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Abstract

Thereflectanceof asurfaceusuallydependsontheangles,atwhichthesurfaceis illuminatedandviewed.
Thedependencecanbedescribedby theBidirectionalReflectanceDistributionFunctionBRDF. In thisstudy,
theBRDFsof severalsamplestypically foundin urbanareas(roof tiles,asphalt,etc.) weremeasuredat the
EuropeanGoniometricFacility EGOin Ispra,Italy with hyperspectralsensors.Thebasiccharacteristicsof
themeasuredBRDFsareaspecularpeak,anincreasein backscatteringdirectionfor theroughestsurfacesand
aconstantdiffusecomponentfor thesurfacesof moderateroughness.Surfacesof moderateroughnesscanbe
well describedby theBRDF modelfor specularreflectionof roughsurfacesby (Torrance& Sparrow 1967),
whereasfor veryroughsurfacesthemodelby (Oren& Nayar1995) is moreappropriate.Surfacetopography
measurementssuggestthatthesizeof thescatteringstructureis in the20 � m range.

In reflectanceterminology, the principal plane is the planeformedby the surfacenormalandthe illu-
minating light ray. We found that the angularwidth of the specularpeakof roughsurfacesperpendicular
to theprincipalplanedecreasesproportionallyto thecosineof the illumination zenithangle. This resultis
importantin computervisionapplications,but it is alsoof theoreticalinterest.

The BRDF measurementswerealsousedto develop a BRDF model for urbanareasremotelysensed
from spacebornesensorswith pixel-sizesabove 500 m. The modelis built on thestreetstructureof urban
areas.It shows a strongincreaseof reflectancein backscatteringdirection.Model predictionsandsimulated
dataderived from multispectralimageryof anairbornescanneragreewell. Themajorareasof application
arealbedocalculationandlandcover identificationin globalimagedata.



II

Kurzfassung

Die ReflektanzeinerOberfl̈acheist im AllgemeineneineFunktionderEin- undAusfallswinkel, derso-
genanntenBidirectionalReflectanceDistribution FunctionBRDF. In dieserArbeit wurdendie BRDFsvon
Probengemessen,die für die Fernerkundungvon sẗadtischenGebietenwichtig sind (Dachziegel, Asphalt,
etc.). Die Messungenwurdenim LaborderEuropeanGoniometricFacility in Ispra,Italien unterVerwen-
dunghyperspektralerSensorendurchgef̈uhrt. Die grundlegendenMerkmaledergemessenBRDF’ssinddas
Spiegelungsmaximum,ein Anstieg in der Rückstreurichtungfür die rauhestenOberfl̈achenund einekon-
stantediffuse Komponentefür Flächenmittlerer Rauhigkeit. LetztereFlächenwerdendurch dasBRDF
Modell von (Torrance& Sparrow 1967) gut beschrieben,währendfür sehrrauheOberfl̈achendasBRDF
Modell von (Oren& Nayar1995) bessereErgebnisseliefert. Oberfl̈achentopographiemessungendeutenan,
dassdie GrössederStrukturen,andenendasLicht gestreutwird, im Bereichum 20 � m liegt.

BeiReflektanzmessungenbeziehtsichderAusdruckHauptebeneaufdieEbene,diedurchdieOberfl̈achen-
normaleunddeneinfallendenLichtstrahlaufgespanntwird. In dieserArbeit wird gezeigt,dassdie Winkel-
breitedesSpiegelungsmaximumsrechtwinklig zur Hauptebeneproportionalmit demKosinusdesEinfall-
szenitwinkels abf̈allt. DiesesErgebnisist wichtig für Anwendungenin der computergesẗutztenBilderken-
nungundBilderzeugung,esist aberauchvon theoretischemInteresse.

Desweiterenwurdendie BRDF Messungenbenutzt,um ein BRDF Modell für sẗadtischeGebietezu
erstellenfür die Auswertungvon Datenvon satellitengeststützten Sensorenmit Pixelgrössenvon mehrals
500m. DasModell basiertaufderStrassenstruktursẗadtischerGebiete.Ein starkerAnstieg derReflektanzin
Rückstreurichtungwird vorhergesagt.Modellergebnissestimmengutmit simuliertenDatenüberein,die aus
Bilddateneinesmultispektralen,flugzeuggesẗutztenSensorsabgeleitetwurden. Hauptanwendungsgebiete
sindAlbedobestimmungundLandklassenidentifikation in globalenBilddaten.
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Nomenclature

Symbolsandabbreviationsusedthroughoutthis thesisaredefinedhere.Symbolsthatonly have a local
meaning,andaredefinedcloseto wherethey areused,arenot includedhere.Thelist is alphabetical,with the
following precedences:lowercasebeforeuppercase,quantitiesbeforeabbreviations,RomanbeforeGreek.

Symbol Description Page� width of thestreetof astreetstructure 114�
heightof thebuildingsof astreetstructure 114� width of thebuildingsof astreetstructure 114���
degreesof freedom 81�
	
BidirectionalReflectanceDistribution Function 14� relative anglebetweenviewing andillumination direction 125�
areahiddenfrom thedetectorof astreetstructure 118

(subscript) incident�
index of absorption 43���
diffusealbedoin theON model 47���
specularintensityin theON model 47���
roughnessparameterin theON model 46� index of refraction 43��� parametersin theapproximationto theurbanBRDFmodel 137� (subscript) reflected� shadowedareaof astreetstructure 118���
Lambertiancomponentin theTS model 43���
intensityparameterin theTS model 43 specularpeakwidth parameterin theTS model 43!
area

ASF AngularSensitivity Function 104
BRDF BidirectionalReflectanceDistribution Function 14
BRF BiconicalReflectanceFactor 14"

Fresnelreflectance 43#
GeometricAttenuationFactor 45� radiance 13$&%('*)
probabilitydistribution of

'
45+

irradiance 14,
BiconicalReflectanceFactor 14

spec(superscript)specular
ASD spectrometerASDFieldspec 33
AVG average
Cadr. Cadrezzate,Italy 7
EGO EuropeanGoniometricFacility 16
IR wavelengthrangefor infraredlight



VI CONTENTS

JRC JointResearchCenter, Ispra,Italy
FOV field of view
FWHM full width half maximum
NIR wavelengthrangefor nearinfraredlight
ON Oren-Nayar 45
RM600 opticalprofiler 92
SE590 spectrometerSE590 15
TS Torrance-Sparrow 43
V vertical
VIS wavelengthrangefor visible light'

inclinationof asurfacefacet 45- bin sizefor spatialaveraging 99.
zenithangle 87.�/� local incidenceangleon asurfacefacet 450
wavelength1 albedo 141 � specularalbedo 492 erroror standarddeviation2�3

ind,j
standarddeviation of 4 ind,j 202�3

norm,j
normalized2�3

ind,j
205 relative azimuthangle 1215 �76 	 azimuthangleof incidence/reflection 1148:9 sumof thesquareof deviationsdividedby squareof error 81; solidangle 134 difference<

projectedsolidangle 13



Chapter 1

Intr oduction

The reflectionof light from roughsurfacesis a subjectof importancein remotesensingaswell ascom-
puter vision. A key factor in the evaluationof reflectedlight is the compositionof the illumination, see
(Wiemker 1998) for acomprehensive investigationof this topic. In thisstudy, theincominglight is aknown
quantity, thefocusis on thesurfaceintrinsic reflectionproperties.

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

However, theneedfor a moreaccuratedescriptionof thevariationof reflectancewith changingviewing
or illumination geometryhasbeenclearly recognized,for remotesensingapplicationsby (Kimes 1983),
(Roujeanet al. 1992), (Rahmanet al. 1993), (Wanneret al. 1997), (Strahler1997), (Diner et al. 1999), as
well asfor computervision(Nayaretal. 1991), (Schlick1994), (Oren& Nayar1995), (Wolff 1996). Wewill
usetheBidirectionalReflectanceDistribution FunctionBRDF asdefinedby (Nicodemus1970) to describe
thedirectionalreflectanceproperties.

Smoothsurfacescanbe consideredspecular, i.e. the incident light is reflectedinto onedirectiononly.
Most surfacesare not smoothbut rough. If the surfaceheight function

� %>=:?A@B)
, where

=
and

@
are the

horizontallocationparameters,satisfiesthe restrictions C � %>=D?A@E) CGF 0IH J
and C�K � %>=:?A@B) C H J

, i.e. if the
surfaceroughnessis small comparedto the wavelengthof the incident light

0
and the inclination of the

local slopesof the surfaceis small aswell, perturbationtheorycanbe usedto analyzethe specularpeak
(Ogilvy 1992) by assumingthatthescatterersatisfiescertainboundary. Thewavecharacterof light becomes
apparentfor suchsurfaces.

According to (Ogilvy 1992), the mostquotedbook on wave scatteringfrom roughsurfacesis that of
(Beckmann& Spizzichino1963). In thisbook,theradiationfieldsareanalyzedfor surfacesusingKirchhoff
theory, alsoknown astangentplaneor physicalopticstheory. Thebasicassumptionis that thesurfacedoes
not have any sharpedgescomparedto thewavelengthof theincidentlight. Thusthis theoryis applicableto
amuchwider rangeof surfacesthanperturbationtheory.

This studyfocuseson man-madesurfaces,mostof which arecharacterizedby a strongroughnessin the� m scale,suchthattheassumptionsof perturbationtheoryor physicalopticsbecomeinvalid. TheBRDF of
man-madesurfaceshasrecentlyreceivedwidespreadattention((Stavridi etal. 1997), (Ginnekenetal. 1998),
(Oren& Nayar1994)). An extensive BRDFdatabasefor man-made-surfacesis easilyaccessiblevia Internet
(CUReT1996) andwell documented(Danaetal.1999), (Danaetal. 1996). Unfortunately, thisdatabasedoes
not includesomesurfacetypesimportantfor remotesensingof urbanareas,like e.g. asphalt,andonly one
typeof roof cover. Furthermore,it is restrictedto 3 spectralchannels(red,greenandblue). In our research
group,a systematicmeasurementcampaignto determinetheBRDF of surfacestypical for urbanareashas
beenconductedat theEuropeanJointResearchCenterat Ispra,Italy, usingtheEGO(EuropeanGoniometric
Facility (Solheimet al. 1996)) and2 hyperspectralsensors.Our campaignat the EGO hasbeenthe first
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θ θ
ri

Figure1.1: SpecularandLambertianreflection. Plot on the left: specularreflection,incominglight from
zenithangle

. � is reflectedinto direction
.L	NMO. � only. Centerplot: Lambertianreflection,incominglight is

reflectedinto all directionsof theupperhemisphereproportionalto thecosineof thereflectionzenithangle.P	
, indicatedby thelengthof thearrows. Plotontheright: mixtureof specularandLambertianreflection.The

areaviewedby a radiancemeasuringsensoris inverselyproportionalto QSR�T .L	 , thusthe radiancemeasured
by thesensoris independentof theviewing anglefor a Lambertiansurface.But thereflectedradiancedoes
dependon theillumination angle,for aLambertiansurfaceit is proportionalto QSR�T . � .
extensive studyof urbansurfacesat this laboratory. We fully exploited thebidirectionalcapabilitiesof the
EGOby performingextensivemeasurementscoveringall azimuthangles,with especiallydenseangulargrids
aroundthespeculardirection.

Wefoundthatmany man-maderoughsurfacesshow abroadenedspecularpeak,whoseshapecanbewell
describedby theBRDF modelof (Torrance& Sparrow 1967). This modelassumesthat thesurfaceconsists
of a superpositionof symmetricV-cavities of indefinitelength(seefig. 1.2) headinginto all horizontaldi-
rections.’Crossings’betweenV-cavities areignored.Thefacetsreflecttheincominglight like mirrors(with
an adjustabledampeningcoefficient). The angulardistribution of facetslopesdeterminesthe width of the
specularpeak.

Wediscoveredthat the width of the specularpeakperpendicular to the planeof incidencedecreases
proportionally to the cosineof the illumination angle.This is avery importantresultfor imagerendering1

applications,wherethePhong-model(Phong1975) is oftenused,whichpredictsaconstantwidth of thespec-
ularpeak.Wealsofoundthatshapeandintensityof thespecularpeakdonot varystronglywith wavelength,
lessthan10 % from 450nm to 700nm,evenwith thediffusecomponentvaryingstronglywith wavelength.
Thediffusecomponentof theBRDF is oftenLambertian.Only for very roughsurfaces(like e.g.asphalt)it
is necessaryto modelmaskingandshadowing effects,theBRDFmodelof (Oren& Nayar1995) predictsthe
observedincreasein backscatteringdirectionverywell. Thismodelis similar to theTSmodel,but it assumes
thatthefacetsreflecttheincominglight diffuse.

We comparedresultson the width of the specularpeakto surfacetopographydatawith a horizontal
resolutionof 1 � m anda vertical resolutionof 0.16 � m. Unfortunately, theresultsfrom this sectionarenot
conclusive.

1i.e. creatingimageswith a computerthatappearasrealisticaspossible
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Figure1.2: A symmetriccavity of theTorrance-Sparrow model. Thecavity is V-shaped(seealsoFig. 5.3,
page46) andof indefinite length. It is impossibleto physicallyrealizethe superpositionof thesecavities
headinginto differentdirections,thuswe canonly presentonecavity here.

