisillustratesa problemdiscussedy
(Lucht & Lewis 2000: the availableangleshave a critical influenceon the parametersierived from BRDF
measurementsAs the solid line is derived from the bestangularcoverage,it is the mostreliableone. It
canbeseenthatthe starsareabout10 % higherthanthe solid line. Thusthe errorto be associatedavith the
parametetv derivedfrom the ASD measurements atleast10 %.

It is obvious that this deviation is indeedrelatedto the angularcoverageand not to sensomproblems:
The ASD measurementslsohave ¢ = 180° for all angles.althoughthe choiceof zenithanglesis slightly
different(e.g.the ASD measuredt §; = 10°). Starsanddashedine agreewell for the concretesamples,
the deviationsabove 700 nm aredueto the SE590,seeabore. For 'red roof tile’, w dervedfrom the ASD
measurements about10 % higherthanw derived from SE590measurementsith ¢ = 180°, but this
deviationis still muchsmallerthanthe deviation of the starsandandthe solid line.

In the TS model,the diffuse components given by the lambertiancomponent, multiplied by . It is
shawvn in fig. 5.25asa function of wavelength. The statisticalerror for ¢ is usuallyaboutl %, seetable
5.3. However, we expectthelambertiamassumptiorio betrueto only about5 % on averagefor our samples.
Thustheaccurag of thediffusealbedais alsoestimatedo be5 %.

Thereflectancegover a wide rangeof values. The strongestariationscan be found for wavelengths
belov 900 nm, abore 1100nm the reflectancesre quite smooth. It is interestingto notethat for several
samples,which we expectto be abundantin remotely sensedmagesof urbanareas,like roof tiles and
asphaltthereflectancencreasestronglywith wavelength.Furthermoreat canbe seenthatpaintedsurfaces
shaw distinctpeakgproduceddy thecolor pigments)whereaghediffusereflectancef non-paintedurfaces
variessmoothlywith wavelength.
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Figure5.23: Comparisorof thespeculamalbedoat differentincidentzenithangles;, dervedfrom fitting the
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Figure5.25: Thediffusecomponentlervedfrom fitting the ASD datato the TS modelis shavn asafunction
of wavelength.In the TS model,the diffusecomponentis given by the lambertiancomponent, multiplied

by .
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5.8 Comparisonwith Previous Measurements

The BRDF of several of the samplesausedin this study hadbeenmeasuredeforein a field measurement
campaign(Meister1999 usingthe spectromete©VID (Bartschet al. 1994. The samplesvereplacedon
a goniometettable,which madeit possibleto measureat differentcombinationsof angleswithout moving
the detector BRDF valueswere obtainedfor 35 differentcombinationsof angles. Theillumination angle
wasgivenby the sunposition. Thevarying sunpositionmadeit impossibleto measurexactly aregulargrid
of anglesthuswe cannotcomparethe measurementirectly. However, thein situ measurementsover the
wholeupperhemispherat differentillumination angles similar to thelaboratorySE590measurementsind
anempiricalfunctionwasfitted to thesemeasurementdhe y? testshaws thatthein situ BRDF datacanbe
well describedy the empiricalfunction. Thuswe cancomparethis functionwith the SE590measurements
andthe TS model.

The empirical function consistsof a combinationof polynomialsof anglesproposedoy (Walthall et
al. 1989, modifiedby (Liang & Strahler1994 to accountfor the reciprocity principle, and extendedby a
speculapeakby (Meister1999, (Meisteretal. 1999:

fr=ao+ar- (67 +62) +ay-(6:-0,)° +as-0;- 0, - cos(v) + ay - Ot gae¥? (5.13)
7 T
wherey is therelative angleto the speculadirection:
cos ¢ = — sin@; sin 6, cos ¢ + cos 6; cos 0, (5.14)

see(Meisteretal. 19989 for moredetailsonthespeculaterm. Thefitted parametevaluesag to ag aregiven
in (Meister1999. Threesamplesveremeasureavith the SE590andthe goniometetable:redrooftile, red
aluminumandSpectralorD.5. The SpectralorD.5 wasmeasuredn thelaboratory anda differentempirical
functionwasfitted to thedata:

fr=a0—ar- (0} +08) +ap- (6;-0,)> eV tay (v g> V0 - 0y (5.15)
The comparisorfor the Spectralor0.5 is shavn in fig. 5.26. The centerof the horizontalbarsshaws the
BRDF value measuredvith the SE590,the horizontalbarsthemseles indicatethe measuremengrror It
canbe seenthatthe overall agreemenbetweenthe empiricalfunction (dashedine) andthe datameasured
with the SE590is very good. In somecasesthe dashedine fits even betterthanthe TS model(solid line),
especiallyfor 8; = 65°,¢ = 135°. The TS modelagreesconsiderablybetterfor §; = 50°,¢ = 180°,
0; = 65°,¢ = 180°, 6; = 65°,0, = 70°, the speculapeakof the empiricalfunctionis too high for these
plots.

Fig. 5.28shaws the comparisorof theempiricalfunctionof eq.5.13with the SE590datafor the sample
‘'redaluminum’. The speculapeaksagreeremarkablywell for §; = 30°, ¢ = 180° andf; = 50°, ¢ = 180°.
For 8; = 65°,¢ = 180° the specularpeakderived from the goniometertable datareachewonly half the
maximumvalue of the speculampeakderived from the SE590data. A likely reasorfor this deviation is the
angularsamplingof the goniometertable data. The closestangularcombinationto the speculardirection
0; = 65°,0, = 65°, ¢ = 180° availablein the dataseby (Meister1999 is §; = 72°,6, = 66°, ¢ = 180°,
i.e. the maximumof the specularpeakwas not measured.In this case,an empirical function cannotbe
expectedo provide goodresults.

The diffuse componenbf the empirical function of 'red aluminum’ shawvs a decreaseawith increasing
zenithanglesthatis notwell supportedyy the data,seee.g.6; = 30°, ¢ = 90° or 8; = 50°, ¢ = 0°. Onthe
otherhand,for 8, = 65°, ¢ = 90° the predictionsby the empiricalfunction arein muchbetteragreement
with the SE590datathanthe TS model.

Thecomparisorfor theredrooftile is shavn in fig. 5.27. Theanglesfar off the speculadirectionagree
very well. But thereis a strongrisefor 8; = 65°, ¢ = 135°, anda very strongoverestimatiorof the width
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perpendiculato the planeof incidencefor 6; = 65°,6, = 70°. A possiblereasorfor thesedeviationsis a
featureof the speculapeakdiscussedn thefollowing chapterthewidth of thespeculampeakperpendicular
to the planeof incidencedecreasewith theincidenceangle. This feature is not modeledby the empirical
functions of equations5.13and 5.15 Thusthe TS modelis clearly preferableto the empiricalfunctions
for surfaceswith a strongspeculapeakanda diffuseLambertiancomponentThe coarseangulargrid of the
goniometertable measurementgreventedthe shortcomingof the empiricalfunctionsto be noticedin the
studyby (Meister1995.

For 8; = 30°,¢ = 180° a speculampeakis modeledthatis not supportedby the data. This may also
be dueto shortcoming®f the empiricalfunction,which is not capableof modelingthe shift of the specular
peaktowardslarge zenithanglesaswell asthe TS model.

Thediffusecomponenbf theredroof tile agreegjuitewell for goniometetabledataand SE590data,in
factit is difficult to decidewhetherthe empiricalfunctionor the TS modelagreebetterwith the SE590data.

Comparisonsf theempiricalfunctionandthe TS modelderivedfrom ASD datafor thesamplesplastic’,
'walkway’ and’brown slate’areshavn in fig. 12.16in theappendix.They arefar lessinformatie, because
the ASD datawasonly taken in the forward scatteringdirection. Furthermorehe ASD measurementef
the sampleplasticin the speculadirectionwereoverflows. The empiricalfunctionfitted to the goniometer
tabledatashavs a speculampeakthatis muchbroaderthanwhatwe estimatedrom the ASD data(a width
of lessthan3°). The BRDF of sampleswith a sharpspeculampeakcannotbe determinedwith anangular
grid ascoarseasthe oneusedin (Meister1995. The empiricalfunctionfor the samplebrown slate’ agrees
quite well with the ASD data. The 'walkway’ samplesusedat the EGO measurementampaignandin
(Meister1999 werenotidentical,thusthedifferencesould be dueto differentsurfaceproperties.

We concludethatthereis a goodoverall agreemenbetweerthe BRDFsderived from goniometettable
dataandlaboratorydata. Becauseof the controlledmeasurementonditionsandthe finer angulargrid at
which BRDF valueswere measuredthe laboratorydatamustbe seenas morereliable. However, figures
5.27and5.28shaw thatin situ BRDF measurementssinga goniometetablecanyield comparableesults.
We expecttheagreemento improve if a physicallybasedunctionlike the TS modelis usedto describehe
goniometetabledataaswell.
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Figure5.26: TS model(solid line) fitted to BRDF measuremenisf the SE590at 660nm (errorbars)andthe
empiricalfunctionof (Meister1999 (dashedine) for Spectralor0.5.
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Figure5.27: TS model(solidline) fitted to BRDF measuremenisf the SE590at 660nm (errorbars)andthe
empiricalfunctionof (Meister1999 (dashedine) for 'redroof tile’.
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Figure5.28: TS model(solid line) fitted to BRDF measuremenisf the SE590at 660nm (errorbars)andthe
empiricalfunctionof (Meister1999 (dashedine) for 'red aluminum’.



Chapter 6

The Width of the SpecularPeak
Perpendicular to the Principal Plane

6.1 Overview

The shapeof the speculampeakof roughsurfacesis neededor applicationsn computervision (like image
rendering objectrecognition)andremotesensingor all problemsthatinvolve the speculaBRDF of rough
surfacesg.g.classificatioror changedetection.In this chapterthewidth of the speculampeakperpendicular
to the principal planeis investigated.

We comparedhe BRDF modelof (Torrance& Sparrav 1967 to BRDF measurementsf 4 man-made
surfaceswith very differentroughnessesie foundthatthe width of the speculaipeakperpendiculato the
principal planedecreasestrongly with increasingillumination zenithangle,in the dataaswell asin the
model. This featureof the speculapeakhasnot beenacknavledgedbeforein the literature,e.g.thewidely
usedspeculaBRDF modelby (Phongl1979 assumes constanwidth.

A modelanalysisshawvs thatthewidth perpendiculato theprincipalplaneis approximatelyproportional
to the cosineof theillumination anglefd;, the deviationsaredeterminedy theroughnessf the surface. This
relationis accompaniedby anincreasen reflectancen the speculadirectionin the principal planethatis
strongerby afactorof 1/ cos 6; thantheincreasedor a perfectlysmoothsurface.

A comparisorwith resultsfrom (Rothkirchet al. 2000 suggestghatthe TS model overestimateshe
increaseof the speculamlbedowith increasingllumination angle.

Preliminaryresultsof this chaptethave beenpublishedn (Meisteretal. 2000.

6.2 Measurementsand Model Results

For this chapterwe will restrictthe analysisto a wavelengthof 660 nm, becauset this wavelengthwe can
obtainthe coeficient of absorptiork from (Rothkirchetal. 2000 for the sampl€eroof tile’.

We fitted the parameter®f the TS modelto our datausinga least-squarditting routine from the pro-
grammingpackagdDL. We did notusemeasurementwith arelatve azimuthy smallerthan90°, because
we wantto focusour investigationon the speculapeak.For theroof tile we obtainedl45measurement$or
theother3 samplesl22measurementd.he TS modelis drivenby 5 parameterstg, t1, w, n andk. Thusthe
numberof measurements clearlysuficient. Buttheparameterg andn cannotberetrieved simultaneously
their effect on the Fresnelreflectancén conjunctionwith the speculaiintensity parametet; is not unigue
for illumination angles< 70°. This canbe seenfrom fig. 6.1. The solid line shavs the Fresnelreflectance
for k = 0 andn = 1.5 asa function of illumination angle#;. The crosseshav the Fresnelreflectance
for k = 0.4 andn = 1.35, normalizedto the valuef; = 0° of the solid line. It canbe seenthat different
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Figure6.1: The Fresnelreflectancdor unpolarizedllumination asa function of illumination anglefor dif-
ferentparameters:, k. The solid line shavs the Fresnelreflectancdor £ = 0 andn = 1.5, the crosses
shaw the Fresnelreflectancdor k¥ = 0.4 andn = 1.35, normalizedto the value; = 0° of the solid line.
The dottedline shaws the Fresnelreflectancdor £ = 0.2,n = 1.6, the starsshav the Fresnelreflectance
for £k = 0.55,n = 1.4, normalizedto the value of the dottedline at#; = 0°. It canbe seenthat different
parameterg producea very similar shapeof the Fresnereflectancef theindex of refractionn is adjusted.

parameterg produceavery similar shapeof the Fresnefeflectancéf theindex of refractionn andthe spec-
ular intensityparametet; areadjusted.The dottedline (Fresnelreflectancewith & = 0.2,n = 1.6) shavs
anotherexample:it canhardly be separatedrom the stars(Fresnekeflectancevith £ = 0.55,n = 1.4, nor

malizedto thevalueof thedottedline atd; = 0°). Thusit isimpossibleo retrieve the parameterg, n andthe
speculaintensityparametefrom BRDF measurement$ neitherof themis known. Additional information
canbe obtainedfrom e.g.polarizedBRDF measurementgas presentedn (Rothkirchet al. 2000), which

allow amuchbetterdiscriminationbetweerthe parameters andk.

Previous authorshave setk = 0, like e.g.(Ginnelenetal. 1999. However, k = 0 is incompatiblewith
the polarizedBRDF measurementgresentedn (Rothkirchet al. 2000 on the samered roof tile asusedin
this study We adoptedhevalueof k¥ = 0.25 from (Rothkirchetal. 2000 andsetthis parameteconstanfor
all samplesThevaluen = 1.87 we obtainfrom fitting (seetable6.1) usingk = 0.25 is higherthanthevalue
givenin (Rothkirchetal. 2000 (n = 1.35). Thefactthatour fitting resultfor n is too high suggestghat
the TS modeloverestimateshe increaseof the specularalbedowith increasingd; (assuminghatn = 1.35
is thetruevalue),because low valueof n is accompaniedby a strongincreaseof the specularalbedowith
increasing;.

We concludehattheFresneparametera andk retrievedby fitting candescribeaheshapeof thespecular
peakvery well, but from unpolarizedBRDF measurementi is impossibleto determinereliablevaluesfor
n andk. However, it is reassuringhat the retrieved valuesare within the expectedrangefor dielectrics
(n € [1.3,2.0] (Wolff 1999.

Thefitted parameterg,,¢;, w andn aregivenin table6.1for the4 samplesd; denoteghe degreesof
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Sample to [st1] ty [st~!] w [deg ] n k X /dy
Rooftile 0.082+ 0.001 | 0.184+0.09| 0.040+ 0.001| 1.87+£0.84| 0.25+2.97| 1.5
Redconcrete | 0.0903+ 0.0004| 1.00+ 0.27 | 0.084+ 0.001| 1.524+0.20| 0.25+£0.51| 1.1
Blue concrete | 0.0531+ 0.0002| 1.09+ 0.24 | 0.083+ 0.001| 1.46+ 0.14| 0.25+ 0.33| 2.0
RedAluminum | 0.1370+ 0.0005| 3.1+1.2 | 0.167+0.001| 1.81+0.49| 0.25+1.81| 4.2

Table6.1: Parametersbtainedirom fitting the TS model(eq.5.1) to the SE590BRDF dataat a wavelength
of 633nm. The parametek wassetto 0.25. Seetext for a discussiorof the errors. The parameterst a
wavelengthof 660nm werepresentedhn table5.1.

freedom(numberof measurementSV) minusnumberof parameterg5 in this case)),x? is definedas

N ( measured __ mpdelled)Z

X2 — Z 7y - 7,0 (6.1)

5 i

whereg; is themeasuremergrror of thei’th measuredRDF valuef;f;eas‘“ed.

The fit only passeghe x? testfor 'red concrete’,the acceptancehresholdfor x? is about1.3 for a
significancelevel of 1 % (Brandt1992. The rejectionof 'blue concrete’and'red roof tile’ is dueto the
diffusecomponentg.g.at a wavelengthchannelof 680nm, x? = 1.3), seealsofigures5.15and5.16. The
rejectionof 'red aluminum’ mustbe attributedto both the specularmandthe diffuse componentpecauseghe
intensityof the speculapeakis predictedoo low for highillumination angles seefig. 6.2.

Theerrorswerecalculatedaccordingo (Brandt1992 usinga Taylorexpansiorbecausef thenonlinear
ity of the TS model.Herewe treatedk asafreeparametefalthoughwe actuallyusedthefixedvalueof 0.25)
to be ableto calculatethe uncertaintyfor this parameter The errorscanonly be seenasroughestimates,
because¢he Taylor expansionof the Fresnereflectancevith respecto the parametek

F(k—l—o‘k):F(k)-i-%'O'k (6.2)

is apoorapproximatiorfor thelarge o, of table6.1.

The model BRDF valuesare plotted in figs. 6.2 and 6.3 (solid line), togetherwith measuredvalues
(crosses).The measuremengrrorsare plottedasvertical bars,oftenthey areso smallthatthey canhardly
be seenin theplot. The plotsshav thatthe modelfits the measurementguite well, the strongestieviations
occurfor thesampleredaluminum,wheretheintensityof the speculaipeakis underestimated.

Fig. 6.2 shavs thewell known shift of the maximumof the speculampeaktowardshigherzenithangles
(especiallyfor 8; = 50°). The roof tile hasa very broadspecularpeak,the aluminumhasa very sharp
speculapeak,andthe width of the speculaipeakof the concretdilesis in between.

6.3 Width of the SpecularPeak Perpendicular to the Principal Plane

Fig. 6.3shavsthefeatureof thespeculapeakthatthis chaptefocusesipon. TheBRDFvaluesareplottedas
afunctionof therelative azimuthangley, with 8, = 8; for 6; = 30°,50°, andf,. = 70° for §; = 65°. It can
be seenthatthe width of the peakswith respecto the azimuthangledecreasedramaticallywith increasing
zenithangle. It canbe seenthatthe azimuthalwidth reducesy about50 % whenincreasing); from 30° to

50°, andby about75 % whenincreasingd; from 30° to 65°. The dramaticchangeof shapeof the specular
peakdata,which is obviously in accordwith the TS model,is not predictedby simplermodelslike e.g.the

Phongmodel(Phong1979. For a bettercomparisoh, the lastplot in eachrow shawvs the modeledvalues

1Eventhe Phongmodelshaws a decreasef the azimuthalwidth with increasingzenithangle(however lessstrongthanthe TS
model)dueto thedefinitionof theazimuthangle.
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Figure6.2: BRDF of the samplesat differentillumination angles; asa functionof viewing zenithangled.
in forward scatteringdirection(p = 180°). Stais denotemeasuedvalues thesolid line showsthe TSmodel
predictionsusingthe parametes fromtable 6.1. Thesampleshavespecularpeaksof differentintensityand
width (widestfor rooftile, narrowestfor aluminum).Thevertical bars within thestars showthemeasuement
error. Theshift of the maximumof the specularpeaktowards higher zenithanglescan be seenespecially
well at illumination angled; = 50°.
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Figure6.3: BRDF of the samplesat constantzenithanglesd;, 8, as a functionof azimuthangle ¢. Stais
denotemeasued values the solid line showsthe TSmodelpredictionsusingthe parametes fromtable 6.1.
Thevertical bars within the stars showthe measuementerror. Thelast columnshowsthe modeledspecular
peakonly (i.e. themodeledraluesminusthecoeficientty) normalizedo its maximumnvalue asafunctionof
theanglerelative to the speculadirection Solidline shows); = 6, = 30°, dashedine shows; = 8, = 50°
and dottedline shows#; = 6, = 65°. It canbe seenthat the width of the specularpeakdeceaseswith
increasingillumination angle
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minust (i.e.thespeculapeak,withoutthediffusecomponentpf thethreeprevious plotsnormalizecdo the
maximumvalue. Thedataareplottedasa functionof theanglerelativeto thespeculardirection(definedas
%) in eq.5.14on page74), to emphasizéhe decreas®f the width of the speculampeakperpendiculato the
principalplane.For aBRDF modelwith a constantvidth perpendiculato the principal planelik e the Phong
model,the 3 lineswould lie exactly ontop of eachother

The mathematicakxplanationfor this effect canbe foundin eq. 5.5. Let us assumean illumination
zenithangleof §; = 45°. To directtheincomingray to either[6, = 35°, ¢ = 180°] or [, = 55°, ¢ = 180°],
i.e. adeviation of 10° off the speculadirection [, = 45°, ¢ = 180°] within the principal plane a surface
facetwith normala = 5° is neededaccordingto eq. 5.5 (orientedtowardsthe light sourcefor 6, = 35°,
orientedaway from the light sourcefor 6, = 55°, seealsoeq.6.3 below). Thisresultis independenbf 6;.
To directtheray to [0, = 45°,¢ = 170°], i.e. 10° out of the principal plane we alsoneeda surfacefacet
with a normalof 5°. But this resultdependsstrongly on 6;. For 8; = 65°, we needa surfacefacetwith a
normalof o = 10.6° to directtherayto [#, = 65°,¢ = 170°]. For §; = 30°, we needa surfacenormal
of only @ = 2.9°. The amountof surfacefacetswith normal« is givenby eq.5.4. @ = 0° is the most
alundantsurface normal, the probability of a surfacefacethaving the normal o decreasesnonotonously
with «. This meanghattherearemoresurfacefacetswith a normalof o = 2.9° (neededo directthelight
towards[f, = 30°,¢ = 170°] with §; = 30°) thansurfacefacetswith a normalof « = 10.6° (neededo
directthelight towards[f, = 65°, ¢ = 170°] with 6; = 65°). Thustheintensityof reflectedight is stronger
at[9; = 6, = 30°,¢p = 170°] thanat[f; = 6, = 65°,¢ = 170°], i.e. the azimuthalwidth of the specular
peakdecreasefor highilluminationangles.