The results of the BRDF measurement campaign for sampleswith areas in the cm range were
usedin the developmentof a BRDF model for remotesensingof urban areasat pixel-sizesin the km
range. In recentyears,remotelysensed,multiangularglobaldatasetshave becomeavailable,in particular
from AVHRR (James& Kalluri 1994) andPOLDER(Leroy et al. 1997). With theupcomingoperationof
multiangularsensorslike MODIS/MISR (Wanneret al. 1997) andMERIS (Bezy & Gourmelon1999) the
availability andpotentialof suchimagerywill be largely enhanced.Theprime dedicationof thesensorsis
albedodetermination(e.g.for globalclimatemodels)andglobal landcover monitoringat relatively coarse
pixel sizesbetween0.3and8.0km. Landcoverclassificationoftenfocusesonvegetationandbaresoil areas,
but for a detailedapproachto this kind of datait is necessaryto identify theurbanareasasa landcover class
aswell. The BRDF mustbe determinedfor eachlandcover classin order to derive albedoor to support
multiangularandmultitemporalmonitoring. Therehave beennumerousstudiesfor vegetatedsurfaces(e.g.
reviewedin (Myneni et al. 1995), (Qin & Goel1995)), aswell asfor baresurfaces((Hapke 1993), (Jacque-
moudetal.1992), (Liang& Townshend1996b), (Staylor& Suttles1986), (Li etal.1996), (Gibbsetal.1993),
(Deeringetal. 1990)). Therehave beenstudiesdeterminingtheBRDFof manmadesurfacesfor sizesabout
10 cm U 10 cm (Torrance& Sparrow 1967), (Oren& Nayar1995), (Wolff 1996), (Ginneken et al. 1998),
(Stavridi et al. 1997), (Schlick1994), (Danaet al. 1999), (Meisteret al. 1996), (Meisteret al. 1999c). But
thebidirectionalreflectanceof urbanareashasnotbeeninvestigatedbeforefor datawith apixel-diameterof
about1 km.

In fact, thereareseveral problemsassociatedwith the designof an urbanBRDF modelon this scale.
Thebiggestoneis thelargeheterogeneitywithin anurbanarea:thehomogeneityneededto properlydefine
a BRDF (Nicodemuset al. 1977) is very often interruptedby large scalestructureslike rivers, airports,
train stations,etc. Furthermorecities like Cairo,New York City andGeneva aresodifferentthat it is quite
challengingto designa BRDF modelthat coversthemall. Even within a singlecity, differentBRDFsare
expectedfor differentpartsof thecity, considere.g.adowntown areawith high-risebuildingsandasuburban
areawith onestoreyed houses.However, all cities have a commonpropertythat canbe exploited for the
designof a BRDF model:every urbanareacontainsa streetstructure,whoseBRDF effect canberelatively
simply modeledby geometricaloptics. Although in eachcity theremaybemany differentstreetstructures
(e.g. low buildingsat awide streetandhigh buildingsata narrow street),we will show thatit is sufficient to
usetheaveragestreetdimensionsto achieve agoodapproximationto theoverallBRDF.

We readilyadmit that theproposedBRDF modelmay be insufficient to accurately describetheBRDF
of urbanareasin general.However, airbornedatameasuredby usshow strongdeviations(factorof 2) from
the commonlyassumedLambertianbehavior. Thereforeour modelis a usefulfirst approximationwith an
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anticipatedaccuracy in the20 % range.
Thereareseveral possibleareasof application: 1) Albedo calculationcanbe improved by including

BRDF effects.2) Theatmosphericcorrectionof measuredradiancesis stronglyintertwinedwith theBRDF
of therespectivepixel (Wanneretal. 1997), (Vermoteetal. 1997a). 3) Commonchangedetectionalgorithms
do not considerBRDF effectsandwill most likely give wrong resultsif the BRDF effect is asstrongas
shown here. 4) Classificationalgorithmscanbenefitfrom an improved knowledgeaboutthe BRDF of the
underlyingclasses.5) A globalmapof simulatedreflectedradiancesnecessarilyincludesBRDFinformation
from all landcover classes.

Thisthesisconsistsof thefollowing chapters:in chapter2, theinvestigatedsamplesarebriefly described.
Thentheradiometricquantitiesaredefined,following thenotationof (Nicodemus1970). Chapter4 presents
theerrordeterminationfor thelaboratoryBRDFmeasurements.Thenext chapterdescribesthemeasurement
resultsandevaluatesthe performanceof the BRDF modelsby (Torrance& Sparrow 1967) and (Oren &
Nayar1995). The findingson the width of the specularpeakperpendicularto the planeof incidenceare
presentedin chapter6. The topographymeasurementsarediscussedin chapter7. Chapter8 describesa
post-flightangularcalibrationmethodfor airbornescannerdata. This methodwasappliedto DAEDALUS
data,to obtainthe large scaleBRDF dataneededin chapter9, wherea BRDF modelfor large scaleurban
areasis developed.A summaryconcludesthemainpartof this thesis.



Chapter 2

Description of the Samples

2.1 Overview

In this chapter, thesamplesaredescribedthathave beenusedin thisstudy. Wegive aqualitative description
and show which kinds of measurementswere performedon eachsample. The goal is to investigatethe
BRDF of man-madematerialsimportantfor remotesensingof urbanareas. We choseseveral materials
that representroof coveringsas well as streetcoverings. We restrictedourselves to surfacesthat looked
rotationallysymmetric,in orderto be ableto describetheBRDFsonly with a relative azimuth 5 . BRDFs
dependingon both the incidentandviewing azimutharemuchmoretediousto measure.We alsoincluded
a few materials(wall paper, plastic,redpaintedaluminum)thatarerelatively unimportantin remotesensing
imagery, but helpto exploretherangeof BRDFsof urbanareasandaremoreusefule.g.in computervision
or imagerendering.Two referencepanelswereusedfor calibrationpurposes.

Table2.1 givesan overview of the measurementsperformedfor eachsample.Two sensorswereused
for theradiometricBRDF measurements:SE590andASDFieldspec.Thedetailsaregivenin chapter4, the
basicdifferencebetweenthetwo sensorsareV wavelengthrange:theSE590covers425nm to 925nm, theASDFieldspeccovers450nmto 2280nmV angularcoverage: for the ASDFieldspec,we measuredonly in forward scatteringdirection

% 5 MJXWZY�[ )
, whereaswith theSE590we variedtherelative azimuthanglecontinouslyfrom

Y�[
to
JXWZY�[

V reliability: theASDFieldspecturnedout to be lessstablethantheSE590,andsomeof themeasure-
mentsin thespeculardirectionhave overflows.

Furthermoresurfaceprofilesweretakenfor severalsamples.Resultsfrom thetopographymeasurementsare
presentedin chapter7.

2.2 Qualitati veDescription

Picturesof thesamplestakenwith adigital cameraareshown in figures2.1to 2.4.For somesamples,wealso
provide close-upphotographs.All picturesincludeanordinarypenservingasa sizereference.Thepictures
areshown in thesameorderasin table2.1.

Unlessotherwisenoted,all the samplesarenew, i.e. they werenot exposedto field conditionsfor ex-
tendedperiodsof time. Wefocusedourstudyon’new’ samplesbecausethedirt thataccumulatesonsurfaces
exposedto exterior influencecanbedistributedinhomogeneouslyover thesurface,thuspreventingrotational
symmetry.
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Sample SE590 ASD Topography
Spectralon0.5 X X
Spectralon1.0 X X
Redconcrete X X X
Blue concrete X X X
Black concrete X
Redroof tile X X X
Roof tile (Opal) X X
Sandedroof 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 roof tile X
Asphalt(Cadr.) X
Asphalt(Ispra) X (X)
Walkway slab X
Plastic (X) X
Redaluminum X X X

Table2.1: Overview of themeasurementsperformedfor eachsample.X indicatesasuccessfulmeasurement
series,(X) indicatesthatthemeasurementsserieswasdiscardedbecauseof toomany overflows.

V The two Spectralonpanelswereproducedby Labsphere,Inc.,Boulder, Colorado(USA). The ’Spec-
tralon 1.0’ panelhasanalbedoof almost1.0,theexactnumbersarewavelengthdependent.It belongs
to theTDP unit of theJRC,SpaceApplicationsInstitutein Ispra,Italy. Its internalreferencenumber
is WT05. The’Spectralon0.5’ panelbelongsto our group(CENSISat theInstituteof Experimental
Physics,Universityof Hamburg, Germany). Its albedois about0.51,see(Meister1995) for a tableof
thealbedosasa functionof wavelength.V ’Red concrete’, ’blue concrete’ and’black concrete’ referto threeconcretetiles producedby Braas
GmbH, Hamburg. All the tiles have a very similar surfacestructure,the only differencebetween
thesetiles is thecolor pigmentsaddedduringproduction.Thetiles arevery homogeneous,rotational
symmetryis given.Theirsurfaceareais 40cmx 29cm,thusthepositioningof thesamplein thecenter
of thefield of view (FOV) is easy. Theconcretetiles wereproducedby BraasDachsystemeGmbH,
Germany.V ’Red roof tile’ is a tile madeof bakedclay whosecolor is betweenredandorange.This typeof roof
tile is called’Biberschwanz’ in German,literally translatedto English: ’beaver’s tail’. Thereasonis
its flat shape.This is a very importantfeature,becausemany roof tiles have a sinusoidalshape,which
makesthemunsuitablefor laboratoryBRDF measurements1. Theareaof onetile is 15 cm x 30 cm.
In orderto obtainasurfacebig enoughto cover theFOV of thesensorevenfor largezenithangles,we
put 3 tiles next to eachother. Althoughtheedgesviolaterotationalsymmetry, theeffect of theedges
is sosmallthatit caneasilybeignored.

1Thesemeasurementsarepresentedin (Meisteret al. 1996), (Meisteret al. 1999c)
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V ’Roof tile (Opal)’ is anotherroof tile madeof bakedclay very similar to the’Red roof tile’ described
above,but its sizeis muchsmaller, only 19cm x 18 cm. It is coloredred. It is very homogeneous.V ’Sandedroof paper’ is a roof papermadeof bitumenpartly coveredwith quartz(sand)grainswith a
diameterof about1 mmto 2 mm. Thusit hasaverycomplicatedsurfacestructure:adarkbackground
coveredwith bright objects. A very non-lambertianBRDF is expected,becausethe backgroundis
stronglyrecognizablefrom nadirviewing, but it is hiddenfrom sight for obliqueviewing. Thedistri-
bution of quartzgrainsis random,but very homogeneousover areaslarger than2 cm x 2 cm, thuswe
expectrotationalsymmetrydespitethecomplicatedstructure.Thetotal areais largerthan40 cm x 40
cm.V ’Greenroof paper’ and’ red roof paper’ arebitumenroof papersthatarepartly coveredby patches
thatareblackor greenresp.red.Theshapeof thepatchesis ellipsoidalto rectangular, with edgesfrom
0.3cm to 1.5cm. Betweenthepatches’valleys’ up to 1 mm deeparepossible.Thesamplesappearto
berotationallysymmetricto thehumanobserver. Thesizeis 23cm x 27 cm.V ’Brown slate’: slate(in German:’Schiefer’) tiles area commonroof cover in theUSA, in Germany
they aremainly usedto cover small sectionsof the roof, especiallyif a sectionof a roof is vertical.
Oursamplewasassembledfrom two partsto form anareaof 27 cm x 26 cm. Again, theeffectsof the
edgesaresosmallthatthey caneasilybeignoredconcerningrotationalsymmetry.V ’Red slate’ and ’green slate’ not only differ in color from ’brown slate’, also their surface looks
smootherthan’brown slate’.Theareaof thesamplewasonly 17 cm x 14 cm, thusspecialcarehadto
betakento positionthesamplesin thecenterof theFOV.V ’Dirty roof tile’ is a roof tile madeof baked clay that wasactuallyusedasa roof tile for probably
morethan50 years.Dirt is distributedinhomogeneouslyover thesurface,rotationalsymmetrycannot
beassumed.Thetile is of type’Biberschwanz’. Thesizeis only 14 cm x 13 cm.V Thesample’Asphalt (Ispra)’ wastaken from a constructionsite in Ispra,Italy, thesample’Asphalt
(Cadr.)’ wasfoundin Cadrezzate,Italy. Both samplesshow irregularly coloredpatches(gravel inclu-
sions)on a grey background.The patchesarerelatively small (covering about10 % of the surface)
with diametersof about0.5 cm to 1 cm, thuswe expectdeviations from rotationalsymmetryto be
small. Thesizeof ’Asphalt (Ispra)’ is about20 cm x 30 cm, thesizeof ’Asphalt (Cadr.)’ is 15 cm x
11 cm. Theasphaltsampleshave thegreatestroughnessof thesamplesusedin this study(exceptfor
’sandedroof paper’).As bothsampleswereactuallyusedasstreetcoveringsbeforeandcoveredwith
sandfrom theconstructionsites,we rinsedthemwith water.V ’Walkway’ is a part (area:20 cm x 15 cm) of a typical grey concretewalkway slab(original area:
50 cm x 50 cm) usedby pedestrians,takenfrom a constructionsite in Hamburg, Germany. Its rough-
nessis comparable(probablyratherhigher)to the roughnessof thesample’red roof tile’. It is very
homogeneous.Wealsorinsedit with waterto remove thesandstemmingfrom theconstructionsite.V ’Wallpaper’ is apieceof roughwallpaper(in German:’Rauhfasertapete’)with anareaof 32 cm x 28
cm paintedwhite. Its topographyshows largevariations(up to 2 mm),still it seemsto show rotational
symmetryto thehumaneye.V ’Plastic’ is a trayof whiteplastic(madefor householduse).It is very smooth,hasashiny surfaceand
is extremelyhomogeneous.Its dimensionsare37cm x 25 cm.
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V ’Red aluminum’ is a sheetwith a thicknessof 5 mm of aluminumwith an areaof 40 cm x 30 cm.
It waspaintedred by using a sprayproducedby ’BÜFABaeuerleFarbenGmbH’, the color-type is
blazingred.Thesurfaceis glossyandvery homogeneous.
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Spectralon0.5 Redconcrete

Blue concrete Black concrete

Redroof tile Redroof tile (close-up)

Figure2.1: Picturestakenwith adigital cameraof Spectralon0.5; red,blueandblackconcretetiles; andred
roof tile.
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Roof tile Opal Roof tile Opal(close-up)

Greenroof paper Greenroof paper(close-up)

Redroof paper Wall paper

Figure2.2: Picturestakenwith a digital cameraof roof tile Opal,greenroof paper, redroof paperandwall
paper.
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Brown slate Greenslate

Greenslate(close-up) Redslate

Dirty roof tile Dirty roof tile (close-up)

Figure2.3: Picturestakenwith adigital cameraof brown, greenandredslatetiles,anddirty roof tile.
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Asphalt(Ispra) Asphalt(Ispra)(close-up)

Plastic Plastic(close-up)

Redaluminum Redaluminum(close-up)

Figure2.4: Picturestakenwith adigital cameraof asphalt(Ispra),plasticandredaluminum.



Chapter 3

Radiometric Quantities

3.1 Radiance \
In this study, weusetheradiometricnotationintroducedby (Nicodemus1970) and(Nicodemusetal. 1977).
Electromagneticradiationcanbemeasuredasradiant flux ] [W] (energy of photonsper time which pass
theapertureof thesensor).Radiance � is definedby

�_^ ` 9 ]QSR�T .ba `c! a ` ; (3.1)` ; M Ted7f .&a ` .ga `ih is the solid angle,
.

is the zenithangleand
h

is the azimuthangle.
!

is the area
considered(eithera detectorareaor a surfacearea). The radianceis constantalong a ray of light if the
mediumneitherabsorbsnor scatters. Usually, radianceis definedper wavelengthinterval, thus the unit
becomesj k aXlnm 9 a Teo m � a � lnm �qp .
3.2 Bidir ectional ReflectanceDistrib ution Function BRDF

TheBidirectionalReflectanceDistribution Function(BRDF) hasbeenacceptedby thescientificcommunity
as the most appropriateway of describingdiffuse reflection. The radiantflux

� ] � , originating from the
direction

% . � ? h � ) , hitting aninfinitesimalsurfaceelementd
!

is givenbyr ] � M � � % . � ? h � ) a � ! a r < � j k p (3.2)

where
r < � is theprojectedsolid angle: � < � ^IQSR�T . � a � ; � j TAo pts (3.3)

For adiffusesurface,d] � will bescatteredinto all directionsof theupperhemisphere.In casethelight source
is nota truepointsource(which is especiallyimportantfor in situmeasurements),theradiancereflectedinto
thedirection

% .P	 ? h 	 )
will beasuperpositionof radiationstemmingfrom differentdirections:

� 	 % .L	 ? h 	 ) MvuPw�x � � 	 % . � ? h � ? .P	 ? h 	 ) (3.4)

If asensorat direction
% .P	 ? h 	 )

is pointedatasurfaceilluminatedfrom
% . � ? h � ) , it wouldmeasurer ] 	yM r � 	 % . � ? h � ? .L	 ? h 	 ) a r ! a r <y	 (3.5)

whered
<y	

is determinedby theFOV of thesensor.
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It is possibleto definea quantity z as

z M � ] 	� ] � M � � 	{a � <y	� � a � < � s (3.6)

z is dimensionlessandinvariantagainst� � andd
< � , becausebothquantitiesaredirectlyproportionalto d� 	

(doublingtheincominglight will doublethereflectedlight). Unfortunately, z is not invariantwith respectto
d
< 	

, but proportionalto it (a detectorwith a largerFOV will measurea greater
r ] 	 reflectedfrom a diffuse

surface,becaused
<|	

increases).Thus (Nicodemuset al. 1977) introducedthe Bidirectional Reflectance
Distribution Function

�
	
: �
	 % . � ? h � ? .L	 ? h 	 ) ^ � � 	 % . � ? h � ? . 	 ? h�	 )� � % . � ? h � ) a � < � j TAo m � p (3.7)�
	

dependsonly on propertiesof the surfaceand is independentof characteristicsof the light sourceor
the detector.

ForaLambertiansurface,theBRDFis constantwith respectto illuminationandviewing angle.Foraper-
fectly specularsurface,theBRDFbecomesaproductof two Dirac delta-functions(Nicodemusetal. 1977):�
	|M~}baL� % Ted�f 9 .L	�� Ted7f 9 . � ) aL� % h 	�� h �E�_� ) (3.8)

3.3 Irradiance, Albedo and BRF

The irradiance
+ � is ameasurefor thetotal radiative energy reachingthesurface.It is definedas+ � ^ � ] �� ! (3.9)

Integratingtheincomingradiance� � over theupperhemisphereyieldstheradiance:+ � ^ uZ� � � % . � ? h � ) � <�Mvu��
x�� 9��

� x�� � u�� x��y� �� x�� � � � % . � ? h � ) a T�d7f . � a QSR�T . � � . � � h � (3.10)

The unit of irradianceis W
a
m
m 9�� m

m �
. Very often,BRDF is definedasthe ratio of reflectedradianceand

irradiance: �
	 ^ � � 	 % . � ? h � ? .P	 ? h 	 )� + � % . � ? h � ) (3.11)

which is equivalentto thedefinitionof eq.3.7.
Thealbedo (called’directional-hemispherical reflectance’ by (Nicodemus1970)) canbe calculatedby

integratingthereflectedradiances� 	 over theupperhemisphereanddividing by theirradiance,if theirradi-
anceoriginatesfrom only onedirection: 1 ^�� � � 	 % .L	 ? h 	 ) � <+ � (3.12)

Thealbedocanbea functionof theincidenceangle
. � .

Thebidirectionalreflectancefactor is definedas,�% . � ? h � ? .P	 ? h 	 ) M � �
	 % . � ? h � ? .P	 ? h 	 ) s (3.13)

Thebiconicalreflectancefactor BRF is definedas,�% ; � ? ; 	 ) M �< � < 	 aPu w�x u w�� �
	 % . � ? h � ? .P	 ? h 	 ) � <y	 � < � j r d l�� f�Ted�R�fE� � T�T p (3.14)

where� hastheunit [sr]. A differencebetweenthesetwo quantitiesonly emergesif theBRDFvariesstrongly
within eitherd; � or d; 	 , which is rarely thecasefor diffusesurfaces.We will follow commonpracticeand
neglectthedistinction.



Chapter 4

Radiometric Calibration of the EGO
Sensors

4.1 Overview

TheEuropeanGoniometricFacility (EGO)at theSpaceApplicationsInstitute,JointResearchCenter, Ispra,
Italy, providestheopportunityfor laboratorymultiangularreflectancemeasurements.Thischapterdescribes
theerroranalysisfor ourmeasurementcampaignat theEGO.Theerrorswill beusedin thefollowing chap-
ters. Theresultscanalsobedirectly usedfor futuremeasurementcampaignsat theEGO,andthemethods
presentedareusefulfor any similarexperimentsetup.Theaveragetotalerrordependsstronglyonthespectral
signatureof thesamplefor theSE590detector(SpectronEngineering),varyingfrom 4 % to upto 14%. The
spatialilluminationheterogeneityis identifiedasthelargesterrorsource.Its effectsincreasewith increasing
zenithangles.It is shown thattheinstrumentnoiseof thedetectorSE590is afunctionof themaximumsignal
in a measuredspectrum.Basedon this result,a procedureto definethe wavelengthrangewith acceptable
measurementerrorsis presented.Differentwaysto calculatethe irradiancearecompared.It is shown that
calculatingaconstantirradiancefor eachincidenceangleis in betteragreementwith thereciprocityprinciple
thanassuminga differentirradiancefor eachillumination andviewing geometry. Themeasurementerrorof
theASDFieldspecis foundto bedominatedby darkcurrentnoise.Partsof this chapterhave beenpublished
in (Meisteret al. 1999d).

4.2 Experimental Setup

The goniometerat EGO consistsof two quarterarcswith a radiusof 2 m, seefig 4.1 for an illustration.
A sensorand a light sourcecan be attachedto the arcs, their position on the arc determinesthe zenith
angle. Thearcscanbe moved on a circular rail (radius: 2 m), determiningthe azimuthangle. Theangles
can be positionedwith an accuracy of

Y s J [
. Several light sourcesand sensorsare available, we useda

1000W halogenlampanda spectroradiometerSE590,SpectronEngineeringInc., Denver, USA. Thetarget
sampleswereman-madesurfacestypical of urbanareaslike e.g roof tiles or asphalt. They are ideal for
laboratorymeasurementsbecauseof their homogeneityandtemporalinvariance,opposedto e.g.vegetation
samples,see(Sandmeieretal.1998). Thesectionsin thischapterdiscussthefollowing aspectsfor theSE590:
wavelengthconsiderations,lampconstancy anddetectornoise,illumination heterogeneity, determinationof
theirradiance,totalmeasurementerrorandreciprocityprinciple.ConcerningtheASDFieldspec,wavelength
range,BRDFcalculationanderrordeterminationarediscussed.Thechapterconcludeswith acomparisonof
theSE590andtheASDFieldspecdata.
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Figure4.1: Designof the EGO: two quarterarcs(’2’ and ’4’), running on circular rails (’1’). Sledsare
attachedto thearcsto carrylight source(’3’) andsensor(’5’). Thesampleis placedin thecenter(’6’). This
sketch,originally publishedby JRC,waseditedby André Rothkirch to accountfor recentchangesto the
goniometerdesign.
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4.3 WavelengthCharacteristicsof the SE590

4.3.1 WavelengthResolution

Thewavelengthrangeof theSE590covers400nm to 1100nm with 252channels,i.e. a samplinginterval
of about3 nm per channel.Thereis a strongoverlapof the spectralsensitivity function betweenadjacent
channels.Thefull width half maximum(FWHM) spectralresolutionis 3 to 4 detectorelements,or 10nm,if
no FOV (field of view) opticsis used(standardslit aperture),for smallerslit aperturesa resolutionof 1 to 2
detectorelementsispossible(all valuesquotedfromtheSE590documentationby SpectronEngineering).We
foundthatthesamplinginterval increasesfrom 2.6nmfor shortwavelengthsto 3.1nmfor longwavelengths.

We measuredthesignalof a greenlaserat 543nm afterbeingscatteredon white paperwith a
JX[

FOV
optics. TheFWHM is lessthanthequoted10 nm, ratherabout5 nm. ThesmallFWHM canbeattributed
to the

JX[
FOV optics,afterremoving this device theFWHM increasesto about15 nm. Similar resultswere

obtainedby (Rothkirchet al. 1999). Although we usedthe
J [

FOV opticsfor our campaign,we choseto
averageover 5 detectorelements.This yields 50 channelswith a samplinginterval of about15 nm and
ensuresthat theaveragedsignalswill only beweakly influencedby neighboringpixels. Thestrongoverlap
of thespectralsensitivity functionsbetweeneachdetectorelement(praisedin thedocumentation,becauseit
preventssensitivity gaps)is ratherinconvenientfor our purposes,becausewe needsignalsnot disturbedby
neighboringwavelengths.Theerrorstemmingfrom thesignalof neighboringwavelengthsafteraveragingis
negligible in ourcase,becauseoursignalsdo rarelyshow rapidvariationswithin shortwavelengthintervals.
For outdoormeasurements,wheresharpatmosphericabsorptionlinescanbeseenin thedata,e.g. � 9 ! (one
of theabsorptionlinesof theoxygenmolecule)at 760nm,anerrorestimationmight benecessary.

4.3.2 WavelengthCalibration

The wavelengthcalibrationof the SE590usingthe
JX[

FOV is not quite exact: the peakin the greenlaser
spectrumis expectedto be at 543 nm, the highestmeasuredvalue is at 544.7nm, seefig. 4.2. Given the
samplinginterval of 2.8nm, i.e. theneighboringdetectorelementsareat 541.9nm and547.5nm, anexact
calibrationwould have yieldedthepeakvalue(or peakcenterin caseof anasymmetricpeak)at 541.9nm.
For the standardslit aperture,the highestvalueis at 544.7nm too, but the peakcenteris shiftedby about
1 detectorelementtowardssmallerwavelengths,yielding theexpected541.9nm. Resultsfrom (Rothkirch
et al. 1999) alsoshow a very goodagreementbetweenwavelengthcalibrationanda red (632.8nm) laser
spectrumfor the standardslit aperture.This indicatesthat the wavelengthcalibrationis optimizedfor the
standardslit aperture.We concludethatfor the

J [
FOV opticsthewavelengthcalibrationhasanerrorabout

as large as the instrumentsamplinginterval, which is negligible for us aswe summarizeover 5 detector
elements(seesection4.3.1). As the checkof wavelengthcalibrationwasmadefor only two wavelengths
(534nm and633nm), it is possiblethatdifferenterrorsoccuratotherwavelengths.

4.3.3 WavelengthRange

Thewavelengthrangeof theSE590is 400nm to 1100nm accordingto theSE590documentation.Thedata
evencontainsalargerwavelengthrange,from 368.4nmto 1113.7nm. Themeasuredspectrumis theproduct
of thelampspectrum,thetargetreflectanceandthesensorsensitivity. Themeasuredintensityis alwaysvery
weakbelow 400nmandabove1000nm. It will beshown in section4.4thatthereis adetectornoiseof 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 higher than2 %. Thereforewe computedthe averagespectrumof all samplesafter normalizingto its
maximumvalue,seefig. 4.3.All thevalueslower than0.1(dashedline) correspondto averagedetectornoise
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Figure4.2: Spectrumof the greenlaserfor the
J [

FOV (top) andopenslit aperture(bottom). The right
columnshows the samedatabut for a smallerwavelengthrange. The peakcenterfor the

JX[
FOV datais

shiftedby about1 detectorelement(2.8nm) to longerwavelengthswhencomparedto theopenslit aperture.
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Figure4.3: SE590countsnormalizedto themaximumvalueof eachrespective spectrum,averagedover all
samples.Starsindicatethevaluesaveragedover 5 detectorelements(seesection4.3.1). Thevaluesbelow
0.1 (dashedline, correspondingto 10 % of the maximumvalue)have averagedetectornoiselevels higher
than2 %. For thisstudy, only thosewavelengthswith abetteraveragedetectornoisewill beconsidered(425
nm to 975nm,verticaldottedlines).

levelsbiggerthan2 % (0.2 % / 0.1= 2 %). Thuswe restrictthewavelengthrangeusedfor this studyfrom
425nm to 975nm(dottedline), this yields38channelsafteraveraging.