It is easyto seethatthe zenithalwidth of the speculapeakdoesnotdependon thezenithangle,because
in the principal plane(forward scatteringj.e. ¢ = 180°) « is givenby (Torrance& Sparrav 1967

0, —0;
2

a= (6.3)
andderiing a with respecto 6, yieldsaconstanvaluel /2. Thustoincreaseheangleof reflectiond, by 1°,
thesuriacefacetmustbetilted anadditional0.5° to achieve speculaiscatteringjndependenof §;. Deriving
«a with respecto ¢ with 8; = 6,, eq.5.5 mustbe used. The resultis shavn in fig. 6.4 asa function of ;.
Obviously the derivative increasestronglywith 6;. E.g.,increasingy = 180° by 1° requiresanincreaseof
a by =~ 2.8° atf; = 80°, butat#; = 30° anincreaseof « of only = 0.3° is needed.

This effect wasconfirmedby a simple experiment:we directeda lasertowardsa tilted mirror at a high
illumination angle,andturnedthe mirror aroundits axis. Thelight beamhit a vertical plane,andwe marked
the pathof thelight ray while turningthe mirror. After projectingthe vertical planeonto a spherecovering
theupperhemispherewe obtainedanellipse,thelargeraxisin thevertical,the smalleraxisin the horizontal
direction(notethatthespeculapeakpredictedby the TS modelis notanellipsedueto the Fresnereflectance
F, the GeometricAttenuationFactor G, andmostnotablythe division by the cosinesof the zenithangles,
seeeq.5.1).

It isimportantto recognizehatonly the shapeof thespeculapeakchangesvith illuminationangle.The
overall intensityof the speculapeakdoesdependon theillumination angle,but only becausef the Fresnel
Reflectance” (andmaskingandshadaving effects). The effect of the reductionin azimuthalwidth on the
total intensityis compensatetly the division by the cosineof theillumination zenithanglecos ; in eq.5.1.
Thisis anotherinterestingeffect predictedby the TS model: for a roughsurface,theincreaseof the BRDF
in the speculadirection(d, = 6;, ¢ = 180°) asafunctionof theillumination angle#; is strongerthanfor a
smoothsurface,by afactorof 1/ cos(6;). Thisis shavn in fig. 6.5, wherethe solid line shavs the BRF for a
perfectlysmoothsurface,andthe dashedandthe dottedline shav the BRFsfor aroughsurface,normalized
to the BRF of thesmoothsurfaceat; = 0°.

2\We ratherusedvaluesatd, = 6; = 65 insteadof thevaluesatf, = 70°, §; = 65 becausehis allows a consistentomparison.
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Figure6.4: The derivative of a (eq.5.5) with respecto ¢ asa function of theillumination zenithangleg;
with 8, = 6; andyp increasingrom 180°. Thesmallvariationsfor illumination anglesoward0 areproduced
by computationalimits.

We useBRFratherthanBRDF, becaus¢he BRDF of a perfectlysmoothsurfaceis adeltafunction(only
BRFis directly measurable)BRF is definedas(Nicodemusetal. 1977)

_ T
- 0,0,

BRF(wiawr) / fr(eia‘piaera(ﬁ'r)dgrdﬁi (6.4)
w; J Wy
For our purposetheintegrationhasto be carriedout over the apertureof sensoandlight source.
Assumingthattheirradiancecoversthefull field of view of the detectorthe BRF for a perfectlysmooth
surfacein the speculadirectionis givenby

L, L,
B F ; = = ]. °© Q Q ~ - — = - —_— =
RF(0; =0,,¢ 80°,9;,Q,) = 7, T Fo - cos b,
LOF(nakaez) :ﬂ_LOF(nakae’L) :F(n’kaez) (6 5)
Ej - cosb; 7+ Lo - cos b; cos 0; '

wherekE) is theirradiancefor nadirillumination and L is theradianceof thelight source.

In fact, we expectmaskingandshadaving effectsto reducetheincreaseof the BRF’s of roughsurfaces,
unfortunatelythe TS modelpredictsneithermaskingnor shadaving at all in the speculardirection (6, =
0;, o = 180°), whichis probablynotveryrealistic. Especiallyfor large zenithanglesmaskingandshadaing
effectsbecomdamportant.

We define’specularalbedo’ asthe directional-hemisphial reflectanceas definedby (Nicodemuset
al. 1977 dueto the speculapeak. It canbe calculatedby integratingeq.5.1 over the projectedsolid angle
dS) of the upperhemispheresettingt, = 0. The strongerincreasdn intensityin the principal planeof the
BRF of aroughsurfacecomparedo a smoothsurfaceis shavn in fig.6.5. It doesnot resultin anincrease
in specularalbedo. We will shav thatthe width of the specularpeakperpendicularto the principal plane
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Figure6.5: Thesolidline shavstheBRF in the speculadirection(d, = 6;, ¢ = 180°) for aperfectlysmooth
surfacethedashedine shavs the BRF in the speculadirectionfor aroughsurface,normalizedio the BRF
valueof the smoothsurfaceat §; = 0°. The Fresnelreflectanceas determinedby n = 1.5 andk = 0.25 in
bothcasesThewidth of the speculapeakis assumedo be muchlargerthanthe apertureof thesensar

decreasespproximatelyproportionalo cos 6;, andthiseffectcancelgheincreasedn intensityin theprincipal
plane

Thestrongeiincreasef theBRDF in the TS modelascomparedo the BRF of aperfectlysmoothsuriace
led (Nayaretal. 199)) to rejectthe TS modelfor very smoothsurfaces.Our findingsshednew light on this
topic andextendthe possiblerangeof applicability of the TS modelevento very smoothsurfaces.However,
for very smoothsurfacesit is necessaryo verify thatthe apertureof the sensoris small enoughto allow
theapproximationBRF = = - f,, otherwisethe BRF predictedby the TS modelhasto be calculatedrom
eq.6.5.

It is difficult to judgethe width of the speculapeakfrom fig. 6.3, becausehe azimuthalwidth covered
by a fixed solid angledecreasesvith increasingzenithangle(a solid anglecovering A8 = Ayp = 1° at
0 = 90° still hasa zenithalwidth of A@ = 1° at nadir but an azimuthalwidth of Ay = 180°). Thuswe
determinedheangleperpendiculato the principal plane at which the BRDF valuedueto the speculapeak
dropsto half its maximumvalue. The Full Width Half Maximum (FWHM) perpendiculato the principal
planeis twice this angle becaus¢hefull width extendsto eithersideof the speculapeak.More specifically
for every illumination angle,we computedthe BRDF valuesfor all angleslying on the line on the unit
sphereconnectingthe speculardirection8, = 6;,¢ = 180° andf, = 90°,¢ = 90° (this line is always
perpendiculato the principal plane,seefig. 6.6). Therelative anglebetweerthatangleon theline, whose
BRDF valueis half the maximumvalueis thedesiredangle. The maximumvalueis atthe speculadirection
0, =0;, = 180°.

Fig. 6.7 shavs the FWHM of the speculampeakperpendiculato the principal planefor the samplesas
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$=90°

Figure6.6: The sketchshavs the unit sphereandthelight pathfor perfectspeculadirection(d; = 6,, ¢ =
180°) asthin lines. Thethick line shavs theanglesperpendiculato the principal planereferredto in section
6.3 to calculatethe FWHM. The thick line runson the unit sphere connectingthe speculardirectionand
@, =90°, ¢ =90°).

a function of theillumination angle,derived from the TS modelusingthe parameterdrom table6.1. The
FWHM atf; = 0° in the principal planeis the sameasthe FWHM perpendiculato the principal planeat
0; = 0°. For our samplesthe FWHM is givenby 114.9°,41.4°,42.1° and19.9°, for roof tile, red concrete,
blue concreteand aluminum, resp. It can be seenthat the FWHM perpendicularto the principal plane
decreasesapproximatelyproportionalto the cosineof ;. Thuswe plottedin fig. 6.8 theratio of the FWHM
andcos 6; andnormalizedt to the nadirvalue. The deviationsfrom the decreasevith cos 8; aresmallestfor
"aluminum’, whichis the smoothessuriaceof our samples.The concretetiles shav deviationsonly upto 5
%. The sample'roof tile’, whichis theroughestsurfacein our study shavs muchstrongerdeviations. The
mostlikely reasorfor thedeviationsaremaskingandshadaving effects,which arestrongestor theroughest
surface.

AnotherBRDF modelto describespeculareflectionis the Cox-Munk model. It wasdevelopedto de-
scribethe speculareflectionof oceandCox & Munk 19549. It is oneof several BRDF kernelsusedin the
Ambralscode(Wanneret al. 1997). We usedits implementatiorin the Ambralscodeversion3.1,assuming
awindspeedf 0.5m/s. Fig. 6.9 shavs thatthe FWHM perpendiculato the principal planedecreasepro-
portionalto the cosineof theincidenceangled; aswell. The Cox-Munk modeldoesnot predictthe shift of
the speculampeakto larger zenithanglesthat canbe clearly obseredin our experimentaldata,thuswe did
notinvestigatethis modelary further



88 6 THE WIDTH OF THE SPECULARPEAK PERPENDICULARTO THE PRINCIFAL PLANE

Roof tile Red concrete
120 | | | | 50 | | | |
i v i S0
- 00 s 54
T 40 T
= =
L 92p L 10
O ‘ ‘ ‘ ‘ O ‘ ‘ ‘ ‘
0O 20 40 60 80 100 0 20 40 60 30 100
lllumination angle [deq] llumination angle [deq]
Blue concrete Aluminum
o0 | | | | 20 | | | |
o o 157
©, 30 =
10t
= ] =
T 20 T
E 10 1 E oF
O ‘ ‘ ‘ ‘ O ‘ ‘ ‘ ‘
0 20 40 60 80 100 0 20 40 o0 380 100
lllumination angle [deq] llumination angle [deq]

Figure6.7: The FWHM of the speculaipeakperpendiculato the principal planeasa function of theillumi-
nationangled; for the 4 samples.The FWHM decreaseapproximatelyproportionalto cos ;, seefig. 6.8.
At 6; = 0°, the FWHM in the principal planeand perpendiculato the principal planeareidentical. Thus,

e.g.for thesampl€aluminum’, até, ~ 20°/2 = 10° themeasuredadiancehasdroppedo halfits maximum
value(maximumvaluefor 6; = 0° até, = 0°).
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Figure6.8: The FWHM perpendiculato the principal plane(cf. fig. 6.7) divided by the cosineof theillumi-

nationangle#; normalizedto thevalueat8; = 0° asafunctionof §; for the4 samplesThe plotsshav that
the FWHM decreaseproportionalto the cosineof 6; for the concretetiles andthe aluminumsample with

deviationsup to 5 % for the concretetiles andonly up to 2.5 % for the aluminumsample.The very rough
samplerooftile’ shavs muchstrongerdeviations.
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Figure6.9: The FWHM perpendiculato the principal plane(cf. fig. 6.7) divided by the cosineof theillumi-
nationanglefd; normalizedto thevalueatf; = 0° (cf. fig. 6.8) asafunctionof §; for the Cox-Munkmaodel.
The plotsshav thatthe FWHM decreaseproportionalto the cosineof 6; with deviationsof only 2 % that
aredueto numericaluncertainties.



Chapter 7

Surface Topography

7.1 Abstract

Althoughthesurfacestructureof the TS modelandthe ON modelis impossibleto realizephysically thetwo
modelsusetheinclination distribution of surfacefacetswhich is in facta parametethatcanbe measured.
We acquiredsuriacetopographydatafor eightsamplesThedatahave averticalresolutionof 0.16um, anda
horizontalresolutionof 1 pm for profilesof 1 mm lengthandahorizontalresolutionof 1.24 um for profiles
of 10mmlength.We derivedtheaveragesurfaceinclinationfrom thetopographydataandcomparedt to the
averagesurfaceinclination derived from BRDF measurementsWithout averaging,the averageinclination
of the surface normalsstrongly exceedsthe valuesexpectedfrom BRDF measurementsAfter spatially
averagingthe datathe agreements poor, about+ 50 % after averagingwith a spatialbin size of 20 um.
We do not know whetherthe failure to link thetopographymeasurement&ith onecommonbinsizeto the
reflectancadatais dueto aninappropriataesolutionof the topographydataor to aninsuficient theoretical
approach.One possibleexplanationis that indeedeachsurface hasits own characteristidacetsize. This
hypothesiss supportedy the similar ’best-fitting’ bin sizeswithin eachmaterialtype

7.2 Data Acquisition

We madeanarrangementvith Prof. Weckenmannmat the 'Chair of Quality ManagemenandManufacturing
Metrology’ in Erlangen,Germaiy to measurghetopographyof 12 of our sampleswith the optical profiler
RM 600, producedby Feinpiif PerthenGmbH, Gottingen,German. The profiler usesthe focus-detection
principle. A laserwith awavelengthof 780nmis focusedonthesurfaceby moving anobjectve, seefig. 7.1.
A focusdetectordecidesvhetherthelight spotonthesurfaceis in focus.If yes,the positionof theobjective
is corvertedto a surfaceprofile point by the path sensar The exact procedures not madepublic by the
manufcturerfor competitve reasonsThe vertical resolutionis 0.16 um, the smallesthorizontalresolution
is 1 um. Theprofilesarelimited to amaximumof 8192datapoints. Themaximumverticalrangeis restricted
to 0.6 mm. Thereflectancef the samplemustbe higherthan2 % andlessthan95 %. The spotof thelaser
onthesamplehasadiameterof 1 um. Themaximumprofile inclinationis 13° for speculaisurfaceswithout
a strongdiffuse componentind80° for diffusesurfaces(like e.g.paper). The completesystemconsistsof
the laseroptical distancesensaora positioningtable basedon piezocomponentsanda controlling anddata
processingomputer Therepositioningaccurag of the positioningtableis betterthan2 ym.

For eachsample,we orderedtwo kinds of measurements1000 neighboringprofiles with 1000 data
pointsin eachprofile, with ahorizontalresolutionof 1 pm, resultingin ameasuredquareof 1 mm x 1 mm,
anda singleprofile with a horizontalresolutionof 1.24 m of 8191 datapoints,resultingin aline of 10 mm
length.Both kinds of measurementsereexecutedwice, eachat a differentlocationof thesample.
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Figure7.1: Thissketch(providedby Feinpiif PertherGmbH,Gottingen,Germaiy) shavstheopticalprofiler
RM600usedin this studyto obtainthetopographymeasurements.
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Out of the 12 sampleswve provided, 4 could not be measuredvith the RM600. For "asphalt’and'wall
paper’,the maximumallowed vertical rangeof 0.6 mm was exceededfor the samplesgreenroof paper’
and’sandedoof paper'the RM600wasnot ableto dealwith the frequentcolor changeof thesesamples.
No profileswith a horizontalresolutionof 10 xm are available for the sample’Roof tile Opal’, dueto an
inattentvenessf the operatorof theinstrumentn Erlangenthatwasnoticedtoo late.

7.3 Qualitati ve Analysis

Figures7.2 and 7.3 shav selecteddatafrom the topographymeasurementat different scales. The first
columnshavs the measuremerf 10 mm length (8091 datadoints),the secondshavs the 500th profile of
thel um horizontalresolutionmeasuremergerieg1000datapoints),thethird columnshavsanenlagement
of the centerof this profile (datapoints450to 550). Thelastcolumnshaws only 11 datapoints(495to 505),
with they-axisscaledn suchaway thatit alsoextendsto about10 ym, the sameasthe x-axis. In this way,
the slopesof the curvesin the last columnare similar to the measuredlopes,whereador the 3 previous
columnsthey aregreatlyexaggeratedlueto the differentscalingof the axes. It canbe seenthatthe average
slopein the lastcolumnis quite high, especiallyfor the sample’'Red roof tile'. It is alsointerestingto note
thatthe assumptiorof the TS modelandthe ON modelof V-cavities is not realistic,in our datathe surface
normalsof neighboringsuriacefacetsusuallydonotform aV.

3-dimensionaprofilesareshavn in figures7.4,7.5and7.6. for theveryroughsurface’redrooftile’, the
relatively smoothsurface’blue concrete’andthe very smoothsurface’red aluminum’. Therespectre plots
for theremainingsamplesareshavn in theappendixfigures12.17to 12.21,pagesl2.17to0 12.21.

7.4 Quantitati ve Analysis

7.4.1 Evaluated Quantities

We extractedsereral statisticalquantitiesfrom thetopographydata:

e o,[um], therootmeansquaredeviation of the heights(Thomas1999. It is givenby

1 L
o, = ”f/o 2%(z)dz (7.2)

whereL is the profile lengthandz(z) is themeasuregrofile.

¢ [[pm], the correlationlength, definedasthe distance at which the autocorrelatiorfunction dropsto
e~ ! (Thomas1999. Pointsseparatedy distancegyreaterthanthe correlationlengthare considered
statisticallyindependentThe autocorrelatiorfunctionis givenby (Ogilvy 1992:

cx) =L / ¥ @)z + X)p(2)dz (7.2)

Oz J—00
wherep(z)dz is the probability thata profile point hasa heightfrom z to z + dz.

e 0,[deg], the root meansquarednclination of the surlacenormal. The surfacenormalo? between
2 heightpointsof a line profile in the z—directionis given by the arcustangentof the slope(height
differenceof thetwo pointsdivided by their distance) Theaveragesurfaceinclinationin 3 dimensions
can be calculatedby multiplying with 7 /2 accordingto (Nayak 1971, assumingthe surfaceto be
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Figure7.2: Topographydata. Theleft columnshaws the two profilesof 10 mm length,the secondcolumn
shaws oneprofile of eachmeasuremerderiesof 1 mm length,thethird columnshaws the central100 data
points of the profile of the previous column,andthe right column shawvs the central 10 datapoints of the
previouscolumn.
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Figure7.3: Topographydata. Theleft columnshaws the two profilesof 10 mm length,the secondcolumn
shaws oneprofile of eachmeasuremergeriesof 1 mm length,the third columnshaws the central100 data
points of the profile of the previous column, andthe right column shawvs the central10 datapoints of the

previouscolumn.
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Figure7.4: Topographydataof the sample'redroof tile’. Thefirst of the original datasets(correctecby a
meanplane)of 1000pointsx 1000pointsis shavn attop left. A subsebf 20 pointsx 20 pointstaken from
thecenterof thesamplingareais shavn top right. Theresultof averagingthe original datawith a bin sizeof
20 pointstimes20 pointsis shavn on bottomleft. Theresultafteraveragingfor the secondlatasetis shavn
bottomright. Notethatonly for the plot top right the vertical scaleis scaledsimilarly to the horizontalaxes.
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Figure7.5: Topographydataof the sampl€blue concrete’. Thefirst of the original datasets(correctecby a
meanplane)of 1000pointsx 1000pointsis shavn attop left. A subsebf 20 pointsx 20 pointstakenfrom
the centerof thesamplingareais shavn top right. Theresultof averagingthe original datawith a bin sizeof
20 pointstimes20 pointsis shovn on bottomleft. Theresultafteraveragingfor the seconddatasetis shavn
bottomright. Notethatonly for the plot top right the vertical scaleis scaledsimilarly to the horizontalaxes.
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Figure7.6: Topographydataof the sample'redaluminum’. Thefirst of the original datasets(correctecby a
meanplane)of 1000pointsx 1000pointsis shavn attop left. A subsebf 20 pointsx 20 pointstaken from
thecenterof thesamplingareais shavn top right. Theresultof averagingthe original datawith a bin sizeof
20 pointstimes20 pointsis shavn on bottomleft. Theresultafteraveragingfor the seconddatasetis shavn
bottomright. Seechapter7 for adiscussiorof thetopographymeasurementdotethatonly for the plot top
right theverticalscaleis scaledsimilarly to the horizontalaxes.
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createdby a randomprocessstationary andisotropicin the z— andy—direction. (Thomas1999
suggestso calculatethe surfaceinclinationfor a 3-D profile as

o J BN R T Y ECHEE YT

following arecommendatioby (Stoutetal. 1993. We usedeq.7.3to computeo,, for the arealdata
setswith 1000neighboringprofilesandthe methodproposedy (Nayak1977) for thesingleline data
setsof 8091datapoints.

e 02[deg], the root meansquarednclination of the surfacenormal after averagingthe surfacewith a
bin sizeof 20 um, i.e the 1000 x 1000 datapointswerereducedo 50 x 50 datapoints.

Thesevaluesaregivenin table 7.1, togetherwith the root meansquarednclination of the surfacenormal

derived from the widths of the speculampeakof the BRDF measurementgresentedn chapters. We used
the widths derived from the ON model (section5.4), becauseéhe ON modelassumesavities of constant
diameterwhichis equivalentto the constantorizontalresolutionof ourtopographymeasurementsyhereas
the TS modelassumes constantengthof thefacets.o £5% is calculatedoy (cf. eq.5.6)

2 2

SE590\2 T2 o=en Ly [T2 o, =5
(o5 )t = (/ e da) / a’ - e?uw do (7.4)
0 0

ando25P accordingly We alsocalculateds) , the equivalentof 02°[deg] for the following v/ ([um]: 3, 4,
8, 10, 15, ,30,40, 50, 75, 100, 200. We definery asthaty’, whereo? agreesestwith c25P. ~ canbe
understoodasthe spatialdimensionover which the light averageghe surfacetopographyaccordingto the
ON model.

ThepopularRayleighcriterion (Kraus& Schneided 988 stateshata surfaceis smoothif theinequality

A
8 cos b;

o, < (7-5)
is fulfilled. Thewavelengthrangeof theradiometricsensor®f this studyextendsto 2.4 um, thusnoneof the
surfacesmeasuredexceptplastic)canbeconsideredgmooth,i.e. they mustbe describedasroughsurfaces.

7.4.2 Comparisonof BRDF Parametersand Topography Parameters

The valuesfor the averagesurfaceinclination 059 and¢2SP derived from the BRDF modelare signif-
icantly lower than o, derived from the topographydata. The reasonis that the assumptiorof specularly
reflectingfacetsrequiresfacetsthat are muchlarger thanthe wavelengthof the incominglight. In a model
studyfor waterwaves,(Brown 1978 suggestetb applygeometricabpticsonly for facetlengthsgreatetthan
3 timesthe wavelengthof the incominglight. Averagingwith a bin sizeof 3 ym improved the agreement
betweeno2SP ando,, considerablybut still averagesurfaceinclinationsof the topographydatais far too
low. Thuswe averagedhe topographydatawith a bin sizeof 20 um, which is considerablyargerthanthe
smallestwavelengthmeasuredn the BRDF measurementsf 0.45um. The disagreemenbetweerthe aver-
ageinclinationsderivedfrom BRDF modelsandtopographydatadecreaset® deviationsof 50% onaverage.
2 A bin sizeof 20 um resultsin 4 samplesagreeingwithin 25 % ('roof tile Opal’, concretetiles and’red

b'Stationary’ meanghatthe averagedparametersharacterizinghe surfacedo not depencbn the locationwherethe parameters
wheremeasured.

2\Wetried averagingover bin sizesdifferentfrom 20 um (ag' , seeabove), aswell asfiltering hightopographyrequencieshrough
Fourieranalysis put theresultsdid notimprove on average.
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aluminum’). It is especiallydisappointingto seethatthereis not even astrongcorrelationbetweenaQSD,
o, Or 020 althoughgenerally anincreasdn o>SP is accompaniedy anincreasen o, or 02, thereare
someexceptions,comparee.g.’redroof tile’ and’brown slate’. This dasheghe hopeof finding acommon
averagingbin sizesfitting betterthanthe 20 um choserhere.

But becaus¢he TS modelpredictsthe shapeof the speculapeakvery well, it is of interestto determine
thesizeof the surfacepatcheghatmalke up the V-cavities (seesection5.3) of the TS model. The actualsize
of the surfacepatchedss not a parametein the TS model(eq. 5.1, it is only requiredthatit is muchlarger
thanthe wavelengthof the incidentlight.) Thusthe sizeof the V-cavity cannotbe determinedrom fitting
the TS modelto BRDF measurementslhe topography measuementsshaw that the sizeof the surface
patchesmust bein the 20 um range. Thisis alsoconfirmedby thefactthatthewidth of the speculapeak
derivedfrom BRDF measurements relatvely independendf wavelengthwhichis only possiblaf thesize
of the scatteringstructure(the surfacepatchof the V-cavity in the TS model)is significantlylargerthanthe
wavelengthof the incidentlight (varyingfrom 0.425um to 2.35um for our measurements)Jnfortunately
it is not possibleto determinea precisenumberfrom our data,becausehe bestagreemenbetweenaSSD
andag' variesfrom averagingover squaresvith edgesrom aboutlOnmto 75 nm.

It is possiblethattheresolutionof the RM600is not appropriatéor measuringhe surfaceson the scale
neededo modelthereflectionof light. It is openwhatthe actualsurfacestructureon the 1 ym scalecould
bein theright columnof figures7.2and7.3,especiallyfor sampleswvith avery roughstructurelike e.g.’red
roof tile’. Theassumptiorof alinear profile betweereachpointis possiblystronglysimplifying for the data
with 1 uzm resolution.However, it is very likely thata linearprofile is adequateafteraveragingwith a20 um
bin size.

Another problemmight be the diameterof the laserfocus of the RM600 of 1 um. It is very difficult
for a systemwith sucha large footprint to determineslopesaslarge as seenfor the sample’red roof tile’.
But again,this shouldbe a minor problemafter averagingwith a 20 um bin size,becausehe averageslope
decreasesignificantly

Thusthe mostlikely reasonfor the bad agreemenbetweerthe topagraphy data and the BRDF datais
aninsuficienttheoeetical appoad. Onepossibleway for furtherresearchmight beto eliminateareasof the
surfacethatsurpass certainroughnesshresholdandevaluatethe facetinclination only from thosepartsof
the surfacethathave aroughnesshatis lower thanthis threshold.

Maybe there is no one common bin sizethat is suitable for every surface. Maybe the value of v
indicatesthe typical sizeof a facet for the respectve sample. Unfortunately it is not easyto verify this
hypothesis.But it is supportedoy the similar valuesof «y for the differentkinds of materials:for concrete
v = 30, for slatey ~ 75, andfor baledclay ('redrooftile’ and’Opal tile’) v = 10.

7.4.3 Further Remarks

The quantitiesroot meansquareroughnessr, andthe correlationlength 8 usually are not directly used
in BRDF modelsof roughsurfaces. We shav themhereto demonstratehat they areindeednot strongly
correlatedto the specularpeakwidths, althoughan increasein o, is often accompaniedy an increase
in peakwidth (with e.g. 'roof tile Opal’ being a clear exception). The increaseof both quantitieswith
horizontalresolutionis in qualitative accordancevith resultsfrom (Sayles& Thomas1978 and(Thomas&
Sayles1979 for naturalaswell asman-madesurfaces.(Sayles& Thomas1978 predictanincreaseof o,
with thesquaraoot of thelengthof the profile, thuswe would expectfor theratio of o, of the 10 mm profile
to o, of thel mm profile of v/10 ~ 3.2. Theratiosfrom table6.1 aregivenby 1.8,1.6,2.4,3.1,3.6,7.1and
2.6 for the samplesredroof tile’, ’brown slate’, 'blue concrete, red concrete’,’ red slate’, 'red aluminum’
and’plastic’, resp.
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Sample o [pm] Blpm] | oqldeg] [ 02’[deg] | y[um] | o3[deg] | op°P[deg]
Redrooftile 1 | 5.6 £0.7 71418 68.2 10.4 8 15.4 16.1 £ 0.9
Redrooftile2 | 7.3+1.3 88 + 17 68.4 12.4 10 15.7

Redrooftile 3 | 11.4+2.6 | 185447 66.3 8.0

Tile Opall 3.1+£0.6 51 £ 28 63.5 7.4 10 10.4 10.6 = 0.4
Tile Opal2 4.0 £0.8 75 £+ 20 63.3 8.0 10 10.6

Brown slatel 94+ 3.3 60 £ 20 68.7 21.9 100 7.5 8.3+0.1
Brown slate2 6.1+1.8 39+ 15 66.7 194 50 9.5

Brownslate3 | 12.6 £2.0 | 200 4 98 65.7 7.5

Redconc.1 59+1.4 > 100 65.7 10.0 30 8.2 8.1+0.2
Redconc.2 8.9+2.9 > 100 66.0 10.1 75 7.9

Redconc.3 23.2 +8.8 | 558 + 281 63.2 6.1

Blueconc.1 58+ 1.7 86 + 17 64.0 10.3 30 8.3 8.0+0.1
Blueconc.2 4.8 +£0.7 83 £ 23 64.1 9.3 30 7.2

Blue conc.3 129+ 4.7 | 595 + 286 62.4 6.2

Redslatel 6.8 +1.7 91+19 60.3 9.3 75 6.2 6.0£0.3
Redslate2 5.3+ 1.6 89 + 19 59.0 8.0 75 5.6

Redslate3 21.6 £ 74 > 800 58.0 5.4

Redalu. 1 1.5 4+0.2 18 £13 54.0 3.7 15 4.8 5.0+£0.6
Redalu. 2 1.54+0.3 27 + 27 53.9 3.7 15 4.8

Redalu. 3 10.7 +4.0 > 800 48.4 5.4

Plasticl 0.25 +0.05 3+4 19.7 0.5 (>4) | (£23) | («2.8+0.1)
Plastic2 0.25 +0.10 3+4 18.8 0.6 (>4) | (£29)

Plastic3 0.65 +0.07 | 622 + 124 20.2 1.1

Table7.1: Topographystatisticsof the samplesTwo measuremerderiesconsistingof 1000parallelprofiles
weretaken for eachsampleat two differentlocationson the suriace of the samplewith a 1 um spacing
intenval with 1000measuregointseach. They arereferredto as’'l’ and’2’. Anothermeasuremergeries
consistingof only two profileswith a 1.24 ym spacinginterval with 8091 measuregointseachis referred
toas’3. o, is theaverageroot meansquaredoughnes®f the surfaceprofile, 5 is the correlationlength,

o, is theaverageroot meansquarednclination,o2® is the samequantityafter averagingthe profilesover 20

pm. For eachquantitythe standarddeviation is given, computedrom the 1000 profilesavailablefor each
measuremergeries.Thefollowing two columnsshaw thebin sizewy, for whichtheaveragingprocessesulted
in the bestagreementvith the BRDF data,andthe respectre values?. Thelastcolumnshows the average
root meansquarednclination of the surfacepatchesderived from BRDF measurementsf ASDFieldspec,
averagedover the wavelengthrange450 nm to 700 nm (18 channels)andthe standarddeviation resulting
from the averagingover wavelength. For the SE5900nly 4 of therespectie valuesare available: 'red roof

tile’: 20.0 £ 0.3 ; 'redconcrete’:8.8 + 0.2 ; 'blue concrete’:8.7 + 0.1 ; 'redaluminum’: 4.5 £ 0.2. The

samplesarearrangedn theorderof decreasingvidth of thespeculapeakasmeasuredby the ASDFieldspec.



Chapter 8

Angular Dependenceof the DAEDALUS
Sensitvity Function

8.1 Overview

The DAEDALUS AADS 1268is a multispectralline scannemwith 11 spectralchannelsand 716 pixels per
line. This chaptempresents post-flightcalibrationmethodto correctthe datafor dependencef the detector
sensitvity onthe scanningangle.An areahasto befoundwhereonly negligible BRDF effectsareexpected
acrossthe principle planefor zenithanglessmallerthanthe maximumscanningangle. The areadoesnot
needto be homogenoushut it mustextendover awhole scanline. In our casethe runway of the Nurembeg
airportwaschosenThepixelsof thescarnline acquiredvhencrossingherunway atright angleswveredivided
by therespectie pixels of the overflight parallelto the runway after georgistration. The resultingangular
sensitvity functionsshav variationsupto 15% (dependingn channel) similarto findingsfrom alaboratory
experimentdone3d yearsearlier A comparisorwith laboratorydatafrom a DAEDALUS scannepperatedn
Australiashaws similar results,exceptfor channel2 and8. In orderto correctthe acquiredmagedatafor
this effect, simplelinear correctionfunctionscanbe usedfor eachscanningdirection (left/right) separately
Someof theresultsof this chaptetave beenpublishedn (Meisteretal. 19993.

8.2 Description of the Detector

This thesisis partof aresearctprogramto studyurbanareasby multispectraFemotesensing.Seseraldata
campaignsvereflown in cooperatiorwith DLR (Oberphffenhofen)with the DAEDALUS AADS 1268line
scanner

A scanline from the DAEDALUS scannercontains716 pixels for eachof the 11 spectralchannels.
Thewavelengthdistribution of the channelds givenin table9.3, channelll recordsthe surfacebrightness
temperaturandwill notbeincludedin thisinvestigation.Channeldl to 5 coverthevisible wavelengthband,
channels$ to 10 arein theinfrared.Channell is theleastreliablechannebecaus®f its strongnoise.

The maximumscanangleis 6, = 43° to both sides. The scanstartsat theright whenlooking from the
planedown to the ground,so pixel number0 correspondso a scanningdirectionto the right asseenfrom
the sensar Eachpixel coversanangularrangeof 2 x 43° /716 = 0.12°, groundresolutionat a flight height
of 300m is about0.7 m for nadir The pixel groundresolutionriseswith cos 6,2, i.e. atthe maximumscan
anglethe diameterof a pixel hasrisento twice its value at nadit The imagerycan be correctedfor this
panoramidistortion(Wiemker 1996, expandingthe numberof pixels perline from 716to 1000in our case.
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Visibility Typeof Atmosphere Typeof aerosol

Values/ Sets| 10KM , 30KM | US Standardl976,Mid-latitude summeyAmberg 1997 | Rural,Urban

Table8.1: Parametesetsusedto determineangularvariationof atmosphericorrection

8.2.1 DAEDALUS Error Sources

A detaileddescriptionof the reflectanceerrorsresultingfrom DAEDALUS measurementsanbe foundin
Rothkirchetal. (1998. Theerroror /R associateavith asinglepixel is estimatedo about11 %, depending
on wavelength. This error can be reducedby averagingover homogeneougpixels. However, errorsdue
to miscalibrationwill persist. Fortunately theseerrorscanbe neglectedfor BRDF investigationspecause
for BRDF effectstheabsolutaeflectancés lessimportantthantherelative changeof reflectanceExcluding
effectsfrominhomogeneoutametsandregistrationproblemswe estimateahe’BRDF error’ of DAEDALUS
datato beabout5 % aftercorrectionfor the angularsensitvity function,presentedbelow.

8.3 Error fromthe Atmospheric Corr ection

To obtainreflectancéemagesfrom airbornescannedata,the impactof the atmospherdasto betakeninto
account. Becauseof the compleity of radiatve transferin the atmospherenumericalatmospheridrans-
missioncodes,suchas MODTRAN (Andersonet al. (1999, Smithetal. (1993) or 6S (Vermoteet al.
(1997h) have to beusedto correctthe measuredadiancesOur dataareatmosphericallgorrectedisingthe
packageSENSAT-5 (Richter(1990, Richter(1992) whichis basecon MODTRAN. SENSAT computeghe
radianceghatwill be measuredor several differentreflectancevalues( R = 0.0,0.1,0.3and0.6), based
onatmospheriénput parametersuchasvisibility, aerosokype,temperaturg@rofile etc. Thusalookuptable
is created(for eachreflectanceandall viewing angles),andthe radiancesmeasuredy the sensorcanbe
corvertedto reflectancesdy linearinterpolation.A majorproblemfor atmosphericorrectionis the determi-
nationof the atmospheriénput parametersin orderto estimatethe error of the atmosphericorrectionfor
ourcasewe calculatedheatmosphericorrectionfor severaldifferentparametesets(keepingtheparameter
setswithin reasonabléimits). Thestandardleviation of theresultswill give anestimationof the errorof the
atmosphericorrection.

For our casewe areonly interestedn the angulardeviations, so the radiancescalculatecby SENSA
werenormalizedto nadir The parametesetsaregivenin table8.1,theresults(averagedoverthe 12 combi-
nations(2 x 3 x 2 = 12)from table8.1) areshavn asa functionof viewing anglein fig. 8.1 for areflectance
of R = 0.1 andin fig. 8.2for R = 0.3. Therelatve azimuthangleis 68.5° for negative viewing anglesand
111.5° for positive viewing angles.Theseangleswerechoserto matchthe datawe will procesdelon. The
standarddeviationsareplottedaserror bars. As all resultsarenormalizedto nadir, the standarddeviations
arealwayszeroat nadit The angulardeviationsfor R = 0.3 arealwayslessthanl %, so arethe standard
deviations. Thestrongesangulardeviationsoccurfor R = 0.1andchannell: at+40° theradiancepredicted
by SENSA is morethan3 % higherthan at nadir, the standarddeviation is about2.5 %. The standard
deviationdecreasestronglyfor higherchannelsAlso theangulardeviationsbecomesmaller for channel®
and10thereis evena smalldecreasat +£40° comparedo nadit

Thereflectancef therunway of theNurembeg airportis aboutl 0%, seefig. 8.4. Thismeanghatfor our
study thereflectanceerror dueto uncertaintiesf the atmosphericorrectionstemmingfrom the unknavn
inputparametersanbeestimatedo beabout2.5% for channell (equalto the standardieviationin fig. 8.1),
decreasindor higherchannelq1 % for channel7, 0.2% for channell0).

Thelasttwo plotsof fig. 8.1arenotrelevantto theangularcorrection howeverthey demonstratéheover-
all uncertaintyof atmosphericorrectionin casetheinput parametergarenot well knowvn. Thefirst of these
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lastplots shawvs the averageof theradiancepredictedoy MODTRAN usingall 12 possiblecombinationsof

theinputparameterfrom table8.1asafunctionof wavelength.Theverylastplot shavs therelative standard
deviationsof theseradiancesAlthoughthereflectedradiancel,. for visible wavelengthdgs far strongerthan
in NIR, the standarddeviation of L, decreaseffom 15 % to 5 %. Fortunatelythis high erroronly needso

beconsideredvhencomparingmagesrom differentoverflightswith differentatmospheres.

8.4 Angular Sensitvity Function ASF

Theangularsensitvity function ASF(,) of the sensoiis the ratio of the measuredadianceat the viewing
angled, (alsocalledlookangleto themeasuredadianceatnadir (6, = 0°) assumingtrueconstantadiance
reachingthe detector The biggestobstaclan determiningthe ASF is providing a homogenoudlumination
source. If the ASF is constantandif the radiancereachingthe detectoris independentf scanningdirec-
tion @,., all pixelswill give the samevalue. Volker Ammanat the GermanAerospaceEstablishmenDLR
(Oberpaffenhofen)hasperformedsuchatestin thelaboratoryin 1994(privatecommunication)pointingthe
DAEDALUS into anintegratingspherewith a diameterof 2 m. For channel2 to 9 the differencebetween
maximumand minimum measurementvasabout5 %, but almost20 % for channell, seefig.8.5, dashed
line. However, it remainsopento whatextentthesemeasurementareinfluencedby inhomogeneitiesf the
integratingsphere.

Therehasbeenno determinatiorof the ASFimmediatelyprior to the 1997flight campaigrover Nurem-
belg. BecauseBRDF effectsdeducedrom the datacrucially dependon the ASF, we presenta methodto
dervethe ASFfrom ourimagedata.As theinstrumentvasreconditioneagsincel994,the ASF asdetermined
by the DLR is significantlydifferentfrom the 1997 ASFfor somechannels.

8.5 ASF Determination Method

8.5.1 General Outline

In principle, the ASF cansimply be determinedrom a scanline over a spatiallyhomogeneousarget. In
practicejt is almostimpossibleto find targetswith therequiredhomogeneityn urbanareasUrbanareasare
characterizethy a high spatialvarianceof reflectanceln orderto accommodatéor this effect, we divideda
scannindine thatwasobtainedcrossingherunway of the Nurembeg airportby thegeorgistereddataof an
overflightalongtherunway, seefig. 8.3. For alambertiansurfaceanda constantASF, the expectedresultis
1 for all pixels. This procedurds only possiblewhenthereis at leastonepair of flight tracksperpendicular
to eachotherandthe calibrationareais seenfrom bothtracks. This meanghatunfortunatelythis methodis
notapplicableto theimagedataof our groupfrom previousyears,asall theflight tracksfrom previousyears
areparallel.In casethe BRDF of the calibrationareachosens notknown, it is furthermorenecessaryo use
scangerpendiculato thesunazimuth,in orderto avoid speculaor hotspoteffects(seechaptels). Although
the strongesBRDF effectsareexpectedin the principal plane,acrosghe principal planeBRDF effectsare
possibletoo. However, theseeffectsare symmetricwith respecto nadir (6, = 0°) if the calibrationarea
is rotationally symmetric. SymmetricASF effects cannotbe detectedby our proceduraf the BRDF of the
surfaceis unknawn.

8.5.2 Choiceof Calibration Area

Thebestsuitedsurfacein our datais the runway of the airportNurembeg for thefollowing reasons:

¢ BRDF effects of the surface (asphalt)acrossthe principle planein the angularrangecovered by
DAEDALUS (maximumscanangle: 43°) aresmall. Thesunangleof 8; = 40° ensuredhatthere
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Figure8.1: Standarddeviation of the MODTRAN atmosphericorrectionnormalizedto nadir for R =0.1
usingall 12 combinationsof the parametesetsfrom table8.1. The standarddeviationsvary from 2.5 %
for channell to 0.2 % for channell0. Thelasttwo plotsshav the averageof the 12 radiancegpredictedby
MODTRAN without normalizingandthe relative standarddeviationswithout normalizing)asa function of
wavelength.
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Figure8.2: Standarddeviation of the MODTRAN atmosphericorrectionfor R = 0.3. The standardevi-

ationsare alwayslessthan1 %, muchsmallerthanin the caseof R =0.1, seefig. 8.1. The lasttwo plots
shawv theaverageof the 12 radiancepredictedoy MODTRAN without normalizingandtherelative standard
deviationswithout normalizingasafunction of wavelength.
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Flightheading: 1

Scandirections——

Flightheading:—>

Scandirection:i

Figure8.3: Thesepicturesshawv the areachoserfor ASF determinationa runway of the Nurembeg airport.
Thereflectancemageof DAEDALUS channel7 is plotted. The upperpictureshavs the cross-runway scan,
thelower pictureshavs the along-runvay scanafterregistrationto the above picture.

are neithereffectsfrom a broadhot spotor a broadspeculameakthat might be expectedfor a sun
positionedin nadir nor will therebe ary strongBRDF effectsthattypically occurfor zenithangles
largerthan60° (notethatthe BRDF variationsfor thesampleasphalt’in chaptel5 (fig. 5.10,page55)
increaseawith 6;). Therelative angleof the scandirectionto the sunazimuthis 68.5° for thescanto the
left and111.5° for the scanto theright. Sotherelative angleis only 21.5° smallerresp. biggerthan
90° correspondingo thedirectionacrosghe principalplane.

e Theareastretchesrom theveryleft of the DAEDALUS scanto theveryright, sothatalmostall pixels
canbeincludedin the investigation. Only thosepixels containingthe white strip on the right of the
picturehave to beexcluded.

e Thereflectancerofile of the areais quite homogeneouslthoughdeviationsof up to 20 % occur see
the profile shavn in fig. 8.4.

e Thewidth of therunway is about50 pixels. Thusaveragingover thewidth will dismissrandomsensor
noiseto a large amount. Small scaleinhomogeneitiesvill alsobe smoothedafter averaging. The 2
brightwhite stripeson theright in fig. 8.3wereexcludedfor ouranalysis.

¢ Smalllandmarkson the side of the runway allow a very exactregistrationof the along-runvay scan
ontothecross-runway scan.Theregistrationaccurag is estimatedo be aboutonepixel.

¢ A changein reflectancehat occurredbetweenthe cross-runvay scanandthe along-runvay scanis
highly unlikely, in contrastto e.g. streetshighly frequentedy cars.

In thelaboratorymeasurementf chaptel5, thesampléasphalt’shavedaverylambertiarBRDF across
the principal plane(seefig. 5.10,6; = 30°,¢ = 90° and#; = 50°, ¢ = 90°, the angularcombinationof
the DAEDALUS flight track is aboutd; = 40°,¢ = 70°/110°). Although the asphaltof the laboratory
measurementight be differentfrom the asphalton the Nurembeg runway, the laboratorymeasurements
supportthe choiceof anasphalisurfaceascalibrationarea.
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Figure8.4: The upperplots shav the reflectanceof the runway in channel7 asa function of pixel number
Theoriginalamountof 716 pixelsincreasedo 1000afterthe panoramidistortionwasremoved. The upper
left plot (A) shaws theprofile from thecross-runvay scan theupperright picture(B) shavs theprofile of the
along-runvay scanafterregistration(cf. fig. 8.3). Plot C is theratio of A andB. Most of the characteristic
changegrom plots A andB disappearedTheremaininghigh frequeng changesanlargely beattributedto
theregistrationaccurayg (estimatedo be aboutl pixel). Registrationerrorscanbe identifiedasdeviations
thatareimmediatelyfollowed by a deviation with reversedsign. After mappingthe 1000 panoramigixels
backto the 716 DAEDALUS pixelsandaveragingover 4 pixels,theseeffectsareremovedtoo, seeplot D. D
shavs the ASF asafunctionof DAEDALUS look angle.