4.4 Lamp Constancyand SE590DetectorNoise

TheSE590hasanautomaticdarkcurrentsubtraction.But measurementswith a capblockingall incoming
light still yield a signalof about0.5 counts,averagedover all darkcurrentmeasurementsandwavelengths.
Webelieve thatthisvalueis associatedwith awrongoffsetin thedataprocessingsoftware,see(Rothkirchet
al. 1999), andthereforesubtractit from all ourmeasurements.Weestimatetheerrorfrom darkcurrentto be
about1 count,thedigitizationerroris 0.5counts.Wewill combinethesetwo errorsin 2 dc

M J s��
counts.In

mostcases,2 dc is negligible becausethemeasuredsignalsareusuallywell above 100counts.
In orderto investigatethemeasurementerrors,we measuredthespectrumbefore(named�O�  ) andafter

(named �¢¡  ) eachSE590measurementseries(namedscenario)’j’ at
. � M¤£ Y�[

and
.P	¥M Y�[

. The time
passedbetweenthesetwo measurementsvariesfrom 30minutesto 2.5hours.Thedifferencesbetweenthese
measurementsdo not increasesignificantlywith time, thuswe found no evidenceof a thermaldrift of the
system.A look at thedifferencessuggeststhatthey consistof a relativedeviation (relative to themeansignal�O¦  % 0 ) M % �¢�  % 0 )¨§ � ¡  % 0 )A) F } ) plus a part that is causedby detectornoise. Although in principle the
relative deviation canalsobe causedby the detector, e.g. inducedby temperaturevariations,it is far more
likely thattherelative deviation is causedby fluctuationsof thelamp,becauseachangein thelampintensity
will resultin a relative changeof themeasuredsignal. The lamphasa stabilizedvoltagesource.Basedon
theresultsof previousmeasurements,weexpectedthatthevariationin signaldueto thesefluctuationsis less
than1 %.

We regardthedifference4 tot,j
M � �  � �O¡  asbeingcomposedof a partproportionalto theshapeof

themeansignal 4 prop,j andapartindependentof theshapeof themeansignal 4 ind,j:

4 prop,j
§ 4 ind,j

M 4 tot,j
M � �  � � ¡  (4.1)

Our goal is to determine4 prop,j and 4 ind,j. We assumedthat a changein lamp intensity 4�© lamp,j
% 0 )

is proportionalto the spectrumof the lamp: 4�© lamp,j
% 0 ) M �   a © lamp,j

% 0 )
, where�   is a number(not a
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functionof wavelength)specificto eachscenarioj. Then 4 prop,j canbewrittenas

4 prop,j
% 0 ) M �   a � ¦  % 0 ) (4.2)

Varyingtheparameter�   we minimized C 4 ind,j C (cf. equations4.1and4.2):

C 4 ind,j
% 0 ) C M C 4 tot,j

% 0 ) � �   a � ¦  % 0 ) C M minimum (4.3)

becausein thiswaythecomponentof 4 tot,j thatis proportionalto � ¦  is removed.Theremainingspectrum

is notproportionalto theshapeof �O¦  andcanthusbeassociatedwith 4 ind,j
% 0 )

.
We want to determinewhat changein lamp intensity is expectedfrom one measurementto another

ignoringwhetherthischangecorrespondsto anincreaseor to adecrease.This is givenby theaverageof the
absoluteof �   : 2

lamp
M J�  «ª   C �   C M Y s Y�Y £ (4.4)

where�   is thenumberof scenarios.Weregardthisvalue(0.3%) asanestimatefor thelampconstancy. The
procedureof minimizing 4 ind,j

% 0 )
(eq.4.3)leadsto anunderestimationof 4 ind,j

% 0 )
andanoverestimation

of 4 prop,j
% 0 )

. This canbe understoodimagininga 4 tot,j
% 0 )

createdby randomnoise,wherewe would
expectthecomponentproportionalto themeanspectrumto bezero. However, in this caseeq.4.3will still
resultin a nonzero�   . Fromnumericalsimulations,we expectthatfor our casetheoverestimationof 2 lamp
is between5 % and30 %.

The lampconstancy at theEGOwasalsodeterminedby (Solheimet al. 1996), usinga 100W halogen
lampwith similar results.The lamp constancy of the1000W lamp wasalsodeterminedby (Sandmeieret
al. 1998) at theEGO,but without a stabilizedpower source,resultingin a muchlarger time drift (about2.7
% for a time interval of 1 hour).

The 4 ind,j valuesobtainedfrom theabove minimizationprocedure(eq.4.3) do not have any common
characteristicsandcanbeassociatedwith randomdetectornoise.Theirstandarddeviationstakenoverwave-
length

2�3
ind,j

^ ¬® ¯±°
�i²e³�´
°
�¶µ 9 ´ % 4 ind,j

% 0 ) � �·Z¸ ¯¹°
�i²e³�´
°
�¶µ 9 ´ 4 ind,j

% 0 )A) 9� ° � J (4.5)

where� ° is thenumberof wavelengthchannels,rangefrom 0.36to 17.4counts,varyingby a factorof about
40. The valuesareshown in the left plot of fig. 4.4. They arecorrelatedto the maximumvalueof � ¦  ,
becausetheSE590choosestheintegrationtime automaticallyin sucha way that themaximumvalueof the
spectrumis below the saturationlevel andabove 50 % of the saturationlevel. The maximumvaluevaries
from 218.3countsto 9140.0counts.Wedivided 4 ind,j by themaximumvalueof �O¦  andcalledtheresult4 norm,j becauseit is now normalizedto the maximumdetectorsignal. Thenwe computedthe standard
deviation 2�3

norm,j
(fig. 4.4,right plot) analogousto equation4.5. It canbeseenthat 2�3

norm,j
only varies

from 0.0012to 0.0028,a factorof about2, a muchnarrower rangethanthevariationof 2�3
ind,j

. Thusit is

reasonableto regardtheaverageof 2c3
norm,jJ�   ª   2�3 norm,j

M Y s Y�YBJXº � Y s Y�Y�YZ» M 2
noise (4.6)

asthedetectornoiselevel 2 noisewith a statisticalstandarddeviation of 0.0004.We concludethat 0.2 %
of the maximum detector signal is a goodestimateof the error fr om detector noiseand that the error
fr om illumination constancyover time canbeestimatedto be 0.3% of the detector signal.
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Figure4.4: Theleft plot shows 2�3
ind,j

, thestandarddeviationsof thebefore-afterdifferencesof eachsce-

nario after correctingfor the relative differences,seeeq.4.5 for eachscenario.The right plot shows these
standarddeviationsafternormalizingto themaximumdetectorsignal( 2�3

norm,j
, seetext). It canbeseenthat

0.002is a goodestimatefor 2�3
norm,j

, whereasthevariationof 2�3
ind,j

is too large to allow a meaningful

estimateof theaveragevalue.
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¼c½b¾À¿*ÁÂ ¼c½N¾ÄÃyÅ:ÆÈÇ:Á

Figure4.5: Thelampfootprint,measuredby moving aluxmeterovera10cm U 10cmgrid ontheilluminated
area,crossesindicatemeasurementpoints.Thearrows indicatethelampposition:nadirillumination for the
left plot,

. � M � J sÊÉ [
for the right plot. The lamp footprint for

. � M Y [
is quite homogeneous,

. � M � J sÊÉ [
shows a linearrise(about15 %) towardsthelamp.

4.5 Illumination Inhomogeneities

4.5.1 Luxmeter Measurements

In order to assessthe spatialconstancy of the light spotproducedby the halogenlamp, we measuredthe
spatialdistribution of the incominglight intensitywith the luxmeter’MAVOLUX digital’ for two different
incidentzenithangles,nadirand

. � M � J sÊÉ [ . Theinstrumentis availableat EGO,seetable4.1 for technical
specifications.Its sensorhasa sensitive areawith a diameterof 2 cm. We placedthesensorfacingupward
on several positionsin a squarein the illuminatedspot. The lengthof the edgesof the squarewas10 cm.
The resultingvaluesnormalizedto the centerof the squarecanbe seenin fig. 4.5, 2D plots areshown in
fig. 4.6. For light incidentfrom nadir, thespatialdistribution of thelight intensityis very homogeneous.For. � M � J sÊÉ [

the intensitycloseto the lamp is about15 % higherthanaway from the lamp. The horizontal
distribution is constantto about3 %, themeasurementerrorof thedetector. Thusthe left/right asymmetry
observed by (Solheimet al. 1996) and(Sandmeieret al. 1998) is confirmed,but its impact is negligible 1

for thesmallFOV of
J [

usedin this study. Thestronginhomogeneityof theverticaldistribution (increase
towardsthelamp)canbeexplainedby thelargesolid anglethelampilluminates(weevensetthelampfrom
’spot’ to ’flood’ in orderto achieve a homogenousillumination from nadir). Unlessthe light sourceemits
parallellight rays(like e.g.a laser)theareacloserto the light sourcewill alwaysbebrighterthanthearea
furtheraway.

Theluxmetermeasurementsshow that thespatialdistribution of thelight intensityis quitelinearwithin
the measuredsquare. If the centerof the FOV of the detectorwould always coincidewith the centerof
thelight spot,therewould bea negligible measurementerrorstemmingfrom illumination inhomogeneities.
However, thecenterof theFOV of thedetectorrevolvesapproximatelyonacirclewith adiameterof about2
cm aroundthecenterif thedetectoris movedby

£�Ë Y [
for detectorzenithanglessmalleror equalto

� Y [
, ac-

1Assuminga circularFOV of ÌeÍ , a sensorviews a circulartargetareaof 3.4cmdiameterfor zenithangleÎ �DÏÑÐ Í .
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Effective Range 0 ... 1999W/m9
Error for incandescentlampandnadirillumination � } s���Ò
Error for incandescentlampandskew illumination � £ s Y Ò

Diameterof detectorarea 20 mm
Spectralresponse(spectralfilter used) similar to humanperception

Detectormaterial silicon

Table4.1: Technicalspecificationsfor the MAVOLUX digital, seesection4.5, page22). Manufacturer:
GOSSENBMBH - MESS-UND REGELUNGSTECHNIK,PB1780,Naegelsbachstr. 25,D-8520Erlangen,
Germany

cordingto measurementsdonepreviously (Hosgood1997). Wecalculatedthesignalthatwouldbemeasured
from alambertiantargetfor bothincidentzenithangles(

. � M Y�[ ? � J sÊÉ [ ), 3 viewing angles(
. 	 M Y�[ ? £ Y�[ ? � Y�[

)
2 and4 azimuthangles( 5 M Y�[ ? ºZY�[ ? JXWZY�[ ? } É Y�[ ). For this reasonwe integratedtheluxmetermeasurements
over theareacoveredby theFOV. Thesizeof theareais determinedby theviewing zenithangle

. 	
(cosine

dependence:area
! M ! � FÓQSR�T .L	 , where

! �
is theareaof theFOV for

.P	NM Y [
), andthecenterof thearea

is determinedby theazimuthangle,assumingthecenterrevolveson a circle with a diameterof 2 cm. The
resultscanbeseenin fig. 4.7.Becauseof theapproximatespatiallinearityof theluxmetermeasurements,the
sizeof theFOV hardlyinfluencestheresults.However, achangein azimuthcausestheresultto varybetween
0.97and1.02 for

. � M � J sÊÉ [
, between0.99and1.00for

. � M Y�[
resp. We thus estimate(first estimate,

seebelow) the error stemming from illumination inhomogeneitiesto be 0.5 % for
. � M Y [

and 2.5 %
for

. � M � J sÊÉ [
(half themaximumdeviation). Although

.L	
seemsto have little influenceaccordingto our

calculations,we do expectlargererrorsfor large
.P	

, becausefor large
.P	

we expectanincreaseof theradius
of thecircleonwhichtheFOV revolves(Hosgood1997). (Solheimetal. 1996) reportsthatthedisplacement
of thecenterof theFOV canreachup to 7 cm, increasingwith

.P	
.

4.5.2 Equivalent-Angle Measurements

Thecalculationsof theprevious sectioncould bechecked easilyif we hada truly lambertiansurface. The
surfacesavailableto usarecloseto lambertian,but only to within a few percent,i.e. they arenot suitableto
checkfor deviationsof 1 or 2 %. Anotherwayof verifying theabovecalculationsis to assumethatthesurface
is rotationallysymmetric. This assumptionis confirmedfor our samplesby measurementsof the surface
topographyat � m resolution.In this case,measurementswith thedetectorat anazimuthangleof 5 M ºZY�[
shouldyield thesameasmeasurementswith thedetectorat 5 MÔ} É Y�[

(in our measurementcampaign,the
azimuthangleof the light sourcewasfixedto

Y�[
). It is alsopossibleto comparemeasurementsof different

detectorazimuthswhereeitherthe lamp or thedetectorarein nadir 3. For detectorin nadir (
. 	 M Y�[

), we
measuredatdetectorazimuthpositions5 M ºZY [ and 5 M JXWZY [ for lampzenithangles

. � M~£ Y [�? � Y [ and
Ë � [

.
Thesemeasurementswill be investigatedin thefollowing to estimatetheerror for

.L	ÕM Y�[
, thecomparison

between5 M ºZY [ and 5 Mv} É Y [ (only availablefor
. � M � Y [ ) will beusedto estimatetheerrorfor arbitrary.P	

.
The measurementsfor different azimuthanglesat

.P	±M Y�[
are available for 7 scenarios:Spectralon

50%reflectance,red roof tile, sandedroof paper, asphalt,redpaintedaluminum,blueconcretetile andred
concretetile. The relative differences(measurementat 5 M ºZY�[

minusmeasurementat 5 M JXWZY�[
divided

by measurementat 5 M JXWZY�[
) werecomputedfor

. � MÖ£ Y�[ ? � Y�[
and

Ë � [
, resp. It canbeseenthatbecause

of their low signal for small wavelengths,the red surfaceshave a very unstablesignal in that wavelength
2For largerviewing anglestheFOV becomeslargerthantheareawherewe took theluxmetermeasurements
3If thedetectoris in nadir, avariationin azimuthmeansarotationof thedetectoraboutits verticalaxis.
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Figure4.6: Lamp footprint from luxmetermeasurements,shown as2D plots (cf. fig. 4.5 on page22 for a
3D plot). Starsindicatemeasurementsat