8.5.3 ASF Calculation

To obtainthe ASF, the stepsdescribedbelav were performed.As imagedata,we did not useraw databut
reflectanceémages,becausehe reflectanceémageshave beenprocessedy Rothkirchet al. (1998 with
MODTRAN to eliminateatmospherieffects.

1. Correctthe imagesfor panoramicdistortion. Registerthe along-runvay scanimageto the cross-
runway scanimage(seefig. 8.3).

2. Averagethe valuesover the width of the runway for bothimages. The resultsare shavn in fig. 8.4,
plotsA andB.

3. Divide the cross-runvay scanby the along-runvay scan. The ratio givesthe ASF andis shavn in
fig. 8.4,plotsC andD for channel7, andin fig. 8.5for all channelgsolidline).

4. Normalizetheresultsto the nadirvalue.

For a lambertiansurface,the ratio averagedover all anglesshouldequall. But in the principal plane,
the surfaceis notlambertianascanbe seenfrom a cross-runy scanacquiredn the morning(notshawvn).
This meansthatthe averageof the ratio will dependon the scanangleof the runway in the along-runvay
scan. However, this is not a problemherebecausave are not determiningan absoluteASF but a relative
ASF, thereforewe cannormalizeour resultswithout loosinginformation.
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Figure8.5: The ASFfor thefirst L0 DAEDALUS channelsasafunctionof DAEDALUS look angle,normal-
izedto nadirandaveragedo intenals of 5 degrees.Negative look anglescorrespondo theright directionas
seenfrom the DAEDALUS. Solid line is the ASF determinedrom the Nurembeg imagedata,dashedine
is the ASF determinedby DLR laboratorymeasurementdottedline is the ASF determinedby laboratory
measurement®r the DAEDALUS operatedn Australia(availableonly for channelsl to 8). Thelastplot
shavs the ASFfor channel® and8 for the AustralianDAEDALUS with anenlagedverticalplotting range.
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8.6 Resultsand Discussion

A possiblereasorfor a non-uniformityof the ASF is a slight misadjustmenof the scanneoptics. If theray
alignmentbetweerrotatingmirror andprimary paraboloids not perfect,a non-uniformASFis possible.

The ASF averagedover 7 pixelsareshavn asa functionof viewing anglein fig. 8.6. Thereis a uniform
characteristiof channel to 7: atanglesabout—40° the ASFis aboutl2 % higherthanatnadir, for positve
scananglesit is quite constant. Therise with negative zenithangleslooks very linear Channell shavs a
rise (about10 %) with both positve andnegative angles.The samebehaior canbe seenin channeB, but at
+40° theriseis only 7 % above thenadirvalue. The sensitvity of channeB risesallittle towardsincreasing
zenithanglesthe sensitvity of channellO risesfor negative zenithangleseachabout5 %).

An ASF laboratorymeasuremer(tlirectingthe DAEDALUS FOV into anintegratingsphereyerformed
by the DLR in 1994shaws similar results but theangulardeviationsareonly about5 % (exception:channel
1 with 20 %), seedashedine in fig.8.5. The spectralbehaior looks very similar for channels3 to 7. But
channeP risesfor positve angleschanneB doesnotrisefor negative angleschannel riseswith negative
zenith anglesand channell0 risessymmetricallyaboutnadir, in contraryto our findings. We do expect
changedetweerthe 1994DLR dataandour resultsfrom August1997,becaus¢he scannewasoverhauled
andreadjustedn early 1997.

ASF measurement®r anotherDAEDALUS AADS 1268were madein Australiafor channelsl to 8.
The DAEDALUS wasplacedin front of alight sourceandturnedto obtaindifferentlook angles.Theresults
areshavn in fig. 8.5asadottedline. Channels3 to 6 arequitesimilarin shapeo our measurementshereis
arisefor nggative anglesof about10to 20%. Channel shavs arise of 40 % for negative zenithanglesfor
channeB thevalueat 40° is almosttwice ashigh asthevalueat —40°. The shapeof the ASF for channell
is similarto the ASF from the DAEDALUS operatedy DLR, but therisefor negative zenithangless twice
asstrong.Exceptfor channeR, theseresultsareconfirmedby flight dataover a desertareafrom theprevious
year(notshawn).

Thisshavsthattheresultsderivedfrom the Nurembeg imagedataareof the sameorderof magnitudeas
resultsfrom othergroups,obtainedby differentmethods.Our methodhasthe advantageof determiningthe
ASF aftertakeof right after (or before)theactualimagedataareacquired.Thusvibrationsduringtakeof or
landingwhich mayleadto a changeof theray alignmentin the DAEDALUS arenotaproblem.Furthermore
we do not have to provide a constantight sourcein thelaboratory

Thereareseveral possibleerror sourcedor our method:impreciseatmosphericorrection,sensomnoise,
registrationerrors, rapid illumination variationsduring datatake and suriace BRDF effects. Varying the
atmosphergarametersvithin reasonabldimits, we estimatethe first error sourceto be about2 %, see
chapterB.3. Rgjistrationerrorscanbe neglecteddueto the easyregistrationof therunway andthe averaging
overanareaof 2000pixels,the sames truefor sensomnoise.PresumablBRDF effectsof the asphaliof the
Nurembeg runway aresmall, from a comparisorwith the BRDF measurementsf the sample’asphalt’ of
chapter5 (seefig. 5.10,page55) we estimatethe error from the Lambertianassumptiorto 3 %. Assuming
theillumination variationsto be 2 %, errorpropagatiorieadsto anoverall errorof about4 % in the ASF.

Theresultsof our methodcanbe confirmed(or improved)if immediatelyafterthe cross-runvay scanof
thetestareaanothercross-runwely scanheadinginto thereversedirectionis performed(in our caseheading
northinsteadof headingsouth).Unfortunately during our campaigmo suchflights wereperformed.

8.7 Angular Correction of the DAEDALUS Data

The DAEDALUS dataarecalibratedoy the DLR with anintegratingsphereof known radiance The calibra-
tion is performedusingthe averageof the pixelsin the center(numbered355to 361, leftmostpixel equals
1). Thereforeto correctthe DAEDALUS reflectancelatawith the ASF, we mustdivide the databy the ASF
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Figure 8.6: The ASF for the first 10 DAEDALUS channelsasa function of DAEDALUS look angle,nor
malizedto nadirandaveragedover only 7 pixels. Negative look anglescorrespondo theright directionas
seenfrom the DAEDALUS. The pointsare measured/alues,the straightlines arethe bestfits (seechapter
8.7). Thelasttwo plots shav the valuesof the slopesS to theleft resp.right from table8.2.
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andmultiply theresultwith the averageof the ASF of the pixels 355to 361

ASFcenter
ASF(z)
) 1 361
= = line, ASF™*" = — ASF
T = TOW,Yy ine, - $:Z355 (x)

[Reorrected (z,y) = RDLR—calib.(x’ y) - (8.1)

As canbe seenfrom fig. 8.5, thereis still somenoise (about2 %) in the ASF. In orderto avoid super
imposingthis noiseon all the data,we fitted straightlinesto the ASFs(leastsquaresnethod),two for each
channel:onegoingto the left, the otheronegoingto theright. The startingpixel for the lines wasdeter
minedby computingthe x? valuesusingevery pixel (oneafteranother)asa startingpixel. The smallesty?
(summedover all channelswasobtainedfor pixel # 410 (we assignedt 1 to thefirst pixel, not#0 asmary
computedanguageslo). The slopeof thefitted linesis givenin table8.2 on pagell2. Theoffsetis equalto
the ASF valueat pixel # 410. The equationfor evaluatingthe ASF for eachchanneis

ASF(z) = h+ (410 — z) - Sjegt if z < 410 (8.2)
ASF(z) = h+ (z — 410) - Spigns if > 410
wherez is the’imagerow’ or '# of pixel'. Theoffseth andthe slopesSies:, S right aregivenin table8.2on

pagell2andareplottedin fig. 8.6in thelasttwo plots. It canbe seenthatthe ASF doesnot vary muchfor
channel2to 7.

Channel] Sies; [(1000Pixel) 1] | Syignt [(1000Pixel)y 1] | Offseth | x2/d;
1 0.265 0.356 0981 | 0.7
2 0.294 0.045 0.991 | 1.0
3 0.275 -0.002 0.991 | 0.7
4 0.300 0.036 0.986 | 08
5 0.282 -0.016 0.993 | 0.7
6 0.328 0.008 0.085 | 08
7 0.328 0.000 0.990 | 1.2
8 0.216 0.248 0.976 | 0.4
9 -0.001 0.171 1.00 | 06
10 0.154 0.000 0.984 | 0.7

Table8.2: Slopesandoffsetsfor the straightlinesdescribingthe ASF, seeeq.8.2.

Thetablealsoshawvs X2/df for eachchannel.lt is alwayslower thanthe acceptancéhreshold,which
is 1.4 in this case. This meansit is possibleto describethe ASF in eachchannelwith two straightlines.
As we do not exactly know the physicalreasondor the non-uniformity of the ASF, we cannotclaim that
describingthe ASF by two straightlines is the bestsolution. However, the low x? valuesindicatethatwe
foundareasonablevayto recalibrateour data. Thisfunctionwasusedin the studiesof chapter9 andMeister
etal. (1999h.

The angularrecalibrationshouldtake place befoe the calibrationby groundtruth measurementsin
casethe groundreferencdarmgetsaremeasuredy DAEDALUS closeto nadir, the recalibrationcanalsobe
performedafter the calibrationby groundtruth measurementsn principle,anangularcorrectionshouldbe
donebefor theatmosphericorrection.In our casetheatmosphericorrection(MODTRAN) is quitelinear
with respecto small (about10 %) changesn radiance sothe angularrecalibrationcanalsobe doneafter
theatmosphericorrection.



Chapter 9

Lar ge ScaleBidir ectional ReflectanceModel
for Urban Areas

9.1 Abstract

A BRDF modelfor urbanareador pixel-sizesof morethan500m x 500 m is developed.Possibleapplica-
tionsinclude albedocalculation,improvementof classificatiorand changedetectionalgorithms,simulated
global BRDF mapsandrefinementof atmosphericorrectionalgorithms. The modelcombinesthe BRDF

effects at several scales(streetgrid, intermediatesizedobjects,microscale). We presentmodelingresults
aswell asa comparisorwith measurediata. The basicfeaturesof the urbanBRDF are the hotspotand

theindependencef its shapefrom wavelengthin the range450nm < A < 2300nm. An index proposed
recentlyby (Sandmeie& Itten 1999 called NDAX promisesgreatbenefitsin the identificationof urban
areasin global multiangulardatasets. An analyticalfunction that approximateshe modelis proposedor

easyimplementatiorandfastcomputation.The mainideaof the modelis to combineresultsof the previous

chapterson the small scaleBRDF of manmadesurfaceswith the large scalegeometricstructureof streets.
Themeasurediatapresentedn this chaptehave beenpublishedn (Meisteretal. 19991).

9.2 BasicModel Idea

In chapters we have demonstratethatgeometriaeflectionprovidesarobustdescriptionof BRDF of rough
surfaces. In particular (Torrance& Sparrav 1967 and (Oren & Nayar 1995 have approximatedough
surfacessuccessfullyoy cavity typestructuresWe have extendedhis approactanddevelopedageometrical
‘streetstructure’,which simulatesreflectionand shadaving in urbanareas.Our motivation s to provide a
modelfor inclusionof urbanBRDF effectsin algorithmsfor global monitoringthroughsatellitesensordik e
MODIS (Wanneretal. 1997, MISR (Dineretal. 1991, POLDER(Leroy etal. 1997 andMERIS (Bezy &

Gourmelon1999 with pixel-diametersn the km range. Sofar suchalgorithmsonly include BRDF effects
of vegetatedandbaresoil areagHu etal. 1997, (Strugnelletal. 1998.

9.3 StreetStructure

Thecoreof our BRDF modelis built uponthe streetstructureshawvn in fig. 9.1. Theurbanareais modeled
asasuperpositiorof streetstructureeadingnto differentdirections.This superpositiorwill becalledcity
structure. It is impossibleto physicallyrealizesucha city structure,for the samereasonsasin the cavity
modelby (Torrance& Sparrav 1967), seethe discussionn section5.3, page45.
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Figure9.1: Sketchof thestreetstructure.’a’ defineshewidth of thestreet,b’ theheightof thebuildingsand
'c’ thewidth of theroofs. Capitallettersdenotepointsreferredto in thetext. Thedottedline denotesither
aray of light (in this casepoint’'D’ is the lowestilluminatedpoint on the vertical area)or aline of viewing

(in this casepoint'D’ is the lowestpoint visible to the sensor).The coordinatesystemup right definesthe
zenith (@) andazimuth(y) anglesof incidenceandreflectionwith respecto the surfaceof the earth. The
turnedcoordinatesystem(x"', yV',z", bottomright) definestheseangleswith respecto theleft verticalarea
(seesection9.4.2).

The streetstructue asdefinedhereconsistsof a streetwith width a andbuildings of heightd bordering
the street,the roofs (width ¢) of the buildings areassumedo be flat. The influenceof inclined roofs will
be consideredater, seesection9.6.2. The streetstructureis straightandindefinitely long. This approach
is similar to the approachusedby (Torrance& Sparrav 1967 and(Oren& Nayar1995 who modeledthe
BRDF of rough surfacesassuminghe surfaceto consistof specularesp.Lambertianindefinitely long V-
cavities. In thischaptera pixel of anurbanareais modeledoy thereflectionfrom anarrayof streetstructures.
Althoughthisis a physicallyimpossiblecity (becaus®f the negglectof crossingdbetweerstreetghatarenot
parallel)the basicstructureof acity relevantfor BRDF effectsis capturedoy this model.

In additionto this large scalestructuremodelingon a smallerscaleis alsoneeded We assumehatob-
jectsareplacedon every surface(roof surface,wall surfaceor streetsurface). Theseobjectsaresignificantly
smallerthanthesurfaceitself. Lateronwe will assigranaverageBRDF to eachfacetof theresultingprofile.
This averageBRDF is the resultof a combinationof BRDF measurementsf several surfacestypical for
urbanareas All theseeffectsarecombinedo yield the overallurbanBRDF, seebelow.
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Thestreetstructurecanbedescribedy 3 parameterin our model,seefig. 9.1:
¢ thewidth of the streetitself ('a’)

¢ theheightof theborderingbuildings ('b’)

¢ andthewidth of the buildings (roofs)('c’)

Openingsbetweenbuildings alongsidethe streetareignored. Extendedcourtyardsbetweenbuildings are
beingtreatedasstreetareasn the model,andthusareincludedto first order The streetis supposedo have
alengthgreaterthanthe diameterof thefield of view of the sensor(or 'infinite length’), which is equvalent
to ngglectingtheimplicationsof the endingof a street.

For derving geometricoptical BRDF effects, it is sufficient to modelthe relative size of the structure
(Jupp& Strahler1991). Thuswe canrequirethe width parameterso sumto one:

a+c=1 (9.1)

which reduceghe numberof parameterso two ('a’ and’b’, a € [0,1],b € [0, c]). a,b andc aredimen-
sionlessecausehey only modeltherelative size.

The main adwvantagef this simplestructurearethe low numberof parameterandthe straightforvard
applicationof geometricaloptics (seebelav). As mentionedaborve, the structurenot only describeswo
buildings separatedby a street,but alsotwo buildings separatedby e.g.a backyard. I.e., a building doesnt
needto be borderedby a streeton eachside, our structurealsodescribegshe commonfeatureof blocksof
housessurroundinga backyard (neglectingthe 'edge’ effects producedby the cornersof the backyard, see
above). The parametera andb shouldbe chosenin sucha way thatthey describethe average structureof
theurbanareaunderinvestigation.

Our coordinatesystemis orientedin sucha way that the streetis running parallel to the y-axis and
perpendiculato the z-axis, seefig. 9.1. This meanghatat a viewing azimuthangleof ¢, = 0° a sensoiis
viewing the structureperpendiculato the directionof the streetandfrom theright in fig. 9.1,at ¢, = 180°
from theleft. Thereadewiews fig. 9.1 from abouty, = 300°.

9.4 Application of Geometrical Optics to the StreetStructure

The BRDF arisingfrom the streetstructurestronglydepend®n theamountof shadev presenin theviewed
area. Becauseof the simplicity of the streetstructure(shavn in fig. 9.1) it is straightforvard to calculate
the viewed and shadaved proportionsusinggeometricaloptics. To further simplify our approachwe will
assumehatall componentgroofs, streetsaandwalls) have the samecolor. Althoughthisis avery unrealistic
assumptionin practiceit will hardly be possibleto determineuniversalvaluesfor the differentcomponent
colors. This canonly be doneif specificknowledgeaboutthe city underinvestigationis available (e.g. all
roofsin this city arered). In casethe componentolorsareknown, they caneasily be integratedinto our
modelby replacingthe correctvaluesfor thealbedop in €gs.9.3,9.9,9.10and9.17below.

9.4.1 Top Horizontal Areas

For all iluminationandviewing anglesthewhole’roof” area(width’'c’) will alwaysbefully illuminatedand
viewed. In our simplified modelall buildings have the sameheight. Thereforeshadaing of low buildings
by tall buildings doesnot occur For now, we will assumehat the roof areareflectslike a Lambertian
surface(smallscaleBRDF effectswill beintroducedater). Lambertiansurfacesreflecta constantradiance
in all directionsproportionatto thealbedop (dimensionlessandtheincomingirradianceE;(6;) = E;(6; =
0°) - cos §; if theareacoveredby the sensolis smallerthanthe total areaof theilluminatedsurface. In this
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case theradiancereflectedby all roofs from within onepixel (denotedLs, theletter’c’ refersto the width
of theroof) is

T

L;=c- % - E;(6;) [W-m2.sr ! pym!] (9.2)

(theunit um~! is causedy the spectraldefinition of the radiance(radianceperwavelength), hasthe unit
[sr] asin (Nicodemusetal. 1977). But for now, we only modela singlestreetstructurethatis considerably
smallerthanthe sensoss field of view. Thuswe have to multiply eq.9.2 by theratio of the areaof the street
structureandthe areaof thefield of view (FOV) of thesensarlf theareacoveredby the FOV of thesensor
looking from nadirequalsAy, its areaincreasesvith viewing zenithangleas Ay / cos 6,. Assumingthestreet
structurecoversanareaAg, theradianceaeflectedby thetop horizontalareads therefore
¢ _As

L; = A,
In thefollowing morecomplicatedderivations,wewill talk e.g.aboutthe’areab’, meaningn factareab- Ag,
to improve readability It will beshavn that Ag (aswell asAgp) will cancelin thefinal equationsanyway.

c- 2. E;(6; =0°) - cos 0; - cos b,. (9.3)
s

9.4.2 Vertical Areas

For the vertical areasof the streetstructure the situationis more complicatedbecauseartsof the vertical
areamay be shadaved or masled (hiddenfrom view) andthe anglesof incidenceandreflectionneedto be
calculatedn the coordinatesystemof therespecitie area.

Considerthe light ray (dashedine) in fig. 9.1. It reacheghe streetstructureat point’'D’, almostbeing
obstructedby point 'E’. Thusall the areabelon point’D’ will bein shadev. To determinetheilluminated
proportionof theverticalareab’, we have to calculatethedistancebetweeriD’ and’F’ (DF). It is givenby

- FE
F = 9.4
tan 6; (9-4)
andFE is givenby .
FE-_YE __¢@ (9.5)
|cos ;| | cos ;]

(index « meansincident’). In casethelight ray enterghe structurefrom theleft insteadof from theright, the
azimuthangley; will be greaterthan90°, its cosinewill be negative andthe light ray will hit theright wall
insteadof the left wall. The equationsarethe same put with cos @; replacedoy — cos ¢;. Thuswe divided
by the absoluteof cos ¢; in €q.9.5to cover bothcases.

Obviously, the illuminated areacan never exceedthe total areab, thuswe have to introducethe con-
straint DF < b. Unfortunately thesekind of constraintswill preventour modelfrom beinganalytical,and
only numericalsolutionswill be possible. This is one of the reasonsvhy we will alsogive an analytical
approximatiorto the model.

In orderto calculatethe viewed areaof the vertical part of the structure the sameargumentas above
applieswith theincominglight ray replacedby theviewing ray. Thusit is sufiicient to simply replaced; and
©; by 6, andy,. in equation®.4and9.5 (index » meansreflected’).

Wewill calculatethecontritutionsof theverticalareasimilarto eq.9.3. Wereplacetheangled; .., ;.
bytheirequi/alentsez‘;r, <pi"/'r in theturnedcoordinatesystentor eachverticalareaseefig. 9.1. In theturned
coordinatesystemthe z-axis pointsin the samedirectionasthe suriacenormal,the z-axis pointsdownward
for theleft verticalareaandupwardsfor theright verticalareathe y-axisremainsunchangedwe obtainfor
theleft verticalarea:

6)" = arccos(cos y; - sin 6;) (9.6)

—cosb;

VL
; = arCCoOS\ —(/T—7
SDZ T ( Sin 01\/'L )
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The above equationcaneasilybe verified: cos 6}~ is the z componentn the turnedcoordinatesystem.The
turnedz-axisequalsthe original z-axis,andthe original x componenequalscos ¢; sin 6;.
Similarly, for theright verticalarea:

6)® = arccos(— cos g - sin ;) (9.7)
VR cos 6;
/= arccos(—== )-
i ( sin gk )

Theazimuthanglesarecalculatechere(althoughthey arenot neededor Lambertiansurfaces)ecausdater
wewill assignanon-LambertialBRDF to eachsurfacethatdepend®ntheazimuth.In the caseof ¢; = 0°,
eq.9.6 canbesimplifiedto

cos QZV L — sing, (9.8)

andwe candeducehatf}’” = 90° — 6;, whichis olviously correctfor ¢; = 0°.

For the viewing anglesd)' L, VL, 6V and o) £ the sameformulaeapply with 6; andp; replacedoy
0, and p,. Valuesof zenithangles#” > 90° will be setto 90°, correspondingo a vertical areaeither
beingcompletelyin shadav or completelyhidden.This allows usto expressthe contrikutionsfrom theright
verticalareaas(cf. eq.9.3):

A . _
L?R = A—i - min(DF(6;, ¢;); DF(0;, ¢r)) -

3

-E;(0; = 0°) - (cos 0] - cos 6 ) (9.9)

We take the minimumof eachvalueof DF becauséf e.g.alargerareais illuminatedthanviewed, only the
viewed areacontritutesto the reflectedradiation. Thusmin(DF (6}, ¢;); DF(6;, ¢, )) is the areailluminated
andviewed. Remembethatb is the maximumvaluepossiblefor DF'.

Thecontrikution from theleft verticalareais obtainedoy justreplacingtheindex L by R:

Ag T DF
L = A, min(DF (6;, ¢i); DF (6r, ¢r)) -

3

-E;(0; =0°) - (cos 0% - cos 6 F) (9.10)
Thetotal radiances simply the sumof bothareas:
L) = IbF 4 PR (9.11)

Notethatatleastoneof the cosineproductsat the endof equation®.100r 9.9 will bezerobecausehey are
facingoppositedirections.This is why zenithangledargerthan90° aresetto 90°.

9.4.3 Bottom Horizontal Areas

Thelastcontritution thatneedgo beaddeds thatof thelower horizontalarea(with width ’'a’). Thewidth of
theshadevedareawill bedenotedby 'a,’, thewidth of thehiddenareaby 'ay,’, seefig. 9.2. If eithervariable
is positive, the shadaved respeciie hiddenareabordersthe right vertical area,if eithervariableis negative
it borderstheleft verticalarea.We will explainthederivationof 'a;’, thederivationof 'a,’ is analogous.

Theviewing ray (dashedine incidentfrom theright in fig. 9.2)is almostobstructedy point’J’ andhits
the bottomhorizontalareaat point’'H’. We definepoint’l’ asthe point alongthe borderof the verticalarea
andthelower horizontalareawith the closestdistanceto point’H’. Thedistancebetweerpoints’H’ and’l’
equalsay’, thevariableto bedeterminedlt is equalto

HI = HK - cos o, (9.12)
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Figure9.2: Sketchof the streetstructureto explain the derivation of shadwed (as) andhidden(ay) areas
on the bottomhorizontalareain casethe scenes illuminatedfrom the left andviewed by the sensorat 6,

andy, from theright. Only the hatchedareaa — |a;| — |ay| (Seeeq.9.16,ay, is positive, a, is negative) is

illuminatedandviewed.
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wherepoint’K’ is the projectionof point’J’ from the upperedgeof theverticalareato its lower edge. H K
is givenby
HK = JK -tan®, (9.13)

whereJK equalsb’. Thuswe cansimply write

ap =b-tanb, - cos ¢, (9.14)
andsubstitutingtheillumination anglesfor theviewing angles

as =b-tanb; - cos p; (9.15)

Note that for azimuthanglesgreaterthan90° a; resp.a;, becomenegative. This allows us the following
distinctionof casedor theviewedandilluminatedareaa,;:

as - ap >=0: ay; = a — max(|ag|, |an|) (9.16)

as - ap < 0:ay; =a—|as| — |ap|

If illumination andviewing directionareon the sameside (eitherleft or right), a, - a, is greaterthanzero,
andwe have to subtractthe maximumof (|as|, |ap|) from a. If illumination andviewing directionare on
oppositesideswe have to subtractoth|a,| and|ay| from a. Again, we mustconstrairthe valueof a,,; to be
greateror equalzero. Thereflectedradiancerom the bottomhorizontalareais thus(cf. eq.9.3)

_4s

L? A Qi - % - E;(6; =0°) - cos §; - cos 6, (9.17)

9.4.4 BRDF of a Pixel

In alaststepto determinghereflectedradiancel, of theurbanpixel, we have to sumup the 3 contrikutions

L%, L2, L¢ andto multiply themwith the numberof occurrenceof the streetstructurein the pixel, which

is given by (Ag/cos8,)/As, seesection9.4.1. To obtainthe BRDF, we have to divide by the incoming

irradiancer;:

(Lg + LY + LY) - ((Ao/ cos 6,) /As)
E;(6; =0°) - cos §;

Notethatthe quantitiesdy, As and E;(6; = 0°) cancelbecausehey all occurin L¢, L2 and L¢. But neither

cos 0, nor cos 6; cancelbecausén L thezenithangles) hadto bereplacedy their verticalequivalentsg” .
It is alsoworth mentioningthatthe albedop canbefactorizedasit is assumedo be equalfor all surfaces.

fr= (9.18)

9.4.5 SamplePlots

To betterunderstandhe effect of eachcontrikution of the areasa, b and ¢ to the overall urbanBRDF, we
shaw theirintensitiesin fig. 9.3. We assumall 3 parameters, b andc to be of equalvalue. Fromeq.9.1it
follows thattheir valueswill besetto 0.5. For simplicity, we setthe surfacealbedop to 1.

If ¢; is equalto 90° or 270°, the contrilutions of the vertical structuresbecomezerobecausehey are
not illuminated. Settingy, to 90° resp.270° would yield a BRDF independentf viewing zenith angle
0., becausdhereis neithermaskingnor shadaving (at this stage,we assumethe areasa,b andc to be
Lambertian). Thuswe demonstratéhe contritutions of the areasa, b andc in the principal plane(y; =
0°, ¢, = 0°resp.; = 180°, negative zenith anglescorrespondo ¢, = 180°). We choseillumination
anglesof §; = 0°,6; = 30° and§; = 60°.

Thesolid line shawvs the combinedcontritutions, the starsshav the BRDF createdoy the vertical areas,
the crossesshav the BRDF of the bottom horizontalarea,and the diamondsshaov the BRDF of the top
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Figure9.3: BRF producedy theareasi(+), b(x) andc (o) (cf. fig. 9.1) for asinglestreetstructureassuming
eachareato beflat andLambertiarwith albedop = 1. Thecontritutionsof eachareaareaddedo yield the
total BRF (solid line) of a singlestreetstructure. The parametersf the streetstructurearea = b = ¢ = 0.5.
BRF valuesare shavn for differentincidentzenithangless; in the principal plane(y; = 0°, ¢, = 0° for
positive view zenithangles,p, = 180° for negative zenith angles). The contritution of areac (roof) is
constantareaa (street)determineghe angularbehaior at8; = 0°, areab (walls) determineghe angular

behaior atd; = 60°.
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horizontalarea.Thetop horizontalareagivesa constantontrikution (becausét is a Lambertiansurfacethat
is never shadaved or hidden)of 0.5for all zenithangles.

Thebottomhorizontalareadoesnot contrilute for §; = 60°, becausét is completelyshadaved. It does
contritute fully até; = 0°,68, = 0°. For increasingview zenithanglesthe contritution decreasebecause
thebottomareahiddenfrom view increases.

The vertical areasdo not reflectfor §; = 0°, becausen the coordinatesystemof the vertical areasthe
light hits the surfaceat an angleof 90°, thusthe irradianceis zero. The vertical areascontritute strongly
for 6; = 60°, becauseén their coordinatesystemthe irradianceis greaterthanfor the horizontalareas.Note
thatthe overall BRF (BRF =2 w- BRDF) evenincreasego a valuegreaterthanthe albedoof the individual
surfaces(p = 1).

For 6; = 30° all 3 areascontribute to the total BRDF, creatinga pronouncedot spot. The contrikution
of the vertical areareachesa plateaufor large zenithanglesin backward scatteringdirections,becausawo
effects exactly canceleachother: the viewed vertical areais inverselyproportionalto tan 6, (eq.9.4), but
the cosineof the viewing zenithanglein the vertical systemis proportionalto sin 8, (eq.9.6). Dividing by
cos 0, (eq.9.18)yieldstan 6,., which cancelswith thetan 6, from eq.9.4,thusresultingin a plateau.

Summarizingwe cansaythatour modelin its simplestform producesa hot spotfor all incidenceangles
if thescenas viewedandilluminatedfrom ¢; andy, equalto 0° or 180°, andthatthereflectancen backward
directionis significantlyhigherthanin forward scatteringdirection. However, if theillumination or viewing
angleis parallelto thestreetdirection(,; resp.¢, equaldo® or 270°), the BRDF becomesndependenof the
respectre zenithangle(d; or 6,.), thusthereis no hot spotcharacteristi¢cf fig. 9.4in thefollowing section).

9.4.6 Supermosition

The overall reflectedradiancemeasureddy a pixel is the sum of all the streetstructurescovered by the
pixel. In reality, the streetsdo not all have the sameheading.E.g. in mary North Americancitiesthe street
structureis very regular, with streetsheadingeither north/southor east/west.In this case,the BRDFs of
only two structureshave to be superimposedaveraged)o yield the overall BRDF. However, in mostparts
of theworld, the streetstructureis far lessregular, andthereis no a priori preferredstreetheading.In this
casethecontritutionsfrom all directionshave to be superimposedrhis hastheadwantagehatthe modeled
surfaceshaws rotational symmetnyffor all rotationanglesandthereforethe resultingBRDF depend®nly on
therelatve azimuthy = |p; — .| andnoton ¢; andy, explicitly. (The North Americancity structureis
rotationallyinvariantonly for rotationanglesof 90°, 180° and270°.) In this study we will assumeotational
symmetryfor all rotationangles(no preferredstreetheadingshecausét is a betterapproximatiorto most
cities, and becausehe handling (e.g. visualization)of a BRDF that dependsexplicitly on ¢; and ¢, is
even moretediousthanin the caseof a BRDF that dependsonly on ¢ = |¢; — ¢,|. However, all further
developmentof ourmodeldescribedelon couldbeappliedto the caseof aregularly structurectity without
rotationalsymmetryaswell.

Fig. 9.4 shavs the BRDF accordingto eq. 9.18 of the streetstructureusedin section9.4.5(a = b =
¢ = 0.5) in the principal plane(p, = ¢; resp.¢, = ; + 180°, negative view zenithanglesin the plots
correspondo ¢, = ¢; + 180°) for 3 differentillumination azimuths:yp; = 0°,45° and90°. For ¢; = 90°,
the BRDF is constantthe othertwo casesshav a distincthotspot.; = 0° is the sameconfigurationasin
fig. 9.3,thusthesolidline of fig. 9.3 correspondso thecrossesn fig. 9.4. It canbeseenhatthe BRDFis not
alinearfunctionof ¢;, in this casethe averageof the BRDF of ¢; = 0° andy; = 90° would have yielded
thesameBRDF asfor ¢; = 45°, whichis clearlynotthe case.Unfortunately thisimpliesthatthe BRDF of
aregularly structurectity canbe quite differentfrom a city with rotationalsymmetry

Fig. 9.4 alsoshawvs the superpositiorof streetstructureeadingnto all possibledirections(rotationally
symmetriccity structure,solid line). The superpositioris equivalentto averagingover all streetstructure
directions,whichin this casewasdonewith a 1° binning. It is sufficientto superimposall directionse [0°,
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Figure9.4: BRF in the principal planeof the streetstructureorientedinto differentdirections. Turningthe
streetstructureby z° is equialentto settingyp; = ¢, = z°. The BRFsareshavn for the following cases:
+ o = o = 0% % p; = ¢, = 45°, diamonds:p; = ¢, = 90°. Thesolid line is the averageover all

directionsyp; = ¢, € [0°,..,180°] andcorrespond$o the BRF of a city structurewith rotationalsymmetry
The parameter®f the streetstructurearea = b = ¢ = 0.5. The dashedine is the averageof only two

perpendiculadirections(p; = ¢, = 0°,90°) andcorrespondso the BRF of atypical North Americancity

structure(streetgunningnorth/southrandeast/westyiewedfrom ¢, = 0°,90°,180° or 270°. The BRF of a
North Americancity structureviewed from ¢, = 45°,135°,225° or 315° is equivalentto theline given by

the™ symbols.Thesearethelimiting casesfor all remainingy, the BRF valuesof a North Americancity

structurewill be betweerthedashedine andthe™ symbols.
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Figure 9.5: City structureBRF (rotationally symmetric)without intermediateor small scaleBRDF effects
for differentrelatve azimuths.Solid line: ¢ = 0°/180°, dashedine: ¢ = 45°/135°, dottedline: ¢ = 90°.
Thesolidline in this figureis the sameasthe solid line in fig. 9.4. The parametersf the streetstructureare
a=b=c=0.5.

180°], becausén our modela streetheadingsouthis equivalentto a streetheadingnorth, so thereis no
needto evaluatethe directionse [180°, 360°]. The BRDF resultingfrom this superpositiorshawvs a clear
maximumat backscattedirection(hot spot)for all illumination zenithangles;.

Forthecaseof aNorth Americancity structurgrotationalsymmetryonly for rotationangle90°, 180°, 270°)
the BRDF is more comple becauset dependn an additionalparameter It is shovn in fig. 9.4 for two
casesif viewing the city parallelto a street(dashedine) andfor viewing thecity atanazimuthof 45° away
fromthestreetheading™ symbols).Thesearethetwo limiting casesall BRFvaluesarecontainedetween
thedashedine andthe™ symbols.

Fig. 9.5 shaws the overall BRDF for differentrelative azimuths:asabove for ¢ = 0°/180°, but alsofor
¢ = 45°/135° andyp = 90°. Of coursefor §; = 0° (left plot) or §, = 0° (centerof eachplot) all curves
coincidebecausgherelative azimuthis meaningles# eitherzenithangleis in nadir It is interestingto take
a closerlook at the curwe for 6; = 60° andy = 90°: the shaperesembles valley, whereador 6; = 0°
it resembles mountain. This unusualcharacteristicould be usedasa supportingfeaturein classification
algorithmsto discriminateurbanfrom non-urbarareas.The strongrise of the’valley walls’ occursonly for
viewing zenithangleslarger than50°, so for measurementwith smallerviewing zenithanglesthe BRDF
acrosgheprincipalplanewill appeamnearto Lambertian.Anotherinterestingfeatureto pointoutis thatthe
BRDF is quitelinearwith respecto ¢: theaverageof ¢ = 0°/180° andy = 90° is closeto ¢ = 45°/135°.

9.5 Intermediate Structure

Our urbanmodel consistingof streetsso far capturesthe large scalestructureof a city. But our simple
approactof assuminghe surfacesa, b andc to be flat systematicallyjunderestimatethe amountof shadaev
presentin arealcity. In arealcity, therewill be balconiescars,chimng/s, humanbeings,etc., with the
potentialof castingshadas. We referto theseobjectsas’intermediatestructure’,becauseheir sizesare
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betweerthe large scalestreetstructuretreatedabove andthe microscalestructuretreatedin the following
section. Becauseof the large variety of this intermediatestructure,it is olbviously impossibleto develop a
detailedmodel. We make thefollowing assumptions:

¢ Heightandwidth of eachobjectareequal.

e The centerof eachobjectis separatedrom the centerof anotherobjectby a distanceof 5 timesits
height. This secondobjecthasthe samesizeasthefirst one.

e Thelengthof the objectis considerablhgreaterthanits width (for reasongjivenbelow).

Thefirst two assumptionsanbe seenasanattemptto describehe’averageintermediatestructure’of a city
in anextremelysimpleway. Thethird assumptions equivalentto the assumptiorof 'infinite length’ which
we alsousedfor the streetstructure. We introducethis assumptiorbecauset enablesusto usethe same
algorithmasdevelopedin the above chapterssettingb = ¢ = 0.2 anda = 0.8, cf. fig. 9.1. The BRDF
modelbecomesterative with a 1-stepiteration. Notethatalthoughthefirst assumptioriixestherelative size
of the object(heightequalswidth), it doesnot fix the absolutesize,allowing carsaswell aschimneys to be
theobjectof theintermediatestructure We will applythisintermediatestructureonly to man-madesurfaces,
vegetatedsurfacesareassumedo beflat.

All heading=f the intermediatestructureare superimposedyielding a rotationally symmetricsurface,
seesection9.4.6.To save computingtime, abin sizeof 10° waschoserfor the superpositioron theinterme-
diateaswell asfor thelarge scale.This choiceleadsto a sufiicient rotationalsymmetry(betterthan0.5 %).
Theintermediatestructurereduceghewidth of the hotspot seefig. 9.8.

To summarize the individual processingstepsare: 1) superimposell headingsfor the intermediate
structure2) multiply resultwith large scalestructurecontrilbutions of areasa, b and ¢ of one heading3)
calculateandsuperimposall headinggor thelarge scalestructure4) multiply resultwith themicrostructure
BRF (derivedin thefollowing section).Notethattheanglesof incidenceandreflectionmustbe calculatedn
the coordinatesystemof the surface,which canfaceary direction(up, down, left, right) in the intermediate
structure.

9.6 Micr ostructure

In afinal step,we have to consideithe BRDF of the surfacesitself (e.g.the BRDF of asphaltyoof tile, grass
lawn, etc.). We refer to the BRDF of a homogenousurfacewith a diameterof 1 to 10 cm as causedoy
‘'microstructure’,althoughe.g.the BRDF causedy grasseavesor the roughnes®f asphaltis producedoy
structuresn themmto cmrange,andnotin the um range.

Ourgoalin this sectionis to derive an’averageurbanmicrostructurdBRDF’. Thereforethe components
of theurbanscenerymustbe determinedasphaltall kinds of roof covers,grasstrees,wall paint, etc.),the
amountof eachcomponenimustbe determinedandthe BRDF of eachcomponenheedsto be known as
well.

9.6.1 Vegetation

Every urbanareacontainssomeareasof vegetation,but their fraction of the total urbanareacanvary from
negligible to dominant. Treesaredifficult to integrateinto ourmodel,becausef theircomplex 3-dimensional
shapeandtheir unknavn BRDF (sofar, only BRDFsof forestshave beenmodeled(seee.g.(Ni etal. 1999,
(Gastellu-Etchgorry etal. 1999), the BRDF of asingletreeseemso transcendhe basicconcepiof BRDF,
becauseBRDF is definedfor a homogeneouflat surface (Nicodemuset al. 1977). We thusrestrictthe
determinationof the BRDF of vegetatedurbansurfacesto grass(lawns). Grasshasbeenmeasurecand
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Alnm] | ko | k1 [radfl] ko k3
660 | 1.27 0.184 4.29| 0.45
830 | 39.7 2.89 25.6| 2.17
2160 | 6.18 0.98 9.70 | 1.66

Table9.1: Parametergor the vegetationBRF (eq.9.19) multiplied by 100to improve readability

modeledextensiely ((Kimes 1983, (Deeringet al. 1992, (Sandmeiei& Itten 1999, (Qin et al. 1999,

(Kriebel 1978). For this study we will usethe grassBRDF datasetby (Sandmeie& Itten 1999. It hasa
very goodangularsamplingfor viewing anglesput it is restrictedto onesolarzenithangle(d; = 35°). The
datasetis hyperspectrain therange450to 2450nm, asimilar rangeis availablefor the man-madesurfaces,
seebelawv. It wasobtainedusingthe field goniometer-IGOSandis publicly available. A very corvenient
analyticalempiricalfunctiondescribingthe datais givenin (Meisteretal. 19985):

BRF =7 - BRDF =ko+ k- (80 +6,) +
ko - b1 0200)"  ogmbrg | fo . b3 (67:6:)7 | o—bay? (9.19)

wheres) is the relative angleto the speculardirection, seeeq.5.14on page74. 69 equalsthe solarzenith
angleat which the measurementshereperformed(d; = 35°). g is therelatve anglebetweerviewing and
illumination direction:

cos g = cos8; cos B, + sinf; sin b, cos (9.20)

Thecoeficientsk; dependon wavelength(seetable9.1), the coeficientsd; arefixed: b; = 1.5rad ™, by =

1.72rad™!, b3 = 4.0rad~%, by, = 0.95rad~2. The underlyingassumptioris thatthe shapeof the hotspot
andtheforward scatteringermareprimarily determinedy the geometryof the canopy andthereforedo not
dependon wavelength,whereaghe intensity of thesetwo termscanvary with wavelengthprimarily dueto

the changeof reflectancavith wavelength.The coeficientshave thefollowing physicalmeaning:

- ko = Lambertiancomponentdiffusescattering)

- k1 = intensityof the bowl-shape

- ko = intensityof the hotspotpeak

- ks = intensityof the speculaipeak

b, and b, determinethe width of the peaks,b; andbs allow the intensity of the peaksto vary with zenith
angles.Valuesfor the parameterg; andb; aregivenin theappendixtable12.5,pagel68.

We fixedtheangled? (but noté; in theequationdor 4 andg) to its equivalentin radiansof 35°, because
only for §; = 35° theempiricalfunctionis verifiedto describehedatawell. This makesthefunctionviolate
thetheoremof reciprocity but it preventsproducingunreasonablessultsfor obliquezenithangleswhichis
moreimportantfor this study The basicimportantfeatureof the functionis the shapeandthe intensity of
the hotspotandits dependencen wavelength.We will usethis functionto describeall urbanareascovered
with vegetation not discriminatingbetweergrass pushesr trees.!

9.6.2 Man-Made Surfaces

We will modelthe averageurbanman-madesurface as a weightedaveiage of the samplesrom the EGO

measuremertampaignWe will usethe ASD data,becausehey offer alarger variety of samplesandcover

alargerwavelengthrange.The poorquality of the speculaiASD measurements of only minorimportance
here,becaus¢he mostinfluential contrikution to thetotal urbanBRDF is the diffusecomponent.

1The measured®®RDFsof forestsvary considerablydependingon the type of tree, tree density the seasonetc. However, the
mostcommonfeaturesarea hotspotanda bowl-shape.
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Weightw; | Sample

30% Asphalt

15% Concretgwalkway)
10% Dirty rooftile

10% Sandedoof paper

5% Green/blackoof paper
5% Brown Slate

5% Redrooftile (sampleA)
5% Redrooftile (sampleB)
5% Black concretdile
2.5% Redconcretdile

2.5% Blue concretdile

2.5% GreenSlate

2.5% RedSlate

Table9.2: Weightsusedto composdhe averagesmallscaleurbanBRDF, seeeq.9.21.