. � M � J sÊÉ [ , rhombsaremeasurementsat
. � M Y�[ . In theplot titled

’Vertical’ a 15 % risecanbe seenwhenmoving closerto the lamp for
. � M � J sÊÉ [

. As expected,the plots
titled ’Diagonal’ show thelargestvariationbecausethey cover thepointsthefurthestaway from thecenter.
For

. � M Y [ theplot ’Horizontal’ shows aslightly largervariation(0.98to 1.00)thentheplot ’Vertical’ (0.99
to 1.00)

range.Weexcludedthewavelengthslower than600nm of thesesamplesfrom theerrorestimation.Wealso
excludedthesample’asphalt’becauseof its color-heterogeneity (irregularcoloredpatchesdistributedon its
surface). The averageabsolutevalueof the relative deviationsof thesemeasurementsis shown in fig. 4.8.
For thenadirviewing measurements,it is computedby

× � �A� � Í % . � ) M J�   a ª  ÔØØØ
� % . � ? .P	|M Y�[ ? 5 M ºZY�[ ) � � % . � ? .P	�M Y�[ ? 5 M JXWZY�[ )� % . � ? .P	|M Y [ ? 5 M JXWZY [ ) ØØØ (4.7)Ù M

scenario,�   M numberof scenarios

Fig. 4.8 shows a strongriseof × � �e� � Í with wavelength.Accordingto (Sandmeieret al. 1998) the lamp
footprint of a similar halogenlampat theEGOdoesnot changewith wavelength.A sampleinhomogeneity
is highly unlikely, becausetherisewith wavelengthcanbeseenfor eachsinglesample.Thereseemsto be
no reasonwhy thespectralsensitivity shoulddependon thedetectorazimuth.Thereforea dispersionin the
lampopticsis themostlikely explanation.Thesedataprovideagoodsourcefor estimatingthemeasurement
error. It canbeseenthatfor

. � M � Y [ in thevisible wavelengthrange(namedVIS,
» } �

nm Ú 0 Ú É Y�Y nm),× � � � � Í is about1.5% (secondplot from theleft in fig. 4.8),a valuecomparableto the2.5% estimatedfrom
theluxmetermeasurements(theluxmeteris sensitive only in theVIS). Thereareno luxmetermeasurements
for
. � M~£ Y�[ , but theerrorestimatedfrom the

. � M Y�[ luxmetermeasurementsof 0.5% suggeststhattheerror
will dropthecloser

. � getsto nadir. Thiscanbeconfirmedby fig. 4.8,for
. � M~£ Y [ thevalueof × � �A� � Í isabout

1 % for VIS. For
. � M~Ë � [ × � �e� � Í risesto about2 % in theVIS. Weconcludethattheluxmetermeasurements

andthe
. 	 M Y�[

measurementsconfirmeachother. For NIR, × � � � � Í rises,thebigger
. � thestronger, up to 6.5

% for
. � M~Ë � [ . Wewill ratherusethe

.P	|M Y [
measurementsthantheluxmetermeasurementsto determine

themeasurementerrorof theSE590,because
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Figure 4.7: Radiances(normalized)calculatedfrom the luxmetermeasurements,assuminga lambertian
surfaceanda FOV which revolvesarounda circle with a diameterof 2 cm. Theleft columnshows

. � M Y�[ ,
theright column

. � M � J sÊÉ [ , thefirst line shows
.P	ÛM Y [

, thesecondline
.P	ÛMÜ£ Y [

, thethird line
.L	ÝM � Y [

.
All curvesarenormalizedto thevaluethatwould beobtainedif the luxmetermeasurementswereconstant.
Thecurveshardlyvary with

.L	
. Thevariationwith azimuthangleis small for

. � M Y [ (0.99to 1.00),larger
for
. � M � J sÊÉ [ (0.97to 1.02).
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Figure4.8: The top threeplots show theaveragerelative deviation × � �A� � Í % . � ) (seeeq.4.7) of the
.P	�M Y [

measurementsfor differentincidenceangles
. � . Thebottomthreeplotsshow theaveragerelative deviation×�Þ � 9 ³ � Í % . 	 ) (seeeq.4.8) for differentviewing angles,derived from measurementswith

. � M � Y�[
and 5 MºZY [
? } É Y [

resp.All theplotsshow asimilarwavelengthdependence.
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1. theluxmetermeasurementsdon’t provide informationontheNIR andevenfor VIS they areintegrated
over all wavelengths

2. not introducinga new detectoreliminatesthepossibilityof regardingunknown luxmeterpeculiarities
asmeasurementerrorsof theSE590(luxmetermeasurementsarenot standardproceduresin theEGO
facility)

3. the
.P	|M Y�[

measurementsnotonly containerrorsdueto illumination inhomogeneitiesbut alsopoten-
tial detectorinherenterrors(seesection4.4).

In orderto estimatethemeasurementerrorfor viewing anglesawayfrom nadirweexaminedthemeasure-
mentsat a detectorazimuthof 5 Mß} É Y�[

andan incidenceangleof
. � M � Y�[

. For a surfacewith rotational
symmetry, measurementsat 5 MÜ} É Y [ areequivalentto measurementsat 5 M ºZY [ . As we did above for the.P	gM Y�[

measurementsat 5 M ºZY�[
and 5 M JXWZY�[

, we computethe relative difference(signalat 5 M ºZY�[
minussignalat 5 Mà} É Y [

dividedby signalat 5 Mà} É Y [
). Again we excludedthewavelengthslower than

600nm of certainsamplesfrom theerrorestimationaswell asthesample’asphalt’. Theaverageabsolute
valueof therelative deviationsof thesemeasurementsis computedas

× Þ � 9 ³ � Í % .P	 ) M J�   a ª   ØØØ
� % . � M � Y�[ ? .P	 ? 5 M ºZY�[ ) � � % . � M � Y�[ ? .P	 ? 5 M~} É Y�[ )� % . � M � Y [ ? . 	 ? 5 M~} É Y [ ) ØØØ (4.8)

% Ù M
scenarios,�   M numberof scenarios

)
andshown in fig. 4.8. In theNIR, thereis a risewith wavelength

comparableto × � � � � Í , seefig. 4.8. In theVIS, thevalueof ×�Þ � 9 ³ � Í % . 	 M � Y�[ ) of about2 % agreeswell with
thevaluepredictedfrom theluxmetermeasurementsof 2.5% for

. � M � Y [ , seesection4.5.1.Thesmallrise
with

.L	
from 1.5 % for

.P	áM Y�[
to 2 % for

.L	áM � Y�[
, canbeexplainedby the increaseof the radiusof the

FOV with
.P	

. This is alsoavery likely reasonfor theincreaseof × Þ � 9 ³ � Í % .P	|M É Y [X) to about4 % in theVIS,
seefig. 4.8.Themeasurementsfor

.P	|MIË Y�[
donotfit perfectlyinto thispicture:for VIS, × Þ � 9 ³ � Í % .P	|MvË Y�[ )

is nothigherthan ×�Þ � 9 ³ � Í % . 	 M � Y�[ ) , in theNIR it is evenlower.

4.5.3 GeneralFunction for Illumination InhomogeneityErr or

In section4.5.2 we derived the measurementerrorsat 6 different combinationsof angles,seeFig.4.8 or
equations4.7and4.8. In orderto obtainanerror from illumination inhomogeneitiesfor every combination
of anglesin ourscenarios,weassumedthattherelative erroris a linearfunctionof theinverseof thecosines
of
. � and

.P	
: 2

illu
M � �QSR�T . � § � �QSR�T .P	 j dimensionless

p
(4.9)

Thiswaytheerrorincreaseswith theFOV of thesensor( â �ãtäAå � � , seesection4.5.1)andwith theilluminated
areaof thelamp( â �ãtäAå � x if light emittedwasparallel).Thereasonbehindthis choiceis thatthelargerthese
areas,themoredifficult it is to achieve a homogenousillumination. The two coefficients � � wereobtained
by linear regressionof eq.4.9 to the6 × valuesderived in section4.5.2from equations4.7and4.8,andare
shown in Fig. 4.9 asa functionof wavelength.We expectthe illumination error to bea smoothfunctionof
wavelength,so we smoothedthe obtainedcoefficientswith a bin sizeof 5. It canbe seenthat thereis no
wavelengthdependenceof theerrorfor coefficient � � (viewing angledependence),but thereis a strongrise
for coefficient � � (illuminationangledependence)with wavelength.Thisconfirmsourassumptionthatthere
is adispersionin thelampoptics(seefig. 4.8on thewavelengthdependenceof 2 � �A� � Í ).

Thedashedline in fig. 4.9givesapproximatedvalues.Thisapproximationcanbeusedif theillumination
errorneedsto beevaluatedfor othermeasurementcampaignsattheEGOandequivalentanglemeasurements
arenotavailable.

Examplesof errorscalculatedwith thesecoefficients areplotted in fig. 4.9 to show the increasewith
wavelengthandzenithangle(minimum: 1%,maximum:8 %).
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Figure4.9: The two plots on the top show the coefficients to interpolatethe illumination error. The stars
show valuesobtainedfrom eq.4.9, the solid line shows the smoothedvalues(bin sizeof 5). The dashed
line shows approximatedvalues( � � M Y s Y�Y £

for
0 Ú Ë Y�Y

nm, � � Mæ� Y s Y } � » § Y s Y�Y�Y�YZ»�W�W j nm
p m � a 0

for0�ç Ë Y�Y
nm
? � � M Y s Y�Y�W ).

The3 plotsonthebottomshow examplesof interpolatedilluminationerror(seeeq.4.9)for
. � MI.P	|M Y�[ ? � Y�[

and
. � MèË � [ ? . 	 M É Y�[

.
. � Mè. 	 M Y�[

hasthe smallestillumination error of any combinationof angles,. � MéË � [
? .P	êM É Y [
hasthe biggestillumination error (about8 %). Due to our approachin eq.4.9,the

calculatedilluminationerror 2 illu doesnotdependon theazimuthangle.
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4.6 Determination of the Irradiance

4.6.1 Constant Irradiance VersusView Angle DependantIrradiance

In orderto obtainBRDF values,it is necessaryto divide themeasurementsby theincomingirradiance:�
	|M � 	 % . � ? . 	 ? 5 )+ � % . � ) (4.10)

Thereareno possibilitiesfor anabsolutecalibrationat EGO.Themeasuredcounts� % . � ? .L	 ? 5 ) arepropor-
tional to thereflectedradianceby anunknown factor �Sëíì : � 	 M � a �Sëíì . However, alsotheirradiance

+ �
determinedbelow is proportionalto this factor � ëíì , which thuscancelsin equation4.10.ThusBRDFvalues
canstill beobtainedwithout anabsolutecalibrationof thereflectedradiance� 	 in SI units.

In principletherearetwo waysof determiningtheBRDF of asample.Eachway requiresmeasurements
with a referencepanel. The first methodassumesthat all disagreementsbetweenmeasuredvaluesandthe
(assumedto be known) BRDF of the referencepanelmustbe attributedto deficienciesof the instruments,
eitherthemeasuringdevice(e.g. if theFOV of thedetectoris notcorrectlycenteredto themiddleof thelamp
spot)or the irradiance(e.g.the lamp doesn’t provide spatiallyhomogeneousirradiance).In this caseeach
measurementof thesamplemustbedividedby themeasurementof thereferencepanelandbemultipliedby
theBRDF of thereferencepanel.This is equivalentto assumingthat theirradianceis varyingwith viewing
angle.

The secondmethodassumesthat the irradiancedoesnot changewith viewing angle. Only the albedo
of the referencepanelneedsto be known, not the BRDF, and for each

. � the reflectedradiancesmustbe
integratedover theupperhemisphere.A goodangularsamplingis neededto pursuethis secondway. If it is
assumedthattheirradiancechangesexactlywith QSR�T . � , thisprocedureneedsto bedonefor only one

. � .
We pursuedthe secondway (assumptionof constantirradiance)becausefor the first way it is crucial

to know the BRDF of the referencepanelexactly, a wrong referenceBRDF will directly propagateto the
sampleBRDF. Also theassumptionof avaryingirradianceis moresusceptibleto singlemeasurementerrors.
E.g.,if themeasurementof thereferencepanelatacertaincombinationof angleshappensto be5 % toohigh,
theBRDFvaluesof all thesamplesat this combinationof angleswill becalculated5 % too low.

Thestrongestargumentin favor of assumingthattheirradiancechangeswith viewing angleis thecorrec-
tion for deficienciesof theinstruments.However, theseproblemswereinvestigatedaboveandwecanpredict
theerrorcausedby them,whereastheBRDFof thereferencepanelis quitespeculative.

In our case,about40 measurementsareavailablefor eachincidentzenithangle.We did not requirethe
irradianceto changewith

. � accordingto thecosinelaw, but computedtheirradiancefor each
. � separately.

Thisway deviationsfrom thecosinelaw of theirradiancedo notpropagateinto thecalculationof theBRDF
values.

At theendof this sectionit will be seen(fig. 4.11) that thecomputedBRDF valuesof all samplesare
in betteraccordwith the theoremof reciprocityif a constantirradianceis assumed.ComputingtheBRDF
while assumingtheirradiancechangeswith viewing angle,thedeviationsareonaveragemuchlarger. In the
following adetaileddescriptionof thedeterminationof theirradiancewill begiven.

4.6.2 Calculation of the Irradiance

As referencepanelswe usedtwo Spectralonpanels,both from LabsphereInc., Boulder, Colorado: a 100
% reflectingSpectralonpanelavailableat EGOanda 50 % Spectralonpanelownedby our working group
CENSIS.TheBRDF of the50 % Spectralonpanelis describedin (Meister1995), (Meisteret al. 1996). We
foundthattheBRDFof the100% Spectralonis verysimilar to the50% Spectralonafteradjustingfor albedo
anda reductionof the intensityof the specularpeakof the 50 % Spectralonby two thirds. The relatively
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strongspecularpeakof the 50 % Spectralonshows that this panelshouldnot be usedasa referencepanel
withoutcorrectingfor its BRDF.