For eachcombinationof anglesthe BRDF valueof the averagesurface fAV4(6;, 6, o) is alinearcom-
binationof the BRDF valuesof theindividual samplesfs ™% (g;., 6, »):

VG 00r,0) = 5 2 Sample(i) (9, 6, o) (9.21)

The samplesandthe choiceof weightsw; aregivenin table9.2. It is anestimateof the overall relatve
occurrenceof thesematerialsin westerncities. The biggestshortcomings the lack of surfacesdescribing
paintedwalls. Furthermoreasphaltcanvary stronglyin color, but is only representeddy one samplehere.
Dueto theindividual characteof eachcity, strongvariationsof the albedocanbe expected(e.qg. a city with
red roofs versusa city with grey roofs). However, fAVG is a usefulapproximatiorto describethe shapeof
the BRDF of urbansurfaces.

We fitted the coeficients of the Torranceand Sparrav model (eq. 5.1) for the f,{WG resulting from
eqg. 9.21. We found that the coeficients of the specularpeak are quite constantwith respectto wave-
length, the averagevaluesbeingt; = 0.92sr™',w = 0.095deg™!,n = 1.39 andk = 0.2. Thevalue
of w = 0.095deg~! impliesthatthe averageinclination of the specularlyreflectingfacetsin the Torrance
andSparrav model(andthusthewidth of the speculapeak)is 5.8°.

The Lambertiancoeficient ¢ is shavn in fig. 9.6 asa function of wavelength(dashedine), aswell as
the BRDF in forward scatteringdirectionto give anideaof the width and magnitudeof the speculampeak.
Table12.5in theappendixpagel68 givestherespecitie diffusealbedoatthe DAEDALUS wavelengths.

Thespeculapeakproducesa nonngyligible partof thealbedo(differencebetweersolid anddashedine
in fig. 9.6, left part). The averageman-madessurfacedeterminedabove reflectsabout2 % of theincoming
light specularly(1.3%, 1.6 %, 3.1 % for #; = 0°,40°,60°, resp.). Thus,dependingon wavelength,5 to 15
% of thealbedoareproducedy the speculapeak:

A(SPEC) _ Jo 720D
A(fTS)  Jo £F8d0

= 0.05t00.15 (9.22)

where ) denotesthe upperhemispherdd(2? = sin @, cos 6,df.dy, the integrationis carriedout over the
anglesof reflection,thus A canbeafunctionof 6;.)
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Figure9.6: The left plot shawvs the albedoof the averageman-madesurface derived from samplesof the
EGOmeasurementampaign(cf. eq.9.21)asa solid line, the dashedine shavs the Lambertiancomponent
to multiplied by 7, which is equivalentto the total albedolessthe albedodueto the speculampeak. The
parametersvere determinedrom a fit of the Torrance-Sparm model(eq.5.1). Theright plot shavs the
BRF at a wavelengthof A = 660 nm andanincidentangleof ; = 30° in the forward scatteringdirection.
Starsshav the measurementshe solid line shavs the Torrance-Sparse model.

Surfacesexposedto outdoorconditionsfor long periodsof time may shav a wealer specularpattern
than the sampleschosenfor the EGO measurementampaign. However, in a previous study (Meister et
al. 19983 we measuredhe BRDF of aroof which hadbeenexposedo outdoorconditionsfor severalyears.
We shaved thatthe resultscanbe well describedoy assuminghe BRDF of the roofing materialto have a
speculampeakwith a similarintensityasthe BRDF of a new roofingtile of a similar material(for a detailed
reportof thesemeasurementsee(Meisteretal. 1997 and(Meisteretal. 1999).

The amountof dirty or wet surfacesin anurbanareais not expectedto changethe shapeof the BRDF
considerablyexceptfor thespeculapeakwhichwill stronglyincreasdor wetsurfacesanddecreaséor dirty
surfaces(the albedohowever canchangestrongly).

Consideringthe integration of the speculampeakinto the urbanBRDF model, the exact orientationof
the surfaceis muchmoreimportantthanfor a Lambertiansurface. The orientationof the’'wall’ and’street’
surfacesin our model (vertical resp.horizontal)is sufficiently realistic. However, roof surfacescantake a
wide varietyof inclinations.Thestreetstructuremodeledn fig. 9.1assumeall roof topsareflat, whichmay
be an acceptabldirst orderapproximationfor Lambertiansurfaces,but certainly not for specularsurfaces.
Thuswe consideredheinclinationof roof surfacesin the following manner:Thewidth of the speculapeak
is determinedyy theinclinationanglesof thereflectingsurfaces.We will assumehat the distribution of the
roof normalsa canalsobe describedby P(«) givenin eq.5.4, with an estimatecdaverage roof inclination
of 20°. Thisis achiered by settingthe width parameteof the roof surfacesw™°f = 0.028, which in turn
requiresthat we adjustthe intensity parametett; in orderto keepthe sameamountof specularlyreflected
albedo.Thus,for theroof surfaces parametet;°°f hasto bemultiplied by theratio of albedof thespecular
peak(cf. eq.5.1):

A( spec’ ’LU)

T

tI‘OOf_t .
LA, wreel)

=0.95 % 0.14 = 0.13 (9.23)
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9.7 Modeling Results

After developingthe modelin the previous chapterswe cannow presentresultsfrom modelingan urban
area. Typical valuesfor the parametersf a streetstructurearea = b = ¢ = 0.5 (estimationfor a typical
streetin downtovn Nurembeg, German, seebelon). This meansthe width of the streetsis the sameas
thewidth of the housesandthe housesareashigh aswide. We assumehat28 % of the areais coveredby
vegetation.

Theresultsareshavn aspolarplotsin fig. 9.7. Eachplot is for a differentincidentzenithangle#;. For
large #;, the hotspotandthe speculaipeakare clearly separategheaks for nadirillumination the two peaks
addupto form asinglepeak.

Acrossthe principal plane,the BRDF dropswith increasingviewing zenithanglefor 6; < 45°, but it
riseswith increasingviewing zenithanglefor 6; > 45°. This behaior is causedy the vertical structures
(b in fig. 9.1: the larger the viewing angle, the strongerthe contritution from the vertical structure. For
illumination closeto nadir, theverticalstructuresrerelatively dark (becauseheirradiances proportionalto
the cosineof theillumination anglein the local coordinatesystem).Thus,for increasingviewing angle,the
urbanBRDF becomedglarker. Ontheotherhand,for illumination atlarge zenithangles someof thevertical
structuresareilluminatedfrom nadirin their local coordinatesystem.The effectis anincreaseof theurban
BRDF with increasingd,., becausdhe illuminatedvertical structuresare muchbrighterthanthe horizontal
surfaces(which areilluminatedat a large zenithangleandthusrelatively dark).

Fig. 9.8demonstratetheeffectsof thedifferentscaleonsideredn themodel(assuming % vegetation
for simplicity). Thesolidline shavs thefull model,thedashedine assumea LambertiansmallscaleBRDF
(simply suppressinghe speculaipeak),andthediamondsshaw thelarge scaleBRDF excludingintermediate
andsmallscaleBRDF. It canbeseerthatthelargescaleeffectsarethedominantfactorfor thefull model. The
intermediatescaleeffects producea sharperotspotanda strongerdecreasdor large zenithzenithangles.
Thereasons thatby addingthe intermediatescaleto the model,the amountof shadav increasegnotethat
atd; = 6., = 0° thesolid line andthe diamondscoincide, becausén the exactbackscattedirectionthere
is noshadav in eithermodel). The smallscaleBRDF addsthe speculapeakin forward scatteringdirection
(differencebetweensolid anddashedine). It shouldbe notedthat the influenceof the small scaleBRDF
stronglydepend®n wavelengthandthe proportionof vegetation(e.g.vegetationincreaseshe hotspot).

Fig. 9.8 alsoshaws the effectsof skylight illumination. The crossegjive BRF valuescalculatedfor the
full model,assumingnisotropic skylightirr adiance Theskylight irradiancantegratedovertheupperhemi-
sphereequals20 % of thetotal (direct plus diffuse)irradiancefor this example,an averagevaluemeasured
for variousin situ measurements Hamhurg, Germary (Meisteretal. 1996, (Meisteretal. 1997 for clear
sky conditions.The effectsarerathersmall (< 6 % for viewing anglesf,, < 60°), thuswe will notconsider
skylight effectsin the following section.For viewing angles> 70° a strongincreasecanbe seen(25 % for
0, = 80°,» = 90°, comparecrossedgo solid line). Generally skylight effectsreducethe BRDF peaks(like
e.g.thehotspotor the speculaipeak)andincreaseéhe BRDF valuesatlarge viewing zenithangles.

For satellitemeasurementshe BRDF effectswill belesspronouncedhanthoseshowvn in fig. 9.7. The
viewing anglesof mostspacebornsensorgwith prominentexceptionslike e.g. AVHRR) aresmallerthan
45°, thusexcludingagreatpartof thedynamicrangeshavnin fig. 9.7. But evenrestrictingtheviewing zenith
anglesto 8, < 45°, theratio of maximumto minimumvalue(calledANIX by (Sandmeie& Itten 1998) is
1.95for 6; = 40° in fig. 9.7. Acrossprincipal plane(¢ = 90°) effectsarerelatively smallfor 8; = 40°, our
modelpredictsadecreasdérom 6, = 0° to 6, = 45° of about20 % (alsoin fig. 9.7).

A real city is madeup of streetstructureswith a large variety of model parameters andb (from wide
streetsandsmall buildingsto high buildings andnarrav streets).Thuswe examinedwhetherit is sufficient
to modela city with one averagestreetstructure. Fig. 9.9 shavs the BRDF of an urbanareawith 28 %
vegetationat a wavelengthof 660 nm for all combinationsof parameters, b variedby +50% aroundtheir
averagevaluea = b = 0.5 (a,b € [0.25,0.375,0.5,0.625,0.75]) (solid lines, 25 combinations).The BRF
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Figure9.7: Polarplots of theurbanBRDF modelfor A = 660 nm, 28 % vegetation,a = b = ¢ = 0.5. The
plot top left explainsthe horizontalaxes:the outerhorizontalcircle corresponds$o 6, = 90°, theinnercircle
to 6, = 45°, thecenterto 8, = 0°. Forward scatterings to theleft (¢ = 180°). Theincidenceangled; is
marked by a verticalline toppedby a star The z-axis shavs BRF values(dimensionless)The 5 remaining
plotsshav theurbanBRDF at8; = 0°,20°,40°,60° and75°.
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Backward scattering Across principal plane Forward scattering
O./‘g\\\‘\\\‘\\\‘\\\ O."4\\\‘\\\‘\\\‘\\\ O./‘4\\\‘\\\‘\\\‘\\\
<><> o
<
<&
. . 0.12
| 0.12 K o
I\\Q %\ Cy
0.16} \00 1 © 00009°°
\
o o ; 0.10
of T\ o \
L L
o x | © X 010 \ o
m o[ % I Wy aa)
X\ X
¢ \ W 0.087
X % | \ X .
0141 ) x| N\
o | X 1 \
i X \ X
' \ 0.08| |
/ \ \ 0.06
X |
/ \
ke \
I \
X \
O.W2\\\‘\\\‘\\\‘\\\ 0.06\\\‘\\\‘\\\‘\\\ 0.04‘\\\‘\\\‘\\\‘\\\\
0 20 40 60 80 0 20 40 60 &0 0 20 40 60 80
View zenith angle 0, View zenith angle 0, View zenith angle 0,

Figure 9.8: ModeledBRF valuesfor differentscalesand skylight effect. Note the differentscaleson the

y-axis. The solid line shawvs the full modelincluding small scaleBRDF for 0 % vegetation,the dashed
line shawvs only the effectsfrom large scaleandintermediatescale(i.e. the speculampeakof the smallscale
BRDF is suppressedjhe diamondsshaw thelarge scaleeffectsonly. Model parameters, b, ¢ arethe same
asin fig. 9.7, incidenceangleis #; = 40°, wavelengthis 660 nm. Left plot shavs backward scattering
(¢ = 0°), middle plot acrossprincipal plane(¢ = 90°), right plot forward scattering(¢ = 180°). The

crosseshav BRF valuesfor the full modelassumingan isotropic skylight (skylight irradiance= 20 % of

thetotalirradiance).lt canbeseenthattheintensityof the hotspotincluding skylight effectsis decreasety

aboutl0 %, andfor largerviewing anglesthe BRF valuesincluding skylight effectsincreasestrongly
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Figure9.9: ModeledBRF valuesat 660 nm for anurbanareawith 28 % vegetationfor severalcombinations
of the structureparameters, andb (seesection9.7,only a,b € [0.25,0.5,0.75] areactuallyplotted). The
starsshaw the BRF valuesof the averageparameterg¢a = b = 0.5) , the squareshav the averageof the
BRF valuesfor all combinations:, b € [0.25,0.75]. They differ by lessthan8 %. Left plot shavs backward
scattering(p = 0°), middle plot shavs acrosshe principal plane(¢ = 90°) andright plot shavs forward
scatteringp = 180°).

valuesfrom this averageparameterset are marked by stars. The averageBRF value (averagedover all
BRF valuesfrom combinationsof parameters andb) is marked by squares.The starsandthe squaresare
separatethy lessthan8 %. We concludethatit is possibleto describethe BRDFof anurbanareausingonly
theaveiage structue parametes evenif theindividual parametes vary within +50%.

Due to the lack of homogeneityin urbanareasdiscussedbore andin sectionl, the BRDF shavn in
fig. 9.7 cannotbe expectedto modelexactly the BRDF of any urbanarea. Still it is a majorimprovement
overtheLambertianassumption.

9.8 Comparisonwith Airbor ne Data

Sofar very little satelliteimagedatais available which would allow testingour model. The BRDF for an
urbanareaextractedfrom POLDER data(without aerosolcorrection,about6 km pixel-size)(Bicheronet
al. 1999 shaws a ratherLambertianBRDF in the principal plane(private communication)ppposedo our
modelpredictions.A studyusingAirMISR? data(Gerstletal. 1999 however suggests stronghotspotfor

2AirMISR is a sensorsimilar to the MISR instrumenton the Terrasatellite,that wasusedon an high altitude aircraftfor data
evaluationpurposes.
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Figure9.10: Sampleof theimagedata(about10%of the subsetdenselypopulatedarea’)at a wavelengthof

0.66 um, histogramequalized.Flight directionis from top to bottom,scanningdirectionfrom left to right.

Thesunilluminatesthe scengrom theright. Theareain backscattedirection(left) is brighterthanthearea
in forwardscattedirection(right). Notethatin theforwardscatterdirection,afew roofscontritute strongly

possiblydueto specularscattering.

anurbanareain qualitatve agreementvith our model. Unfortunately publicly available AirMISR dataare
corruptedby cloud cover, whereasaever data(e.g.usedin (Gerstletal. 1999) without cloud cover arenot
yet publicly available. A bettercheckwill bepossibleassoonasdatafrom satellitessuchasMODIS, MISR
etc. (seeintroduction)will beavailable.

We validatedthe urbanBRDF modelwith airborne dataof high spatialresolution(nadir pixel 2.1m x
2.1m) by averagingover large areas. Theseaveragescorrespondo measurementsf pixels of low spatial
resolution(e.g. 750m x 750m). Usinghigh spatialresolutiondatahasthe advantagethatwe candetermine
the amountof vegetationpresentin the investigatedarea. It is also easyto exactly locateurbanareasin
high spatialresolutionimages,aswell asto discriminatedenselypopulatedurbanareadrom lesspopulated
sulurbanareas.

9.8.1 Description of the Datasets

Thedatawastakenwith anairborneline scannerthe DAEDALUS AADS 1268, at aflight heightof 900 m,
yieldinganadirpixel sizeof 2.1 m x 2.1 m. 10 spectrachannelsover awavelengthrangefrom 0.46 um to
2.16pum. Themeasuredadiancesverecorvertedto reflectance (afteranatmosphericorrection)y using
groundreflectanceneasurementssreferencéRothkirchetal. 1999. Themaximumscanangleis 42.9° with
716pixelsperscanline. Theimageswereacquiredn August1997over Nurembeg, Germa, seefig. 9.10
for asample.Theinvestigatedsceneconsistof residentialjndustrialandvegetatedareas Buildingsusually
have lessthan5 stories,the vegetatedareasare dominatedby deciduoudrees,andgrass. The sunzenith
angleis 40.1°, the relative azimuthanglein backscattedirectionis 25.6°, in forward scatteringdirection
154.4°. Carewastakento eliminateangularasymmetrie®f the sensorasdescribedn chapter8.
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9.8.2 DataProcessing

Two subsetdrom the available imageswere chosen. The first subsetcontainsa denselypopulatedurban
areawith a low fraction of vegetation the secondsubsetconsistsof a sulurbanareawith a high fraction of
vegetation.Fromthe first subsetwe derived two datasetsonecontainsonly pixels with NDVI?3 lower than
0.4,the othercontainsall pixels. Assumingpixelswith NDVI greatethan0.4to bevegetation,we obtain3
datasetsvith differentproportionsof vegetation:

1. Denselypopulatecarea,0 % vegetation
2. Denselypopulatedarea,28 % vegetation
3. Sulurbanarea48 % vegetation

We projectedthe 716 pixels perline to aview zenithanglegrid from —40° to +40° with anintenal of 5°,
yielding 17 differentview zenithangles.For eachview angle,we averagedeachsubsetover its 4000scan
lines (3500for the secondsubset) yielding a 'rectangulampixel’ of (%6 -2.1m) x (4000 - 2.1m) for nadir
viewing. This sizeseemdo beadequat¢o averageover the heterogeneitpf this specificscenetheresulting
BRDFsarequite smooth(starsin fig. 9.11). The basicassumptiorof our methodis thatthereflectanceof a
rectangulapixel is equivalentto thereflectancef a squarepixel of the samearea(in this caseB50m x 850
m), aslong astheviewing angleis thesame.

Fig. 9.12shavsthehistogramsf theNDVI of thesubsetsTwo peakscanberecognizedor eachsubset,
onecenterecaround0.05correspondindgo non-vegetatedareasthe otheronehasits maximumat about0.8
correspondingo vegetation.TheNDVI thresholdwaschoseras0.4 basedn this histogram.

TheresultingBRF values(BRF = 7-BRDF) areplottedfor 3 spectraichanneldn fig. 9.11. Theresults
from all 10 DAEDALUS channelsareshawvn in (Meisteretal. 1999h. The shapeof the BRDF of the other
channelgoesnot vary muchfrom the 3 channelgpresentedhere. The errorof thereflectanceslerived from
the DAEDALUS datais aboutl1 %, largely dueto calibrationuncertaintie§Rothkirchetal. 1999.

The BRDF of the denselypopulatedareaexcluding vegetationis plottedin thetop row, includingvege-
tationin themiddlerow. Thebottomrow shavs the BRDF for thesulurbanarea.Themeasure®@RF values
areplottedasstars.Theleft columnshovs BRF valuesat awavelengthof 660nm,the middlecolumnat830
nm andtheright columnat 2160nm. Eachplot shavs a strongrisein the backscattedirection(’hotspot’).
This canbe explainedby the decreasingamountof shadev presenthe closerthe viewing directiongetsto
the illumination direction. For visible light, the shapeof all curvesis very similar, increasingthe amount
of vegetationresultsin a negative offset becausehe reflectanceof vegetationis lower thanthe averagere-
flectanceof man-madesurfaces.In nearinfrared(NIR), theintensityof thehotspotincrease# theamountof
vegetationincreasebecausehereflectancef vegetationin NIR is higherthanthereflectanceof man-made
surfacesin NIR.

9.8.3 Model Validation

To compareour modelpredictionswith themeasuredlata,we plottedtheresultsfrom themodel(seesection
9.7) into fig. 9.11asa solid line. The parametes a,b and ¢ were estimatedusing aerial phot@raphs of
Nurembeg (denselypopulatedarea) and the DAEDALUSdata (2.1 m nadir pixel size). We determinedhe
amountof shadav for nadirviewing to about20 % usingthe channelsvith wavelengthsgreaterthan1000
nm (reflectancesmallerthan0.8 % wereclassifiedasshadw). Giventhe sunangleof 8; = 40°, themodel
parametefor the building heightshouldbechoserasb = 0.5. Visualinterpretatiorof theaerialphotographs
andsupervisealassificatiorof the DAEDALUS datasuggesthatstreetsandbuildings cover aboutthesame
areathusthe parameterg andc shouldbechoserasa = ¢ = 0.5 (cf. eq.9.1). Fromthe aerialphotographs

SNDVI is calculatedas(Rx=s30nm) — B(r=660nm))/ (R(rx=830nm) + R(x=660nm))-
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Figure9.11: Comparisorof theurbanBRDF modelandDAEDALUS datafrom Nurembeg. TheBRFvalues
areplottedversusview zenithangle.Negatve view zenithanglescorrespondo forward scatteringdirection
(¢ = 155°), positive zenithanglego backscattedirection(p = 25°). Thesunzenithangleis 8; = 40°. Left
columnshavs datafor A = 660 nm, middle columnfor A = 830 nm andright columnfor A = 2160 nm.
Thetop row of plotsis from the datasetvith 0 % vegetation the middlerow shaws 28 % vegetationandthe
bottomrow 48 % vegetation.The solid line shavs the modelpredictions the starsdenotethe DAEDALUS
measurementd.hedashedine shavs theapproximatdunctionfrom eq.9.26fitted to themodelpredictions.

Thedottedline shovs the modelafteradjustingfor albedo seesection9.8.3.
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Figure9.12: NDVI histogramof the first subset(urbanarea,solid line) andof the secondsubsetsuturban
areadashedine). Thedottedline shavsNDVI = 0.4, pixelswith alargerNDVI areconsideredsvegetation.

we alsodeducedhatthe typical heightof a building is about15 m andthatthe typical width of a streetis
also15m, which confirmsthe choiceof ¢ = b. For simplicity, we usedthe sameparametersor all 3 datasets
(0 %, 28 % and48 % vegetation).

It canbe seenthatthe overall shapeis capturedvery well. Therise in backscattedirectionis dueto
shadwv hiding (hotspot).Remembethe plotsdo not shav exactly the principal plane,but areshifted25° in
azimuth.In the principal planethe hotspotis muchstrongeranda speculaipeakarisegcf. fig. 9.8).

In somecaseghe albedoof the modeledBRDF andthe measurediatado not agreevery well, thereare
deviationsupto 30% (at A = 490nmand\ = 830nm, 48 % vegetation cf. table9.3). Theaveragedeviation
is 15 %. This meansthatour choicefor the small scaleman-madesurfaces(cf. table9.2) is differentfrom
the actualcompositionof the Nurembeg areaandthatthe albedoof the grasssample(section9.6.1)is not
representate for the vegetationin Nurembeg. We do not seethis asa majordravbackfor theurbanBRDF
model,becausdhe albedosof differentcities are expectedto be different. Our major intentionis to predict
the shapeof the BRDF, which is successfuin the caseof Nurembeg. More modelvalidationon different
urbanareass clearlyneeded.

To supportour assumptiorthatthe major differencebetweermodelanddatais dueto a differentalbedo,
we multiplied the BRDF of theman-madesurface(eq.5.1) andthevegetation(eq.9.19)by a commonfactor
to fit thedata.(ThecommonfactorvariesbetweerD.76and1.19for theplotsin fig. 9.11.) Thisis equivalent
to multiplying themodelresultsby thisfactor becaus®ur modelonly considersinglescattering.Theresult
is plottedasa dottedline in fig. 9.11,the agreemenbetweenstarsand dottedline is generallyvery good.
In somecasesgspeciallyat A = 660 nm and 0 % vegetation,the model underestimatethe hotspot,but
generallywidth andintensityof the hotspotagreewell.

In somecasese.g.atA = 660 nmand28 % vegetationasmallrisein forwardscatteringlirectioncanbe
seenthatis not predictedoy our model. Onepossibleexplanationis thatthe color of theasphalton the street
might be darler thanthe color of the walls androofs. This would yield lower BRDF valuesat nadir, where
the streetscontritute stronglyto the overall intensity For 48 % vegetation,the rise in forward scattering
directioncannotbe seen this supportsour explanationbecausdghe amountof streetasphaltin the sceneis



136 9 LARGE SCALEBIDIRECTIONAL REFLECTANCE MODEL FORURBAN AREAS

Wavelengthinm] 0 % veg. 28% veg. 48 % veg.
Center| Bottom | Top | DAE. | mod. | DAE. | mod. | DAE. | mod. | m.m. | grass
490 465| 520/ 0.087| 0.067| 0.074| 0.046| 0.061| 0.052| 0.114| 0.034
560 522 | 600| 0.101| 0.081| 0.090| 0.074| 0.078| 0.068| 0.141| 0.082
610 5905| 635| 0.111| 0.102| 0.094| 0.084| 0.078| 0.072| 0.180| 0.057
660 627 | 690 0.116| 0.111| 0.098| 0.087| 0.082| 0.071| 0.191| 0.040
730 692 | 759| 0.118| 0.130| 0.136| 0.154| 0.150| 0.171| 0.226| 0.325
830 757 | 906 | 0.116| 0.133| 0.161| 0.207| 0.199| 0.260| 0.233| 0.594
1680 1572|1780 0.175| 0.154| 0.182| 0.168| 0.187 | 0.178| 0.267 | 0.310
2160 2055 2231| 0.168| 0.141| 0.149| 0.128| 0.134| 0.119| 0.253| 0.145

Table9.3: Albedosof urbanareasfor §; = 40°, computedwith the approximatefunction (eq. 9.26)fitted
to DAEDALUS data(DAE.) and model predictions(mod.), correspondingdo the dottedresp.solid line in

fig. 9.11. Thefirst columngivesthe centerwavelength,the secondandthird columnshav the wavelength
rangeof therespectte DAEDALUS channelvherethesensitvity is atleast50% of themaximumsensitvity.

We estimatethe error of the albedoof Nurembeg (DAEDALUS data)to be about15 % (mainly dueto
calibration(Rothkirchet al. 1999 andmodeluncertainties).The lasttwo columnsshov the albedoof the
smallscalesurfacesusedfor modeling:man-madesurface(m.m.) andgrass.

reduced.

For 0 % vegetation,therise in backscattedirectionin the DAEDALUS datais strongerthanthe rise
predictedby the model,especiallyfor 660 nm. The agreemenbetweendataandmodelcould beimproved
by assumingthat someman-madesurfacesshav a hotspoton the microstructurelevel, like the samples
'Asphalt’ and’Sandedoof paper’in chaptels. Unfortunatelythe samplesveremeasuredh thebackscatter
directiononly with the SE590sensagrwhich coversonly thewavelengthrangeup to 925nm.

9.9 Approximate Analytical Function

Thecodingof theabove modelis straightforvard, but tedious(theprogramcodeis availableby emailrequest
to the author). Furthermorethe computingtime is quite high dueto the needfor superpositiorof different
streetheadinggsection9.4.6)(computingtime perBRF valueon a SunUltra Il 296 MHz: 5 seconds)This
is why we will give asimple,analyticalapproximatiorto our model.

It canbeseenin fig. 9.7 thatthe basiccharacteristicef the modeledBRDF arethe hotspotthe specular
peakandtherisewith large zenithangles.We will modelthese3 componentseparatelyandfit theirinten-
sities (andone additionalparameter}o the exact model evaluatedwith the parameters, b, andc givenin
fig. 9.7 for 3 differentamountsof vegetation. Thusthe approximatefunctioncan only be usedif the aver
age streetstructue is not expectedo deviate strongly fromthe assumed/aluesof a, b andc. For differing
amountf vegetationtheresultingparametergivenin table9.4 canbeinterpolated.

Thehotspotwill bemodeledby the hotspotfunctionderived by (Hapke 1993:

1

B(h.g) = 1+ (1/h) - tan(g/2) (9.24)

whereg is the relative angle betweenviewing andillumination direction, seeeq.9.20. h determineghe
angularwidth of the hotspotpeak. This functionwasdevelopedto describethe hotspotof soils or povders
basedon shadev hiding. We omitteda factor (cos(6;) + cos(6,))~* from the original formula becausehis

“meister@simbios.gsfc.nasavgor nimeister0@netzero.com
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factoronly appliesto reflectanceshat are derived from radiative transfertheory B(h,g) equalsl for the
hotspotdirection(¢ = 0) anddecreasemonotonouslywith g.

The speculampeakwill be modeledby f£P¢ givenin eq.5.1. The’GeometricAttenuationFactor’ G in
this formulamodelsthe effectsof shadaving andmasking.This is similarto whatis achiezed by the hotspot
function B(h, g). We will replaceG by B(h, g) becausshadwing andmaskingis dominatedoy the street
structure. The FresnelreflectanceF (n = 1.39,k = 0.2) will be approximatedy 0.11 - exp(0.75 - 6262
(all anglesin radians).Thewidth of the speculampeakfor roof surfacesis largerthanfor the streetandwall
surfaces,(w™°f = 0.028 # w = 0.095 seesection9.6.2). For large zenithangles the width is dominated
by w™°f, becausestreetand wall surfacesare mostly shadaed or hiddenfrom view. For viewing and
illumination closeto nadir, both peaksareequallystrong(because = ¢ = 0.5). Thereforewe multiply the
peakswith 0.14 - (0.5 + 0.5 - sin?((6; + 6,) /2)) and0.5 - cos?((; + 6,.) /2) (0.14is theratio of the specular
peakalbedosseeeq.9.23,the zenithanglesareaveragedn orderto obey thereciprocityprinciple). We call
theresultingspeculapeak fPec—apPprox;

_ ___B(hyg) 0.14 : 2 0,40
spec—approx __ binrg)  ¢0.14 | Uitlry
fr ~ cos8;cosl, ( 2 (1+Sln 12 T)
e~ (ela)? 4 o2 07}‘;07" .e—(w-a)z) .0.11 - e0-75:07-67 (9.25)

Therisewith large zenithangless producedy theverticalareasof the streetstructure.In eq.9.8it was
shawn thatcos 6}~ canbereplacedy sin §; for ¢; = 0°. Asin €g.9.18cos 8} is divided by cos 6;, thisis
equivalentto multiplying by tan 6;. The sameargumentis valid for cos 8Y~, thuswe will approximatethis
componenby tan @; - tan 6,.

Summarizingthe approximatdunctionhas4 parametergp:, p2, p3 andh):

FAPOTOS — 1. B(h,g) + po - FPCBVON(h, 0,0y, p) +
p3 - tan @; - tan 6, (9.26)

The parametersveredeterminedisinga least-squarestting procedurdrom the programmingpackage
IDL. A comparisorbetweerthis approximatgunctionandthe exact modelcanbe seenin fig. 9.13,where
the BRF valuesof the exact modelare plotted againstthe BRF valuesof the approximatdunctionfor 505
differentcombinationof angles.The BRF valueswerecalculatedor zenithanglesd; andé, from 0° to 70°
(10° grid) andrelative azimuthanglesy from 0° to 180° (20° grid). The agreemenbetweenapproximate
function andexact modelis excellentfor zenithanglesup to 60°, the averagedeviation is 4.3 % for these
anglesthe maximumdeviationis 19 % (for zenithanglesupto 70° theaveragedeviationincreases$o 6.1 %,
with a maximumdeviation of 54 %). Thesenumbersaresimilar for differentwavelengthsesp.amountsof
vegetation.

The approximatemodelis shavn in fig. 9.11 asa dashedine, the respectie coeficientsaregivenin
table9.4.

In casea userwantsto adjusttheapproximatenodelto his own urbanBRDF data,we suggesto choose
onesetof parameter®f table 9.4, selectingthe mostappropriateamountof vegetationand wavelengthx
(660 nm for A < 700 nm, 830 nm for the NIR, 2160nm for A > 1000nm). Thenparameterg:, ps and
p3 shouldbe multiplied with onecommonfactorto fit the data. Fitting all 4 parameterindependenthfrom
eachothermayleadto 'overfitted’ parametersf theangularsamplingof the BRDF datais poor (see(Lucht
& Lewis 2000). Adjustingonly onecommonfactormakesit possiblefor a userto evaluatethe BRDF even
if the urbanareawasonly measuredt onecombinationof angles.This BRDF cane.g.be usedfor albedo
determination.For an albedodeterminatiorwith the approximatdunction, we suggesto setall the BRDF
valueswith zenithangles> 80° to their respectre valueat80°.



138

9 LARGE SCALEBIDIRECTIONAL REFLECTANCE MODEL FORURBAN AREAS

Figure9.13: Scatterplobf BRF valuesof exactmodel(28 % vegetation streetstructureparametersa = b =
0.5, wavelength: A = 660 nm) (y-axis) versusapproximatemodel(z-axis) from eq.9.26 usingparameters
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0.25

Wavelength| Parameter 0% veg. | 28% veg. | 48 % veg.
660nm pp [st!] 0.0603 | 0.0491 0.0413
po [st 1] 0.345 0.261 0.198
p3-100[sr~!] | 0.120 0.124 0.127
h 0.483 0.443 0.401
830nm p1 [st!] 0.0739 | 0.1167 0.1476
po [sr71] 0.348 0.287 0.237
p3-100[sr~!] | 0.152 0.456 0.674
h 0.481 0.451 0.438
2160nm pp [st!] 0.0782 | 0.0725 0.0688
po [st 1] 0.348 0.281 0.229
p3-100[sr~!] | 0.163 | 0.228 0.276
h 0.480 0.441 0.407

0.350

Table9.4: Parameter®f the approximateanalyticalfunction of eq. 9.26, fitted to the urbanBRDF model
datashavn in fig. 9.11. Parameteps is given multiplied by 100. Parameterslescribingthe DAEDALUS
datacanbe obtainedoy multiplying parameter®+, p» andps by theratio of the albedoof the DAEDALUS
dataandthe modeledalbedogivenin table9.3. BRF valuescanbe obtainedby multiplying parameterg,,
po andps by m (BRF = 7-BRDF).



9.10SAMPLE APPLICATIONS 139

9.10 SampleApplications

We usedthe approximatefunctionto investigatethe dependencef the width of the hotspot(parametet)
onwavelength.Thewidth of thehotspotdecreasewith increasingamountof vegetation becauseegetation
hasanintrinsic hotspot(seeeq.9.19) thataddsto the hotspotcausedoy the streetstructure whereasman-
madesurfacesaremodeledby a Lambertianplusspeculacomponen{eq.5.1). Althoughthewidth depends
strongly on the amountof vegetationpresentin the scene,it staysremarkablyconstantover wavelength,
varyingin theranged0.48,0.50],/0.42,0.47]and[0.36,0.46]for proportionsof vegetationof 0 %, 28 % and
48% respectiely for wavelengthdrom 490nmto 2160nm. Thischaracteristievasnotclearapriori, because
the hotspotof the vegetationdependstronglyon wavelength(Sandmeie®& Itten 1999. This featuremight
be useful as an additional classificationfeaturefor urbanareas,becausemary (probably most) vegetated
surfacesshav awavelengthdependencef thehotspot(the hotspois usuallylesssharpfor NIR wavelengths,
becaus¢heamountof multiple scatteringncreases)(Sandmeie& Deeringl1999 introducedhenormalized
differenceanisotroy index NDAX:

 ANIXyeq(0;) — ANIXNir(6:)

NDAX(Oz) - ANIXred(Oi) + ANIXNIR(al) ’

(9.27)

where ANTX..q(6;) is definedasthe ratio of maximumBRF value divided by minimum BRF value, see
(Sandmeie& Itten 1998. Using 660 nm asred wavelengthand 830 nm as NIR wavelength,we obtain
valuesof NDAX = -0.03,-0.03and-0.09from the DAEDALUS datafor the 3 differentdataset® %, 28 %
and48 % vegetationrespectiely. Evaluatingthe urbanBRDF modelatf; = 40° and#, < 60° we obtain
NDAX =-0.01,-0.02and0.0for the 3 differentdatasetsespectiely. We computed\NDAX = 0.3for grass,
which is significantlyhigher (Sandmeie& Deering1999 investigateds differentvegetationcover types,
5 of themhave a NDAX of 0.3 or greater only one(clearmusleg (fen)) hasa NDAX lower than0.1. Thus
the NDAX s a goodindex to supportthe classificationof urbanareas,(i.e. to differentiateurbanareasrom
otherlandcwer classes)This is especiallyimportantfor suhurbanareadik e the onewe investigatedn the
Nurembeg area(48 % vegetation)wherethe NDVI is 0.39 (varying between0.33and0.44,dependingn
viewing angle)anda classificatiorbasedn spectrainformationalonemay becomdlifficult.

We also usedthe approximatefunction to calculatethe albedoby integrating eq. 9.26 over the upper
hemisphereThealbedosaregivenin table9.3for anincidenceangleof 8; = 40°, for 3amountof vegetation
(0 %, 28 % and 48 %) at the wavelengthsof the DAEDALUS (channell at 440 nm andchannel8 at 960
nm are not coveredby the wavelengthrangeof the sensorausedto determinethe small scaleBRDF, see
sections9.6.2). The approximatgunction wasfitted to the modeleddata(seesolid line in fig. 9.11)aswell
asto the modeleddataadjustedto the albedoof the DAEDALUS data(seedottedline in fig. 9.11) using
combinationsof anglescovering the whole upperhemisphere.The dependencef the albedoon 6; is not
strong,it is usuallyhighestfor nadir, dependingon wavelengthandthe amountof vegetation.For 6; = 60°
thealbedois on averageaboutl10 % lower thanfor nadirillumination.

In generalthealbedoderivedfrom themodelarelower thanthe albedosderved from the DAEDALUS
datafor wavelengthsA < 700 nm, higherin the NIR andlower for A > 1000nm. As discussedbove,
thisis dueto our choiceof sampledo modelthe smallscaleBRDF. We regardthe albedosderived from the
DAEDALUS dataasmorerepresentate of urbanalbedobecauseur choiceof samplesvasrestrictedto
sampleswith aknowvn BRDF.

Wealsoprovide thealbedosf theman-madeurfaceandthegrasssamplan thelasttwo columnsof table
9.3. They arehigherthanthe albedosof the urbanareas pbecausdhe urbanstructureproducesshadaing
andthusreduceghealbedo.



Chapter 10

Summary

Thisstudyinvestigateshebidirectionalreflectancef man-madetoughsurfaces.Theresultsarerelevantfor
theremotesensingof urbanareasandcomputervision. New insightis obtainedon the shapeof the specular
peakof roughsurfaces.

In a measurementampaignat the EuropeanGoniometricFacility EGO, the Bidirectional Reflectance
Distribution FunctionBRDF wasmeasuredor severalman-madesurfacestypical of urbanareage.g.roof
tiles,asphalt). The EGOconsistof two rotatablequarterarcs,wheredifferentsensor®r light sourcesxanbe
attachedThesystems programmablewhich allows the effective measuremerdf alargenumberof angular
combinationsn areasonabl@mountof time.

We evaluatedthe dominanterror sourcedor laboratoryBRDF measurementsf man-madesurfacesat
the EGO. The averagetotal error per wavelengthof a single BRDF measurementarieswith wavelength
from 4 % to up to 14 %, dependingn the spectrakignatureof the sample.

Measurementwith aluxmetershavedthatthelampfootprintis quite homogeneoufor nadirillumina-
tion, but for largerincidenceanglesthereis arise of the intensitywhenapproachinghe lamp. This results
in anerrorfor the radiometermeasurementfiecausehe positionof the centerof the FOV of the detector
SE590dependson viewing angle. For sampleswith a constantreflectancespectrum this is the dominant
error source. We deducedthe errorsasa function of incidenceand viewing zenith anglesby comparing
measurementwith nadirviewing for differentazimuthsaswell asmeasurementsith anincidenceangleof
50° for azimuthsof 90° and270°, assumingotationalsymmetryof the samplesTheerroranalysiscouldbe
improvedif measurementsith nadirillumination anddifferentazimuthswereavailable.

Comparingmeasurementwith exactly the samellumination andviewing geometrywe determinedhe
lamp constang to 0.3 % andthe detectomoiseof the SE590to 0.2 % of the maximumvalue. The second
error sourcebecomegdominantfor sampleswith a large variationin their reflectedspectrum. This means
thattheillumination sourceshouldbe chosen wheneer possible- in suchaway thatits maximumintensity
multiplied by the sensorsensitvity is emittedat thosewavelengthswherethe reflectanceof the sampleis
low. For the experimentaketupusedin this study this maximumis betweer650and750nm. Themeasured
intensitiesbecomevery low for wavelengthsar away from this maximum.Demandinghe instrumenterror
to belowerthan2 % leadsin our caseto theexclusionof wavelengthdowerthan425nmandhigherthan975
nm for the SE590.Thuswe presentec generalprocedurdo determinghe appropriatevavelengthrangeof
the hyperspectraspectroradiomete8E590,which dependsiot only on instrumentcharacteristicshut also
ontheillumination sourceandthe samplesused.

Theerrorsof datafrom the detectorASDFieldspe@redominatedoy dark currentnoise.We believe that
theinstrumentwassetto its mostsensitve mode. We determinedhe errorfrom dark currentto 20 counts,
which leadsto anaveragemeasuremergrror of 4.9 % for the samplesusedin this study Both sensorsare
affectedby problemsin their upperwavelengthrangeif the measuredntensityis very high.
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Two methoddor calculatingtheirradiancearediscussedBothrely onmeasurementsf areferencepanel
(in our caseSpectralon) Thefirst methodassumeshattheirradiancechangeswvith viewing angle(possibly
dueto e.g.illumination inhomogeneities)Every measurementf the sampleis divided by the measurement
of thereferencepanelwith the sameanglesandmultiplied by the BRDF of thereferencepanel. The second
methodassumeshatthe irradiancechangeonly with illumination angleandintegratesall the reflectedra-
diancedor eachillumination angle.Dividing by the albedoof thereferencepanelyieldstheirradiance.The
majoradvantageof the secondmethodis thatonly the albedo,not the BRDF of the referencgpanelneedgo
beknown. We chosethesecondmethodandshav thattheresultsarein betteragreementvith thereciprocity
principlethantheresultsfrom thefirst method.

The BRDF modelof (Torrance& Sparrav 1967 (TS model)wascomparedo measurementsf several
man-madesurfaceswith very differentroughnessesihe modelcandescribehe measurementgualitatively
very well, althoughthe fits do not always passa x? test. Surfaceswith a very large roughnesshav an
increaséan backscattedirectionthatcanbewell describedy the BRDF modelfrom (Oren& Nayar1995.
Shapeand intensity of the specularpeakvary lessthan 10 % for wavelengthsfrom 450 nm to 700 nm,
whereaghediffusecomponenvariesstrongly

It is not possibleto determingheindex of refractionn andtheindex of absorptiont usingthe TS model
for thesurfacesstudiedhere becaus¢he parametefor thespeculaintensityin the TS modelallows different
combinationf n andk to yield very similar Fresnekeflectancesunes.

We discoreredanimportantfeatureof the speculapeakof roughsurfaces:we found that the width of
the specularpeak perpendicular to the principal plane decreasesstrongly with increasingillumination
zenith angle,in the data aswell asin the model.

An analysisof the TS modelshaws thatthe decreaseis approximately proportional to the cosineof
the illumination angle#;, thedeviationsincreasewith increasingsurfaceroughnessThe proportionalityto
cos #; of thewidth perpendicularto the principal planeis accompaniedby anincreasen reflectancen in-
tensityin the principalplanethatis 1/ cos ; strongerthantheincreasdor a perfectlysmoothsurface.Thus,
thesetwo proportionalitiescancelin the calculationof the speculamalbedo.

Topographydatais available for 8 of the samples. The vertical resolutionis 0.16 um, the horizontal
resolutionis 1 um for 3-D-profilesof 1 mm x 1 mm and1.24 ym for 2-D-profilesof 10 mm length. We
derived the averagesurface inclination from the topographydataand comparedit to the averagesurface
inclinationderved from BRDF measurements he BRDF modelspredictmuchsmoothesurfacesthanthe
measuredopographydataby factorsfrom 4 to 10. After smoothingover 20 um, the deviationsbecome
smallerthan50 %.

We concludethatfor the surfacesinvestigatedn this study which areroughon a scalecomparabldo the
wavelengthof theincominglight, the width of the speculampeakcannotbe predictedfrom our topography
measurementsy smoothingwith one commonbin size. We do not know if thisis dueto alack of insight
into the physicalmechanismgoverningthe speculareflectanceof roughsurfacesor dueto inappropriate
resolutionof the topographydata. Maybeit is wrongto look for one commonbin size becauseachsur
facecould have its own characteristidacetsizethat determineghe spatialdimensioninvolved in the light
scatteringorocess.