The scenariosof the two Spectralonpanelsbasicallyconsistof measurementsat 4 different incident
zenithangles:

. � M Y�[ ? £ Y�[ ? � Y�[ and
Ë � [

. Thenumberof differentcombinationsof viewing zenithangle
.L	

andazimuthangle 5 for each
. � is 14,61,78,45 resp.Thustheangularsamplingexceedstherequirements

for an integrationover theupperhemispherebecauseof theslowly varying BRDF of the referencepanels,
exceptmaybefor

. � M Y�[ , wheremeasurementsat severalazimuthanglescouldconfirmour assumptionof
rotationalsymmetry. However, the luxmetermeasurements(section4.5.1)stronglysupporttheassumption
of rotationalsymmetryfor

. � M Y�[ .
Thealbedosof thereferencepanelsareprovidedasa tablefor wavelengthsfrom 250to 2500nm by the

manufacturer. Becauseof the goodangularsampling,in the calculationof the integral we abstainedfrom
a linear interpolationbetweenviewing anglesof the measuredvalues. Instead� 	 % . � ? . 	 ? 5 ) wassetto the
measuredvalueof thenearestviewing angleof thescenario.

The irradiancescomputedfrom the EGO-100%-Spectralon(solving eq. 3.11, page14 for
+ � % . � ) ) are

alwayslower thantheirradiancescomputedfrom theHamburg-50%-Spectralon,4 % for
. � M Y [ , 10 % for. � MàË � [

. Possibleerrorsourcesarewrongalbedocalibrations(errorgivenby manufacturer:1 % for each
panel),lampconstancy (estimatedto bebetterthan1 %, seesection4.4),measurementandintegrationerrors
(weestimatethemto bebetween2 % and4 %, dependingon

. � ). Combiningtheseerrorsleadsto anoverall
error for eachirradianceof about3 to 5 %, dependingon

. � . Thusthe two computedirradiancevalueslie
within a reasonablerange.

Usingthesetwo irradiancesseparatelyto computetheBRDF values,they show somesignificantdiffer-
ences:V Usingtheirradiancefrom theHamburg-50%-Spectralon,thecomputedBRDFvaluesagreebetterwith

the BRDF derived in (Meister1995). This is expected,becauseif the irradianceobtainedfrom the
Hamburg-50%-Spectralonis usedto computetheBRDF valuesof theHamburg-50%-Spectralon,this
is equivalentto normalizingthemeasuredvaluesto theHamburg-50%-Spectralonalbedo.Using the
irradiancefrom theEGO-100%-Spectralon,thealbedoof theHamburg-50%-Spectralonincreasesfrom
51.5% (valuegivenby manufacturer)to 53% for

. � M Y [ and55 % for
. � M � Y [ .V The(Helmholtz)theoremof reciprocity(or reciprocityprinciple)statesthatexchangingincidenceand

viewing angledoesn’t changetheBRDF value:
�
	 % . � Mî. � ? .L	ïMî. 9 ? 5 ) Mà�
	 % . � Mà. 9 ? .P	ðMà. � ? 5 ) .

This theoremis fulfilled betterwhenusingtheirradiancefrom theEGO-100%-Spectralonto compute
the BRDF values.The averagedeviation is about2 % smallerthanif theHamburg-50%-Spectralon
irradianceis usedto computetheBRDFvalues.V Ideally, the irradianceis expectedto beproportionalto thecosineof the incidenceangle.For a non-
parallel light sourcelike the halogenlamp somedeviations areexpected. The deviations from the
cosinelaw aremuchlarger for the irradiancefrom the Hamburg-50%-Spectralonthanfor the irradi-
ancefrom the EGO-100%-Spectralonfor

. � MñË � [
: the irradiancefrom the EGO-100%-Spectralon

is only 5 % higher than the valueexpectedfrom the cosinelaw, the irradiancefrom the Hamburg-
50%-Spectralonis about10 % higher. For

. � Mè£ Y�[
the deviationsbetweenthe two irradiancesare

negligible.

However, noneof thesedifferencesis astrongenoughargumentto dismisseithertheirradiancefrom the
Hamburg-50%-Spectralonor the irradiancefrom the EGO-100%-Spectralon.So we decidedto determine
theirradianceby averagingthesetwo measurements.Theerrorassociatedwith theirradiance2 irrad will be
computedasthestatisticalerrorof averages.As thereareonly two measurements,this yieldsanerrorequal
to half theabsoluteof thedifferenceof thetwo irradiances.We obtain 2 irrad

M
2.5%, 2.6%, 4.5%and5.1

% for
. � M Y�[ ? £ Y�[ ? � Y�[ and

Ë � [
respectively. Thereis only avery small increasewith wavelength.
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Figure4.10: Averagerelative BRDF error 2 � � (eq.4.12)for 8 samples.Theaverageis takenover all mea-
surements(150to 200). It usuallyvariesbetween4 % for shortwavelengthsand6 % for long wavelengths
(only redpaintedaluminumis significantlyhigher).For thosesamplesshowing low reflectancesin theblue
andsimultaneouslyhigh reflectancesin thered/NIR(redroof tile, redpaintedaluminum,redconcretetile)
theaverageerrorrisesstronglyfor shortwavelengths(to 14% for redpaintedaluminum).

4.7 Total SE590MeasurementErr or and Reciprocity Principle

Using the resultsfrom sections4.4, 4.5 and4.6, we cancalculatethe overall error with the law of error
propagation:2 9ë ��ò � xÈó � ��ó Þ�ô�ô M %

MAX ° j � 	 % . � ? .L	 ? 5 ? 0 ) p a 2 noise
) 9 §g% � 	 % . � ? .P	 ? 5 ) a 2 lamp

) 9 §g% � 	 % . � ? .L	 ? 5 ) a 2 illu
% . � ? .L	 ? 5 )A) 9

(4.11)2
noise

? 2
lamp and 2 illu aregiven in equations4.6, 4.4 and4.9, respectively. The reflectedradiance� 	 is

measuredasa functionof wavelength
0

for eachcombinationof angles
% . � ? . 	 ? 5 ) . MAX ° j � 	 % . � ? . 	 ? 5 ? 0 ) pdenotesthemaximumvalueof thespectrummeasuredfor � 	 [count] for thecombination

% . � ? .P	 ? 5 ) . Using
theirradianceerror 2 irrad givenin theparagraphabove we obtaintheerrorof a singleBRDF measurement�
	 % . � ? .L	 ? 5 ? 0 ) : 2 9� � M % J+ � a 2�ë � ) 9 §v% � 	+ 9� a 2 irrad

) 9 (4.12)

Theerroraveragedover all measurementsis shown for 8 samplesin fig. 4.10. Usually it risesfrom 4 % at
425 nm to 6 % at 975 nm. Somesampleshave a low reflectancein the blue wavelengthrangeanda high
reflectancein the red/NIR wavelengthrange. For thesesamples,the detectornoiseterm 2

noiseproduces
a strongincreaseof the relative error for shortwavelengths,up to 14 % for ’red paintedaluminum’. This
characteristiccanalsobeexpectedfor vegetationsamplesbecauseof the low reflectancein thevisible and
thehigh reflectancein NIR.

Wetestedthereciprocityprinciple(explainedin section4.6.2)for 8 samples.Wefound11combinations
of anglesin eachscenariowherethetheoremcouldbetested.Theaveragedeviation (averagedover the11
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Figure 4.11: Averagedrelative differenceof the eleven reciprocity-pairsas a function of wavelengthfor
8 samples.The crossesshow the resultsbasedon the assumptionof constantirradiancefor each

. � , the
solid line shows the resultsbasedon theassumptionof varying irradianceusingHamburg-50%-Spectralon
as reference,the dashedline using EGO-100%-Spectralonas reference. Assuminga constantirradiance
improves the resultsconsiderably, the averagerelative differenceis reducedto about5 % for all samples
exceptfor ’Red roof tile’ and’Red aluminum’. Thesolid line is 0 for thesample’Spectralon50 %’ andthe
dashedline is 0 for ’Spectralon100%’ becausethesemeasurementshave beennormalizedby themselves,
thusacheckfor reciprocitywill give zerodeviation.

combinationsof angles)is shown in fig. 4.11ascrosses.It is about5 %, exceptfor thesamplesredroof tile
andredpaintedaluminum.

It is interestingto comparetheresultsfor the2 differentwaysof computingtheBRDFvalues(seesection
4.6.1).If thefirst way is chosen(divide eachmeasurementby themeasurementof thereferencepanelat the
samecombinationof angles,assumptionthattheirradiancevarieswith viewing angle),thedeviationsareon
averageabout2 % larger (solid line in fig. 4.11 for Hamburg-50%-Spectralonas referencepanel,dashed
line for EGO-100%-Spectralonasreferencepanel)thanif the irradianceis assumedto beconstantfor each
incidencezenithangle(crossesin fig. 4.11).Thissupportsour decisionto choosethesecondway. Although
the validity of the reciprocityprinciple for BRDF measurementsis still underdiscussion,our samplesare
stronglyexpectedto obey thereciprocityprinciple,becausefor mostof themtheBRDFcanbedescribedin a
first orderapproximationto becomposedof a lambertianplusaspecularpart.Thedeviationsobservedfrom
thereciprocityprinciplearemostprobablycausedby thespatiallyinhomogeneousirradiance.Themethod
assuminganirradianceindependentof viewing angleperformsanaveragethatreducesthedeviations.This
is anotherreasonwhy thismethodis better.
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4.8 Description of the DetectorASDFieldspec

TheASDFieldspecis manufacturedby Analytical SpectralDevices,Inc.,Boulder, USA. Weusedthemodel
’FR’, thatcoversaspectralrangefrom 350to 2500nm.

Thewavelengthsbelow 1050nm aredetectedby aplasmacoupledphotodiodearray, thespectralresolu-
tion is 3 nm (FWHM), thesamplinginterval is 1.4or 0.7nm. Wavelengthsabove 1050nm aredetectedby
dual,1/2 second-scanning,gratingspectrometerswith InGAs photodiodes.Thespectralresolutionis 10 nm
(FWHM), thesamplinginterval is 2 nm. Wavelengthaccuracy is givenas � 1 nm, repeatabilityis givenas� 0.1nm.

Thedigitizationis 16 bits. Thereis anautomaticdarkcurrentsubtraction,theintegrationtime is chosen
automaticallyaswell (between16 msand10minutes).

Unfortunatelyit is impossibleto obtain raw datafrom the ASDFieldspec(calledASD from now on).
Theonly outputaretwo arraysof 2151elementseach:onecontainsthewavelengths(in integersteps:350
nm,351nm,352nm, ..., 2500nm), theothercontainsthemeasuredvaluefor therespective wavelength.No
informationon thedataprocessingis availableto us,but it is obviousfrom theintegerwavelengtharraythat
somere-mappinghasbeendone(in theNIR thesamplinginterval is 2 nm, so theoutputmustbebasedon
an interpolationalgorithm). Fromexperiencewith differentspectroradiometers(e.g. IRIS (Kollewe 1995),
OVID (Bartsch1996)), we know that the transitionfrom onegratingto anotheris usuallynot smooth,but
oftendiscontinuous.Thiscanalsobeseenfor theASD, seefig. 4.12.

In a first step,we averagedtheASD resultsto thesamebin sizeaswe usedfor theSE590,about15 nm.
Furtheraveragingwill beexplainedbelow. As is clearfrom above, theinternalASD softwarecontainssome
smoothingalgorithm,thuswe don’t expectto looseinformationby averaging.

Anotherdisadvantageof the ASD is the fragile couplingto the goniometer:thereis no direct linkage
betweena datatake of the ASD anda movementof the goniometer. After eachgoniometermovement,a
mechanicalconstruction(madeby theEGOengineers)pressesthespacebaron a laptopwhich is connected
to the ASD. This is the sign for the ASD to take a single measurement.This systemis not error proof,
sometimestheASD missesadatatake,sometimesit makesadditionalmeasurements.It is not clearwhether
thisproblemis dueto theconstructiondescribedaboveor to aninternalASD error. If unnoticed,thiskind of
errorcanmakeawholescenarioworthlessbecausetheallocationof goniometeranglesto measuredradiance
will bewrong.

Also theASD canstoptakingdatacompletely, it thenneedsto bereinitialized.Thesetwo reasonsmake
theASD apoorcandidatefor long(morethan1 hour)scenarios.Weonly usedtheASD for measurementsin
theprincipalplanethatusuallylastedabouthalf anhour. Thedatawereexaminedfor missingor additional
measurements,altogether3 missingdatatakesand1 additionalmeasurementwerediscoveredandcorrected.

4.8.1 WavelengthRangeand Resolution

The wavelengthrangeof the ASD extendsto 2500nm. At this large wavelengths,the productof sensor
sensitivity and intensityof the light emittedfrom the lamp is quite weak. Thusthe influenceof the dark
currentplaysan importantrole. The effect canbe seenin fig. 4.13, wheretwo plots of the sameangular
combinationwheresubtractedfrom eachother:in thewavelengthrangeof thefirst grating(450to 1000nm),
thecurve is verysmooth,becomingrougherfor thesecondgrating(1000to 1800nm)andveryroughfor the
third grating(1800to 2500nm). Thuswe decidedto increasethechannelaveragingfor thesecondgrating
to threetimesthe interval of the SE590andfor the third gratingto seven timesthe interval of the SE590.
Thusthewavelengthresolutionis 15 nm for thefirst grating,45 nm for thesecondgratingand105nm for
thethird grating.This will reducetheerrordueto thedetectornoise.Thevaluesafteraveragingareplotted
in fig. 4.13,too. Therearenohigh frequency features(like valleys or mountainsthatonly extendoveravery
smallwavelengthrange)presentin theunaverageddata.
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Figure4.12: ASD ’original’ dataplottedascountsover wavelengthfor a measurementof the Spectralon
panel(50% reflectance)with

. � M~£ Y�[ ? . 	 M Y�[ . Theupperplot shows thetransitionbetweenthegratingsto
beat1800nm. Thelowerplot shows thesamedatawith adifferentplotting rangefor thewavelength,now it
canbeseenthatthefirst transitionis at1000nm.
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Figure4.13: Noiseof ASD asa functionof wavelength.Theplot shows thedifferencebetweentwo unpro-
cessedASD measurementsof 100 % Spectralonwith the sameanglesseparatedby 15 minutes.The solid
line shows dataaveragedto 15 nm intervals. Thesolid line is smoothestfor thefirst grating(

0 Ú JõY�Y�Y
nm)

androughestfor the third grating(
0vçöJXWZY�Y

nm). The starsshow the dataafter the averagingprocedure
describedin section4.8.1.Thenoiseis significantlyreduced,especiallyfor thethird grating.

Anotherpoint specificto the ASD is the transitionbetweenthegratings.We foundstrongervariations
for thewavelengthsaroundthe transitionareasthanelsewhere. Unfortunately, thedocumentationdoesnot
mentionif any algorithmwasusedto smooththe transitions.For othersensors(OVID (Rothkirch1997),
IRIS (Kollewe1995)) thetransitionbetweengratingsoftenleadsto discontinuities.This is why weexcluded
thewavelengths900to 1100nm and1700to 1900nm from ouranalysis.

4.9 BRDF Calculation for ASDFieldspec

4.9.1 Calculating Irradiance and its Err or

For theSE590,theirradiancewascalculatedby anintegrationover thewholeupperhemisphere,seesection
4.6.TheASD measurementsdonotcover thewholehemispherebut arerestrictedto theprincipalplane,thus
thisprocedureis notapplicableto theASD measurements.

Thevaluefor theirradiancecalculatedfor theSE590is only valid for theSE590becauseit containsan
unknown calibrationfactor, seesection4.6.1.Multiplying by theratioof themeasurementsof asampleatan
arbitrarycombinationof angleswouldsolve thisproblem,but only for thecommonwavelengthrangeof the
SE590andtheASD.
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Figure4.14: Relative ASD irradiancedifferenceof the two reflectancepanelsfor eachangleof incidence.
Thevaluescomputedfrom the50 % Spectralonweresubtractedfrom the100% Spectralonanddividedby
the latter. The dependenceof wavelengthis weak,only at the gratingtransitions(1000nm and1800nm)
peaksor valleys canbeseen.

Wethuschoseanotherway to calculatetheirradiance:we simplyuseda transformof equation3.11

+ � % . � ) M � 	 % . � ? .P	 ? 5 )�
	 % . � ? .P	 ? 5 ) (4.13)

andcomputed
+ � % . � ) for all availablecombinationsof angles(

. � ? .P	 ? 5 ). For the wavelengthrangeshared
betweenASD andSE590we usedtheBRDF valuesobtainedwith theSE590.For thosewavelengthswhere
no SE590measurementsareavailable,we extrapolatedtheBRDF valuefrom theclosestwavelengthshared
betweenASD andSE590andadjustedfor thedifferentalbedo(thealbedois known from themanufacturer
for the whole wavelengthrange). E.g., if we want to calculatethe irradianceat

0 M÷} Y�Y�Y
nm, we would

divide theclosestavailableBRDF valuefrom theSE590measurements(
�
	 % 0 M º ÉZ�

nm)) by thealbedoat
975nm andmultiply by thealbedoat 2000nm. This is equivalentto assumingthat theshapeof theBRDF
of thereferencepanelsdoesnot changewith wavelength,a reasonableapproximation.

Following theabove approach,we calculatedthe irradiancefor both referencepanels(50 % and100%
Spectralon)for every combinationof angles(35 perscenario).For eachpanelseparatelywe averagedover
all combinationswith thesameincidenceangle(

. � M j JõY�[ ? £ Y�[ ? � Y�[ ? Ë � [ p ). Therelative differencebetween
the irradiancesfrom bothpanelscanbeseenin fig. 4.14. Thereis no clearwavelengthdependence,except
for thegratingtransitions,wherepeaksor valleys canbeseen.Althoughtheseareonly two measurements,
we will regardthis differenceasthestatisticalerror. This leadsto relative irradianceerrorsof about1 %, 1
%, 3 % and5 % for

. � M JõY�[ ? £ Y�[ ? � Y�[
and

Ë � [
resp. We estimatethe methodicalerror of our methodto

about2 % (mainlydueto theaveragingandtheunknown behavior of theBRDFfor wavelengthsgreaterthan
1000nm), which will beaddedquadraticallyto yield overall relative irradianceerrorsof about2 %, 2 %, 4
% and5 % for therespective incidenceangle.
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Figure4.15: The top row shows 2�3*ø ù�ú�û ü for the ASD for eachof the 17 scenarios.Left columnshows the
first grating,middle columnthesecondgratingandright columnthe third grating. TheaveragevaluesareJ Ë � JS» ? JS» � � and

J � � JõY countsfor VIS, NIR andIR, respectively. Calculating2�3 ù�ý(þ ÿ¶û ü (i.e. dividing
by themaximumvalueof eachspectrum)doesnot improve theresults,which areshown in thebottomrow,
averagevaluesare

Y s Y�YBJ�J � Y s Y�YBJõY ? Y s Y�Y }�} � Y s Y�Y £ Y ? Y s Y�Y � } � Y s Y�Y Ë » for VIS, NIR andIR, resp.),in effect
therelative variationevenincreasesfor NIR andIR.

4.9.2 Err or Determination for ASD

We performedthe sameanalysisof the instrumentnoiseerror 2 � ä��Gå�� (eq.4.6) asdescribedin section4.4.
17 scenarioscontainedmeasurementsat the sameangles. We assumedthat the measurementprocesses
(especiallythechoiceof integrationtime) for thethreegratingsin theASD areindependentfrom eachother.
Thuswecalculated2 3 ø ù�ú�û ü (seeeq.4.5)and 2 3*ù�ý(þ ÿ¶û ü for eachgratingseparately(VIS, NIR andIR). Dividing
by themaximumsignaldid not reducethevariationbetweenscenarios,on thecontrary, it ratherincreased
(seefig. 4.15).Thisshows thattheinstrumentnoiseof theASD is notdeterminedby themaximumintensity
of thesignal.In effect,it canbeseenthatthe 2c3 ø ù�ú�û ü arequiteconstantalready, with averagesof

J Ë � JS» ? JS» � �
and

J � � JõY countsfor thethreegratingsrespectively. Notethatdueto ourextensiveaveragingfor thelonger
wavelengthstheerrordoesnot increasewith wavelength.

Wealsocalculatedthedeviation 2�3 % 0 ) for eachwavelength(i.e.averagingover themeasurementsof all�   M J É scenariosinsteadof averagingover thewavelength,seeeq.4.5):

2�3 % 0 ) M ¬® ¯
·��  � � % 4 ind,j

% 0 ) � �·�� ¯ � ³  � � 4 ind,j
% 0 )A) 9�   � J (4.14)

Theresultingvaluesaresimilar, rangingbetween10and28counts,with ameanvalueof
JXº � � counts.This

indicatesthat theinstrumentnoiseis independentof illumination aswell assamplereflectanceandthuscan
beidentifiedasdarkcurrentnoise.

Dark currentmeasurementsof theASD areshown in fig. 12.1 in theappendix.It canbe seenthat the
averagedarkcurrentis about10 counts.However, thedarkcurrentis not distributedrandomlyfor thefirst
grating,ascanbe seene.g. in the spectra10, 21 and26. Spectra5 and18 arevery high for the last two
gratings,but low for thefirst one. We suspectstraylight to be the reasonfor theseoffsets. The root mean
squaredvaluesof themeasurements(afteraveragingover thewavelengthsasdescribedabove) areshown as
a functionof wavelengthin fig. 4.16. We attribute thesmall rise for shortwavelengths( Ú � Y�Y

nm) to the
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Figure4.16: Rootmeansquarevaluesfor 30 ASD darkcurrentmeasurements(seefig. 12.1,appendix,for
theindividualmeasurements).Thevaluesrisefrom about4 countsat900nmto about13countsat2300nm.

straylight effectsmentionedabove, thestrongrisefor high wavelengths(startingat 1300nm) to noisefrom
thermalelectrons.

For severalwavelengths,theconstancy of 30 measurementsof theASD without moving thegoniometer
is shown in theappendix,fig. 12.2(time differencebetweenconsecutive measurements= 10 seconds).The
standarddeviationof thesignalsis shown asa functionof wavelengthin fig. 4.17.It is lowestfor thesecond
grating,about7 counts.The third gratinghasvaluesfrom 10 to 15 counts.Thefirst gratingshows a small
but steadyrise from 14 to 15 counts. The rise is probablydueto the decreasingsensitivity of the silicon
detectors.Notethattheresultscanalsobeinfluencedby shorttermlampintensityfluctuations.Thestandard
deviation is quiteconstantwithin eachgrating,thusit doesnotdependontheproductof lampintensitytimes
detectorsensitivity.

All thesefindingsindicatethattheinstrumenterrorof theASD is absolute(notrelativeasfor theSE590).
Wedecidedto usean error of 2	� ã = 20countsasaconservativeandsimplechoicefor theerrorpropagation
of theinstrumenterrorof theASD. Our choiceis basedon thefigures4.15(top row), 4.16and4.17.

TheASDFieldspecwasdesignedfor field measurementswherethelight intensityis usuallymuchhigher
thanin our laboratorysetup.This mayexplain why thedominantinstrumentnoisesourcein our caseis the
darkcurrent.

Another indicationthat the ASD wasset to its mostsensitive modeis that thereareseveral overflows
for the specularmeasurements(e.g. all measurementswith

. � M .P	 ? 5 M JXWZY�[
for the sample’Plastic’

areoverflows). Overflows canbe identifiedbecausethe (unprocessed)signalsof neighboringchannelsare
exactly equal. They were eliminatedfrom the analysis. Problemsat high intensitiesprobablydue to a
nonlinearityof theresponseof theASD whenreachingthesaturationlevel arediscussedin section5.7.2.

Theerrorof theBRDF values
�
	

measuredwith theASD is obtainedwith thesameequationasfor the
SE590(eq.4.12),but with 2	
 x calculatedasdescribedin section4.9.1.Theformulato calculate2 ë � is2 9ë � ò � xtó � � ó Þ�ô M % � 	 % . � ? .P	 ? 5 ) a 2������� ) 9 §v% � 	 % . � ? .L	 ? 5 ) a 2 � ����� % . � ? .P	 ? 5 )A) 9 § 2 9� ã (4.15)

where 2�� ã M } Y
counts. 2 � ����� and 2������� are the sameas in the correspondingequationfor the SE590
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Figure4.17:Standarddeviationof 30ASD constancy measurements,obtainedby repeatedmeasurementsof
Spectralon100% without moving thegoniometer(seefig. 12.2,appendix,for theindividual wavelengths).

Figure4.18:Relative errorof theASD measurementsaveragedoverall samplesandmeasurements.

(eq.4.11).Averagedover all samplesandwavelengths,themeanerroris 4.9%. Therelative error is shown
asa functionof wavelengthaveragedover all samplesin fig. 4.18(fig. 12.3in theappendixshows theplots
for eachsampleseparately).

4.10 Comparisonof ASD and SE590Measurements

Generally, the measurementsof the ASDFieldspecand the SE590agreequite well, as can be seenfrom
figures5.18to 5.21,pp.66 ff., in section5.7.1.

A statisticalcomparisonof themeasuredvaluesis complicatedby thefact that thewavelengthchannels
of the ASD andtheSE590do not exactly correspondto eachother, thusit is difficult to decidewhethera
deviation is dueto sensorproblemsor dueto achangeof reflectancewith wavelength.Thusweaveragedthe
measuredreflectancesto intervalsof 50 nm andtested,if thehypothesis����� ´A² �	 � �������	 M Y

(4.16)

passesthe 8:9 test. The resulting 8:9 -valuesdividedby thedegreesof freedom
���

(thenumberof measure-
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Figure4.19:Agreementof SE590andASD measurements:theratioof 8:9 (testingthehypothesisof eq.4.16,
that theASD measurementsareequalto theSE590measurements)over thedegreesof freedom

� �
, in this

casethe numberof measurements,varying between10 and20. For mostsamples,the hypothesiscanbe
accepted,but for aluminumit is rejected.

mentsin this case)areplottedin fig. 4.19. Thenumberof measurements,wherethesamecombinationsof
anglesis availablefor both SE590andASD variesbetween10 (aluminum)and20 (Spectralon).It canbe
seenthat 8:9 F � � is usuallybelow one,thusthe measuredvaluesof the ASD andtheSE590agreewell. In
effect, a valuebelow 1 suggestsanoverestimationof theerrorsources.However, it hasto benotedthat for
this comparisonthe errorsareexpectedto be too high becauseillumination inhomogenities( 2 � ����� , eq.4.9,
page27)will affectbothsensorssimilarly.

A peakcanbe seenin all 3 red samples(red roof tile, red aluminum,red concrete)at 575 nm. It is
probablydueto therapidincreaseof thereflectanceat thiswavelength,whichcausesthedeviationsbecause
of the differentwavelengthsamplingof the two sensors.The aluminummeasurementsdo not agreewell,
especiallyfor shorterwavelengths.The othersampleswith a strongspecularpeakshow a small increase
above 700nm,which is dueto problemsof theSE590,aswill beshown in thefollowing paragraph.