The topography measurementsindicate that the sizeof the surface patchesforming the V-cavity in
the TS/ON modelisin the range of 20um. Thisresultis supportedy thefactthatthewidth of thespecular
peakderivedfrom BRDF measurements relatively independentf wavelength.Becausehe TS andthe ON
modelareindependentf the sizeof the V-cavity, this resultcannotbe obtainedfrom fitting eithermodelto
the BRDF measurementsithoutthetopographydata.
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A BRDF modelfor large scaleurban areas(pixel-diameter > 500m) hasbeendeveloped. It is de-
rivedfrom modelingBRDF effectson 3 scales.geometricabpticsis appliedto a simplified streetstructure,
intermediatesizedobjectsare modeledsimilarly. The small scaleBRDF of man-madesurfacesandvege-
tationis incorporatedaswell, basedon the EGO measurementampaigndescribedabose andgoniometer
BRDF measurementsf grassby (Sandmeie& Itten 1999.

The modelbasicallydependson 5 parametersthe amountof vegetation,two geometryparameterso
modelthe averagewidth of the streetstructuresandthe heightof buildingson the large scaleandtwo geom-
etry parameterso modeltheintermediatescale.Thedominantfeaturesof theresultingBRDF area hotspot,
aspeculapeakandarisefor high zenithangles.

We derivedlarge scaleurbanBRDF datafrom airborneimageryfor 3 multispectraldatasetsor alimited
setof angles.Exceptfor thealbedo the modelagrees/ery well with thedata.

A post-flightangularcalibrationmethodof the DAEDALUS scannehadto be usedto derve the data.
It yielded comparablecalibrationfactorsas other calibrationsstudieson DAEDALUS instruments,with
correctionsof upto 15 %.

Our modelcanbe usedasinput to calculatealbedo,for atmosphericorrectionalgorithmsand global
BRDF maps.KnowledgeabouttheurbanBRDF canimprove classificatiorandchangedetectioralgorithms.
For usersdemandingpeedandeasyimplementationananalyticalfunctionis giventhatcaptureghe domi-
nantfeaturesvery well.

An extensve validationof the modelpresentedherewill be possibleassoonassatellitedatawith pixel-
diametersof aboutl km (like MODIS, MISR, etc.) will be available. Futureimprovementsof the urban
BRDF modelwill have to include multiple scatteringeffects,a more elaboratereatmentof the vegetation
BRDF andvarying compositionsof the man-madesurface BRDF. Especiallyrelaxingthe assumptiorthat
all the man-madesurfaceshave the samecolor (i.e. assigningoofs, walls andstreetdifferentalbedos)can
changeheresultingurbanBRDF considerably

Theinfluenceson the urbanBRDF from the amountof dirty or wet surfacesarenot expectedto change
the shapeof the BRDF considerably except for the specularpeakwhich will strongly increasefor wet
surfacesanddecreaséor dirty surfaces(thealbedohowever canchangestrongly). The DAEDALUS dataof
Nurembeg containdirty surfaces but almostno wet surfaces.The effect of varying heightsof buildingsis
expectedo bengligible.
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Figure12.1: Dark currentmeasurementsf the ASD, obtainedoy completelycoveringthe detectorentrance
andtakingameasuremergvery 9 secondsTheroot meansquaredraluesareshavn in fig. 4.16,page38.
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Figure12.2: Constang measurementsf the ASD, obtainedby repeatedneasurementsf SpectralorL00%

Seefig. 4.17,page39 for the standarddeviation of thesemeasurementseesection4.9.2.

without moving thegoniometerThe plotsshav the measuredaw dataaftersubtractiorof themedianvalue.
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FresneEquations

TheFresnekquationsiescribehereflectionandtransmissiorof anelectromagnetigvave by a planebound-
ary. We will only give the equationsfor reflectionhere,taken from (Hapke 1993. The first mediumis
assumedo have arefractive index of n; = 1 andanabsorptionindex of k; = 0, which is a goodapprox-
imation for air. It is assumedhat the secondmediumcanbe describedby a refractve index of n andan
absorptiorindex of k. Thewave hits the secondmediumat a zenithangleof 0;-.

Accordingto its polarization(_L denoteghe electricvector perpendiculato the planeof propagation,
| denoteghe electricvectorparallelto the planeof propagation)the reflectioncoeficients F/, and £}, are
calculated.For unpolarizedight, the FresnelreflectanceF is the averageof thesetwo quantities.F' varies
betweerD and1l.

F= % - (FL+ F) (12.1)

P = (cos 0, — G1)? + G3 (12.2)
(cos O + G1)? + G2

F— ((n? = k?) cos 0, — G1)? + (2nk cos 0; — Gy)? (12.3)

I ((n? — k2) cos 0; + G1)% + (2nk cos 0, + G2)?
G? = % : <(n2 — k% —sin?6)) + \/ (n? — k2 —sin?6;)2 + 4n2k2) (12.4)
G% — % . (—(n2 — k% —sin? 0;) + \/(n2 — k2 — gin? 9;)2 + 4n2k2> (12.5)
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Sample to [st}] ty [stY] w[deg™?] n ps | X%/dy
SpectralorD.5 0.155+ 0.002 | 0.144+ 0.12| 0.032+ 0.002| 1.62+1.0 | 0.026| 1.0
Redrooftile 0.0161+ 0.0004| 0.19+ 0.06 | 0.035+ 0.001| 1.83+0.5 | 0.043| 2.1
RedAluminum | 0.01444+ 0.0002| 3.39+ 0.93| 0.1544+ 0.001| 1.69+ 0.27| 0.041| 7.1
Blue concrete | 0.07704+ 0.0004| 1.09+ 0.27| 0.084+ 0.001| 1.51+0.18| 0.031| 1.5
Redconcrete | 0.0133+ 0.0002| 1.16+ 0.23| 0.081+ 0.001| 1.46+ 0.12| 0.032| 3.3
Spectralorl.0 | 0.3008+ 0.0018| 0.08+ 0.27 | 0.044+ 0.005| 2.30+9.33| 0.021| 0.7

Table 12.1: Parametersbtainedfrom fitting the TS model (eq. 5.1) to the SE590dataof the respectre

sampleat a wavelengthof A = 425nm. The parametek wassetto 0.25. Seechapter5 for a discussion
of the errorsof the parametersThe error of the specularalbedop; is estimatedo be about5 %. The last

columnshaws the x? valueover the degreesof freedomd.

Sample kq ks [sr71] ky [rad] n ps | xX°/ds
Sandedoof paper| 0.024 £+ 0.001 | 0.048 +0.04 | 0.593 £0.005 | 2.2+ 1.8 | 0.032| 0.6
Asphalt(Cadr) 0.14 +£0.001 | 0.025+0.08 | 0.39+0.02 |26+114|0.015| 1.0

Table 12.2: Parametersbtainedfrom fitting the ON model(eq. 5.8) to the SE590dataof the respectre
sampleata A = 425nm. The parametek wassetto 0.25. Seechapters for a discussiorof the errors. The
error of the specularalbedop; is estimatedo be about5 % for the sample’Asphalt’. The specularalbedo
of the sample’'Sandedroof paper’is considerablyoverestimatealueto ignoring the black backgroundsee
page7, propablyby asmuchas30 %. Thelastcolumnshawvs the y? valueover the degreesof freedomd;;.

Sample to [st1] ty [st1] w [deg ] n ps | X°/d;
Spectralor0.5 | 0.162+ 0.002| 0.18+ 0.19| 0.031+ 0.003 | 1.40+0.8 | 0.020| 0.6
Redrooftile 0.120+0.001| 0.174+ 0.15| 0.044+0.002 | 1.75+1.1 | 0.025| 0.8
RedAluminum | 0.143+ 0.001| 2.56+ 2.04| 0.181+ 0.002 | 1.98+ 1.2 | 0.034| 3.3
Blueconcrete | 0.090+ 0.001| 0.85+ 0.36| 0.085+ 0.001 | 1.54+0.32| 0.025| 0.6
Redconcrete | 0.103+ 0.001| 0.82+ 0.37 | 0.08574+ 0.002| 1.574+ 0.37| 0.025| 0.8
Spectralorl.0 | 0.300+ 0.002| 0.09+ 0.31| 0.046+ 0.008 | 2.02+ 7.04 | 0.017| 0.5

Table 12.3: Parametersbtainedfrom fitting the TS model (eq. 5.1) to the SE590dataof the respectie
sampleat A = 900nm. The parametek wassetto 0.25. Seechapter5 for a discussiorof the errorsof the
parameters.

Sample kq ks [st 1] ky, [rad] n ps | xX2/ds
Sandedoof paper| 0.043 £ 0.001 | 0.055 £0.06 | 0.671 +0.008 | 2.2+ 2.5 | 0.042| 0.7
Asphalt(Cadr) 0.219+0.001 | 0.032+0.05 | 0.34+0.04 |1.7+2.6 | 0.007| 0.7

Table 12.4: Parametersbtainedfrom fitting the ON model(eg. 5.8) to the SE590dataof the respectie
sampleat A = 900nm. Theparametek wassetto 0.25. Seechapters for a discussiorof theerrors.
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Figure12.5: TS modelfitted to BRDF measurementsf the SE590for 'redroof tile’ atvariousangles.
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Figure12.6: ON modelfittedto BRDF measurementsf the SE590for 'sandedoof paper’atvariousangles.
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Figure12.7: ON modelfitted to BRDF measurementsf the SE590for 'asphalt’at variousangles.



N/A 6,= 30° ¢= 180° 0,= 50° ¢= 180° 6= B5° ¢= 180°
-~ NA 0.6 e ERLans : 10— T : 5p : ‘ ‘ :
X
.0 4 >H
XX — —
5 0.4 1 5
TS (900nm) ~ R =3 /
= %\ sl
L [
mmt.(900nm) = | /, « ] g 2
[ ] © Ia r “
X 1
/
0.0 bk ‘ X‘Xx ‘ 0.0 beener X ‘ ‘ 0 X ‘
0 20 40 60 80 0 20 40 60 80 0O 20 40 60 80
0, [deq] 8, [deq] 8, [deq]
6= 0° ¢= 90° 6= 65° ¢= 135° 6= 30° ¢= 145° 6= 30° 6,= 30°
0.40 0.207T ‘ T ‘ 0.25[ ‘ ‘ ‘ 0.6 ‘ ‘ e
_ 0.30 = OV ] o204 . .
5 % | 5 ~_ 5 0.4 %
< < L o0.15¢ < )
— 0.20 ! — 0.10 1 — — %
[ Tirgg L L [ [
o 1 o o 0.10 o X
o X o o= o 0.2
® 010 ® 0.05 ] « @ — X
: X : 0.05 Kk_ x
X XX Y x
0.00 b S0oeoeoeed | 0.00 KX, X e X707 | 0.00 b T 2 2 0.0 e e X
0 20 40 B0 80 0 20 40 60 80 30 40 50 60 70 0 50 100 150 200
6, [deg] 6, [deg] 6, [deg] ¢ [deq]
6,= 50° 6,= 50° 6,= 50°, 6,= 70° 6,= 65° 6,= 70° 6,= 30° 6,= 50°
1.2 T 03 : ‘ : 5 e 0250 : ‘ : :
1.0 at l 0.20 .
% 0.8 & 0.2 = £l & - LY
~ ~ X ~ 3F ~ 0.15
= 06 | = 1 = =
é é Pt é 2 é 0.10
5 0.4 & 0.1 >}< ] [aa) [aa)
02 ) 3 0.05 N
/ X <
0.0 Lo e osevnone 525 0.0 fxm e X 22 2T 0 boorrrroretL 0.00 Ko, > .
0 50 100 150 200 0O 50 100 150 200 80 100120140160180 0 50 100 150 200
¢ [deg] ¢ [deq] ¢ [deg] ¢ [deg]
6,= 30° 6,= 70° 6,=65° 6,=65° 6,=30° ¢=90° 6,=50° ¢=90°
20 0.20 Sl A 0.20 [ ‘ : ‘ 0207 : ‘ : ‘
11 L
— 0507 T 10 — 0.15 1 — 0.5f | To.w5i ]1
@ % I 10 % »
~ ~ ~ ~
— 0.10 — 0.10 1 — o.10} — 0.10
L L L L
() [am) [mm) ()
o o o o
[aa] [aa] m [aa]
05 0.05 1 0.05} 0.05
.00 BT, XX 0.00 LS 20 x|, 0.00 25T X omxX 0.00 KX, 2% 50 000
0 50 100 150 200 0 20 40 60 80 100 0 20 40 60 80 0 20 40 60 80
¢ [deg] ¢ [deq] o, [deq] 8, [deq]
6,=65° ¢$=90° 6,=30°, ¢=0° 8,=50°, ¢=0° 6,=65° ¢=0°
Y e e 0.20T ‘ - ‘ 0.20 : : ‘ 0.20T ‘ : : ‘
= OS] — 0.15 L To,w5l H N — 015§ ]
% | % % %
> > > >
— 0.10 — 0.10 1 — o.10} — 0.10
[ L [, [
() [am) [} ()
[ [ [ng [
[aa] [aa] m [aa]
05 0.05 1 0.05} 0.05
.00 B_X, X X 0.00 [0 = DOExTx | 0.00 KX, 2 = 2 0.00 Ko X I XX
0O 20 40 60 80 0 20 40 60 80 0 20 40 60 80 20 30 40 50 60
8, [deq] 0, [deq] 8, [deq] 8, [deq]

Figure12.8: TS modelfitted to BRDF measurementsf the SE590for 'aluminum’ at variousangles.
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Figure12.10:TS modelfitted to BRDF measurementsf the SE590for 'red concrete’at variousangles.
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Figure12.11: TS modelfitted to BRDF measurementsf the SE590for Spectralori.0at variousangles.
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Figure 12.13: Parameter®f the BRDF modelsfitted to the ASD measurement&/4). ty,t; andw denote
parameterérom the TS model. Furthermoreheratio of x? over the degreesof freedomd + andthespecular
albedoat; = 30° is shawn.
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Figure12.14: Parameter®f the BRDF modelsfitted to the ASD measurement&3/4). ty,t; andw denote
parameterérom the TS model. Furthermorgheratio of x? over the degreesof freedomd ¢ andthespecular
albedoatd; = 30° is shawvn.



161

Ispra—asphalt, tg Ispra—asphalt, t, Ispra—asphalt, w
0.10F 7 0.040F 3 0.12F 3
SRRBREE e
0.08F * 0.030¢ o __oI0of g 255515 ]
5 0.06F 1 - " = 0.08 ox
2 oal ] < o0.020¢ %& LI ] Z 0o06f § E
— — = 0.04F 3
0.010F 3
0.02¢ E S 0.02 | E
0.00E B 0.000E E| 0.00¢t E|
6] 500 1000 15002000 2500 ] 500 1000 150020002500 ] 500 1000 150020002500
avelen nm avelen nm avelen nm
Wavelength Wavelength Wavelength
spra—asphalt, n spra—asphalt, spra—aspha
Isp phalt Isp phalt, x*/d; Isp phalt
[S) 2.0 ° 0.0060 «
5 § . ] T 0.0050 %
4 X ’ = 0.0040 x
x 1.0F 9 5 0.0030 %
3 x i 3 0.0020 % x
2 05F ] 2 O x
2 : & 0.0010 Pl X
1 . 0.0000
] 500 1000 1500 2000 2500 o 500 1000 15002000 2500 o 500 1000 150020002500
Wavelength [nm] Wavelength [nm] Wavelength [nm]
Green slate, tg Green slate, t, Green slate, w
0.08F 7 2.5F PERE! 0.12F < ]
XX
oost %% ] 2.0F B 0. 10 e RO ]
— — %< — £ E
~ 0.04F 1 ~ = 0.06F E
> > 3 k| ~
T o.o2f d O] =10 = 0.04Ff 1
: 0.5F E 0.02F E
0.00 L B 0.0t E 0.00L 4
] 500 1000 15002000 2500 0 500 1000 150020002500 0 500 1000 150020002500
Wavelength [nm] Wavelength [nm] Wavelength [nm]
Creen slate, n Green slate, x°/d; Green slate
2.0F %R&x 7 5 ° 0.050
1.8F % E 4 % g 0.040 XXX
X > = — SR
1OF e o 3 <% XX S 0.030
X 9 o
1.4 F ] 2 % M © 0.020
(&}
1.2F 1 1 2 0.010
1.0k ] 0 < 0.000
6] 500 1000 150020002500 0 500 1000 150020002500 0 500 1000 150020002500
Wavelength [nm] Wavelength [nm] Wavelength [nm]
Red slate, t, Red slate, t, Red slate, w
0.15F 7 4 F <= ] 0.20F B
% 3k E 0.15F R <
— r — kel =
T 0.10 g%g . T, ) i -
o = « >~ £ X < o L 1
— 0.05} x ] = o 5 = o
o E 3 o5k ]
X
0.00 ¢t B Ok E| 0.00LE 4
@] 500 1000 1500 2000 2500 (0] 500 1000 150020002500 (0] 500 1000 150020002500
Wavelength [nm] Wavelength [nm] Wavelength [nm]
Red slate, n Red slate, ¥?/d; Red slate
2.4F E| 10 X - 0.030F X%
2.2F K E sl % B 3 b o [
2.0F E % S 5020k E
1.8¢F *xx XX B 6r % S .
1.6F Fan ] Al e 5
14k 23 Y xx ] o 0.010¢F E
° [<5)
1.2F 1 2r ] i=
1.0E B o 0.000¢t E|
6] 500 1000 150020002500 ] 500 1000 150020002500 ] 500 1000 150020002500
Wavelength [nm] Wavelength [nm] Wavelength [nm]

Figure12.15: Parameter®f the BRDF modelsfitted to the ASD measurement&/4). ty,t; andw denote
parameterérom the TS model. Furthermoreheratio of x? over the degreesof freedomd + andthespecular
albedoat; = 30° is shawn.
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Figure12.16:TS model(solid line) fitted to BRDF measurementsf the ASD at 660nm (errorbars)andthe
empiricalfunctionof (Meister1999 (dashedine) for samplesbrown slate’,’plastic’ and’'walkway’.
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Figure12.17: Topographydataof the sample'red concrete’. Thefirst of the original datasets(correctedoy
ameanplane)of 1000pointsx 1000pointsis shavn attopleft. A subsebf 20 pointsx 20 pointstakenfrom
the centerof thesamplingareais shavn top right. Theresultof averagingthe original datawith a bin sizeof
20 pointstimes20 pointsis shawvn on bottomleft. Theresultafteraveragingfor the seconddatasetis shavn
bottomright. Notethatonly for the plot top right the vertical scaleis scaledsimilarly to the horizontalaxes.

Seechapter7 for adiscussiorof thetopographymeasurements.
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Figure12.18: Topographydataof the sample'roof tile (Opal)’. Thefirst of the original datasets(corrected
by a meanplane)of 1000pointsx 1000pointsis shavn attop left. A subsebf 20 pointsx 20 pointstaken
from the centerof the samplingareais shavn top right. Theresultof averagingthe original datawith abin
sizeof 20 pointstimes20 pointsis shavn on bottomleft. Theresultafteraveragingfor the secondiatasetis
shavn bottomright. Notethatonly for theplot top right theverticalscaleis scaledsimilarly to the horizontal
axes. Seechapter7 for adiscussiorof thetopographymeasurements.
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Figure12.19: Topographydataof the sample€brown slate’. Thefirst of the original datasets(correctedcoy a
meanplane)of 1000pointsx 1000pointsis shavn attop left. A subsebf 20 pointsx 20 pointstakenfrom
the centerof thesamplingareais shavn top right. Theresultof averagingthe original datawith a bin sizeof
20 pointstimes20 pointsis shawvn on bottomleft. Theresultafteraveragingfor the seconddatasetis shavn
bottomright. Notethatonly for the plot top right the vertical scaleis scaledsimilarly to the horizontalaxes.

Seechapter7 for adiscussiorof thetopographymeasurements.
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Figure12.20: Topographydataof the sample’red slate’. Thefirst of the original datasets(correctedby a
meanplane)of 1000pointsx 1000pointsis shavn attop left. A subsebf 20 pointsx 20 pointstakenfrom
the centerof the samplingareais shavn top right. Theresultof averagingthe original datawith a bin size
of 20 pointstimes 20 pointsis shavn on bottomleft. The resultafter averagingfor the seconddatasetis
shavn bottomright. The secondsetwasrotatedby 180° to improve the visualization.Notethatonly for the
plottopright the vertical scaleis scaledsimilarly to thehorizontalaxes. Seechapter7 for adiscussiorof the
topographymeasurements.
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Figurel2.21:Topographydataof thesampléeplastic’. Thefirst of the original datasets(correctedoy amean
plane)of 1000pointsx 1000 pointsis shavn at top left. A subsetof 20 pointsx 20 pointstaken from the
centerof the samplingareais shavn top right. Theresultof averagingthe original datawith a bin sizeof 20
pointstimes 20 pointsis shavn on bottomleft. Theresultafter averagingfor the seconddatasetis shavn
bottomright. The secondsetwasrotatedby 180° to improve the visualization. Note that only for the plot
top right the vertical scaleis scaledsimilarly to the horizontalaxes. Seechapter7 for a discussiorof the

topographymeasurements.
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A [nm] 1o ko k1 ko ks
490 | 0.0325| 0.0076| 0.00199| 0.0419| 0.00377
560 | 0.0404| 0.0264| 0.00600| 0.0749| 0.00992
610 | 0.0519| 0.0185| 0.00282| 0.0559| 0.00721
660 | 0.0568| 0.0127| 0.00184| 0.0429| 0.00446
730 | 0.0671| 0.1799| 0.02401| 0.1775| 0.01908
830 | 0.0694| 0.3971| 0.02887| 0.2561| 0.02173
1680 | 0.0803| 0.1735| 0.02472| 0.1491| 0.02006
2160 | 0.0734| 0.0618| 0.00982| 0.0970| 0.01657

Table12.5: Parameter®f the microscaleEBRDF for man-madesuriacesandvegetationfor the DAEDALUS

wavelengths. Thefirst columnshaws the centerwavelength) (cf. table9.3, pagel36). The secondcolumn
shaws the diffuse albedoof the man-madesuriaces(ty from eq. 5.1, page43). The remainingcolumns
shawv the wavelengthdependentegetationparametersseeeq.9.190on pagel25. Thevegetationparameters
independenof wavelengtharegivenby by = 1.5,bo = 1.72, b3 = 4.0, b4 = 0.95.
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