Fig. 4.20 shows that thereis a significantdifferencebetweenthe ASD and the SE590measurements
above700nmfor high intensities.Theratioof themeasuredradianceof thesamplesandthereferencepanel
Spectralon0.5 at

. � Mà.L	ðM � Y [Z? 5 M JXWZY [
is shown. For thesample’red roof tile’, which doesn’t have a

strongspecularpeak,bothcurvesagreewell. For thetwo concretesamples,whichbothhaveastrongspecular
peak,theASD measurementsareabout15% higher. A similarpatterncanbeobservedwhendividing by the
respective measurementsof theSpectralon1.0panel.We will seelater that thedecreaseof theSE590from
700nm to 770nm canbeseenin thespecularalbedoof all samples.Thusthis decreaseis probablya sign
of a nonlinearityof theSE590for high intensitiesabove 700nm, becauseat averageintensities(i.e. for the
diffusecomponent)nosuchdecreaseis detectable.
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Figure4.20: Deviationsof the SE590measurementsfrom the ASD measurementsat high intensitiesfor0�ç É Y�Y
nm. Thesolid line showsSE590reflectedradiancedividedby thereflectedradianceof thereference

panel’Spectralon0.5’, bothat
. � Mà.L	ïM � Y�[ ? 5 M JXWZY�[

. Thestarsshow therespective ratio for theASD
measurements.Themeasurementerrorsareshown asverticalbars.Above700nm,thedisagreementbetween
thetwo curvesextendsbeyondtheerrorbarsfor thetwo sampleswith astrongspecularpeak.



Chapter 5

BRDF of the Samples:Data and Models

5.1 Overview

This chaptershows how the measureddatacanbe describedby BRDF models. Two modelswere inves-
tigated: the specularreflectancemodel for roughsurfacesby (Torrance& Sparrow 1967), andthe BRDF
modelfor roughsurfacesby (Oren& Nayar1995). Wedemonstratethatfor theveryroughsurfaces’asphalt’
and ’sandedroof paper’ the secondmodel is in betteragreementwith the measurements,whereasfor the
othersurfacesthefirst modelis preferable.Previousin situmeasurementswith agoniometertableareshown
to agreewell with thelaboratorydata.

5.2 Angular Grid

Thebasicstructureof theEuropeanGoniometricFacility EGOis depictedin fig. 4.1,page16. Thesampleis
to beplacedin thecenterof thestructure.Two quarterarcscanbemovedon circularrails into any azimuth
angle.Oneacharc,asledis mounted,whosepositiondeterminesthezenithangle.Onthesleds,thelampand
thedetectoraremounted(seechapter4 for adescriptionof theavailablesensorsandlamps).A measurement
seriesconsistingof the measurementsand the positioningof the arcsand sledsis called ’scenario’. The
positionsof thearcsandthesledsarecontrolledby aPCprogram.

The input files neededto createthe scenariosconsistof commandsfor moving the two sledsand the
detectorarc, and commandsto take radiometricmeasurements.The resultingangularcombinationsare
shown in figures5.1and5.2for theASD scenariosandtheSE590scenarios,respectively. Themeasurements
with theASD whereonly takenin forwardscatteringdirection( 5 M JXWZY [ ), varyingtheviewing angle

.L	
fromY�[

to
É Y�[

with a
JõY�[

samplingratefor 4 differentilluminationangles(
. � M JõY�[ ? £ Y�[ ? � Y�[ ? Ë � [ ).

Theangularcombinationsfor themeasurementswith theSE590coverthewholerangeof relativeazimuth
angles5�� j Y�[ ? JXWZY�[ p . Thedensestcoveragewaschosenfor thespecularpeaksat

. � Mà£ Y�[
and

. � M � Y�[
.

Wealsomeasuredthespecularpeakat
. � M~Ë � [ , but with a lessdensecoverage.

Oursecondfocusweremeasurementsin backscatteringdirectionto investigatethehotspot(in association
with BRDF, ’hotspot’ is referredto asanincreasein reflectancewhentheviewing directionapproachesthe
illuminationdirection).Herewetookmeasurementsin theprincipalplaneaswell asoutof theprincipalplane
again.Theclosestwecouldgetto thehotspotdirectionwasarelativeangleof

JõY [
, e.g.at(

. � M Y [P? .P	�M JõY [
)

or (
. � MàË � [ ? .L	áM ��� [ ? 5 M Y�[

). A closerpositioningof sensorandlight sourcewasnot possiblebecause
thedevicesmighthave touchedeachother.

To studythediffusecomponent,we measuredacrosstheprincipalplane( 5 M ºZY�[
) for 4 differentillu-

minationangles
. � M Y [
? £ Y [
? � Y [Z? Ë � [

. Note thatat
. � M Y [

the relative azimuthis not defined,thusthese
measurementsalsocover thespecularpeakor thehotspot,in casethey arebroadenough.
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Figure5.1: This figureshows theangularcombinationsfor theASD in polarplots. Theinnercircle (dotted
line) correspondsto

. M JõY [
, themiddlecircle to

. M � Y [
, andtheoutercircle to

. M ºZY [
. Thestarindicates

thepositionof thelight source.Thesmall rhombsshow theanglesat which thesensortook measurements.
For theASD, theazimuthalpositionsof thearcswaskeptconstantto save time. Thusall measurementswere
takenwith a relative azimuthof 5 M JXWZY [

.

Thechoiceof angularcombinationsis acompromisebetweentheavailabletimeandtherequiredangular
coverage.Especiallymoving thearcson thecircular rails is very time consuming,about5 minutesto vary5 by

JXWZY�[
. An ASD scenariolastedabout20 minutes,whereastheSE590scenariotook about90 minutes.

TheASD scenarioconsistsof 35 angularcombinations,theSE590scenarioof 166.

5.3 Torrance-Sparrow Model

The specularreflectionmodelof rough surfacesby (Torrance& Sparrow 1967) hasreceived widespread
attention((Ginnekenet al. 1998), (Nayaret al. 1991), (Danaet al. 1999), (Meisteret al. 1998c), (Rothkirch
et al. 2000)). Thespecularpeakof roughsurfacesdoesnot reachits maximumwhentheilluminationzenith
angleequalsthe reflectionzenithangle(forward scatteringdirection),but themaximumis shiftedtowards
higherreflectionzenithangles. This behavior canbe well describedby the BRDF modelof (Torrance&
Sparrow 1967). Wewill call thismodelTSmodel. TheBRDF

�� �	
is givenby�  �	 M � � § � � aP� å � �tã	 ?

(5.1)�¶å � �tã	 M "&% . � ? .P	 ? 5 ? � ? � )QSR�T . � QSR�T .L	 aP# % . � ? .P	 ? 5 ) aX� m � � ! � ?
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Figure5.2: Thisfigureshows theangularcombinationsfor theSE590in polarplots.Theinnercircle (dotted
line) correspondsto

.áM JõY [
, themiddlecircle to

. M � Y [
, andtheoutercircle to

.áM ºZY [
. Thestarindicates

thepositionof thelight source.Thesmall rhombsshow theanglesat which thesensortook measurements.
Thedashedline shows themovementof thedetector. Eachtime thesourceangleis changed,a new plot is
created.
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where
"

is theFresnelreflectance,givene.g.in (Hapke1993), seeappendix,page148. It is a functionof the
index of refraction � , thecoefficient of absorption

�
andthelocal illumination angle

.�/� on thesurfacefacet.
This angleis determinedby the zenithanglesof incidenceandreflection(

. � , .P	 ), andthe relative azimuth
angle 5 : QSR�T }Z. /� M QSR�T . � QSR�T . 	 � Ted7f . � T�d7f . 	 QSR�T 5 (5.2)���

is theLambertiancomponent,
���

describestheintensityof thespecularcomponent.
#

is the’Geometric
AttenuationFactor’,which modelseffectsof maskingandshadowing, andtakeson valuesbetween0 and1.
In many cases,setting

#¢M J
is averygoodapproximation,(Meisteretal. 2000), (Nayaretal. 1991). In this

study, G is alwaysexactly calculated.It is givenby (Nayaret al. 1991)# % . � ? . 	 ? 5 ) MIl d7f " J ? } QSR�T ' QSR�T .P	QSR�T . /� ? } QSR�T ' QSR�T . �QSR�T . /� # (5.3)

Basically, the TS modelassumesthat the surfaceis madeup of surfacefacets,whosenormalshave a
Gaussianprobabilitydistribution

$&%('Ó)
: $&%('*) â � m �

� ! � ?
(5.4)

where
'

denotesthe zenithangleof the surfacefacetnormaland  determinesthe width of the distribu-
tion. (Torrance& Sparrow 1967) use

'
with theunit ’degree’, thus  hastheunit

r ��$ o �õ� m � . Accordingto
(Ginnekenetal. 1998),

'
canbecalculatedfromQSR�T ' M % QSR�T . � § QSR�T .L	 ) a %A% QSR�T 5 Ted�f .L	 § Ted7f . � ) 9 § Ted7f 9 5 Ted7f 9 .P	 §~% QSR�T . � § QSR�T .L	 ) 9 ) m&%� s

(5.5)

In the TS model it is assumedthat eachsurfacefacetis next to a surfacefacetwhosesurfacenormalhas
thesameinclination

'
, but is orientedinto theoppositedirection(theazimuthangleof thesecondsurface

normaldiffers by 180degreesfrom theazimuthangleof thefirst surfacenormal),forming a V-cavity (see
fig.5.3,page46). In fact, this a very unrealisticassumption,becausethe inclinationsof neighboringfacets
areusuallyuncorrelated. This assumptionwasintroducedbecausefor this kind of V-cavity, it is possibleto
exactlyderive theshadowing andmaskingeffectsanalytically. Theseeffectsareexpressedby theGeometric
AttenuationFactor

#
.

TheTS modeldoesnotmakeany assumptionsonhow theV-cavities connectto eachother. It is possible
to imagineneighboringV-cavities that areall parallel(headinginto the samedirection)(seefig. 1.2, page
3), but the TS model requiresV-cavities that arerunning into all possibledirectionsof infinite length. A
realizationof this leadsto ’crossings’betweenV-cavities, but thesecrossingsare not treatedby the TS
model. Thusit is not possibleto createa consistentrealizationof theTS model. Anotherargumentagainst
understandingtheTSmodelasaseriesof neighboringV-cavities is thenecessityfor theseV-cavities to have
thesamemaximumheight(seefig. 5.3),a restrictionthatdoesnotapplyto theTSmodel.

Weconcludethatbecauseof theunrealisticassumptionof V-cavities,maskingandshadowing effectsare
probablynot well describedby theTS model.Theseeffectsarethemoreimportanttherougherthesurface,
seee.g.(Meisteretal. 2000).

5.4 Oren-NayarModel

TheBRDF modelproposedby (Oren& Nayar1995) (seealso(Oren& Nayar1994)) is basedon thesame
assumptionson V-cavities as the TS model. We will call their modelON model. The descriptionof the
specularpeakwasadoptedfrom theTS model.They alsoassumea Gaussiandistribution of theinclinations
of thesurfacefacets,cf. eq.5.4: $g%('Ó) â � m('

��*) �+ ?
(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 modelsurfacesbecausethey all headinto thesamedirectionandthe peak
of eachcavity hasthesameheightfor thewholesurface(seetext). Thedifferencebetweenthetwo profiles
is that the profile of the TS modelhasfacetsof constantlength,whereasthe profile of the ON modelhas
cavities of constantlength.

wherethewidth parameter
���

is in radians.However, whereas(Torrance& Sparrow 1967) assumethat the
width of eachsurfacefacetis constant,(Oren& Nayar1995) assumethat the width of the total cavity is
constant(seefig.5.3, the width of a surfacefacetof the Oren-Nayarsurfacevariesconsiderably, but stays
constantfor the Torrance-Sparrow surface). Thus, for a surfacefacetwith an inclination

'
, the lengthof

the surfacefacetis
J FÓQSR�T ' times larger in the ON cavity than in the TS cavity. Both modelsassumea

Gaussiandistribution of inclinations
'

. This resultsin differentwidths of the specularpeaks,becausein
theON modelthe total areaof inclinedsurfacefacetsis larger thanin theTS model. Analytically, theON
modelhasthesamespecularpeakastheTS model,dividedby QSR�T ' . (Oren& Nayar1995) settheFresnel
reflectanceequalto one,reasoningthatit wasdifficult to obtainmeaningfulestimatesof therefractive index� . Although we agreethat thedeterminationof the refractive index is difficult, we believe that settingthe
Fresnelreflectanceto 1 requiresfurtherjustification,becauseit seemsmorereasonableto estimate� (which
usuallyvariesbetween1.3 and2.0, (Wolff 1994), � M J s��

is anaveragevalueoften found in the literature
(e.g.(Hapke1993), (Stover1995)). Wedid not follow theirapproach,but treatedtherefractive index likeany
otherparameterin themodel.

Theimportantadvantageof theON modelover theTS modelis that thediffusecomponentis no longer
assumedto belambertian,but is modeledbasedongeometricaloptics,takingeffectsof masking,shadowing
andmultiplereflectionsinto account.Thebasicassumptionis thateachsurfacefacetreflectslambertian.The
resultingmodel is only numerical,but (Oren& Nayar1995) give the following analyticalapproximation,
whichweusein thisstudy. A Gaussianinclinationdistribution of thesurfacefacetsis assumed

$ / %('*) â � '
��*) �+ s

(5.7)

We usethe prime in
$ /

to distinguishthis distribution of equalcavity width from thedistribution
$

intro-
ducedby (Torrance& Sparrow 1967) in eq.5.4 for equalfacetwidth. Thedirectillumination componentof
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reflectanceof asurfacecharacterizedby eq.5.7 is:� � ��,	 M ���� j �X� p %.- � §/- 9 a QSR�T 51032 f54 9 §/-76 a % J � CqQSR�T 5 C ) a 032 f 4 � § 4 9} )
(5.8)8 d 039 4 � M�: 2<; j . � ? .L	 p ? 4 9 M=: d7f j . � ? .L	 p- � M � � 9�} � 9� § Y s Ë�Ë ?>-76 M } � 9�� 9� § Y s Y�º %�4 � 4 9� 9 ) 9- 9 M d@?BQSR�T 5BA YDC Y s » � � 9�� 9� § Y s Y�º Ted7fE4 � ?F- 9 M d@?EQSR�T 5 Ú YDC Y s » � � 9�� 9� § Y s Y�º % Ted7fE4 � � % } 4 9� ) 6 )

Themultiple scatteredcomponentis approximatedby

� � å	 M Y s J É 1�9� j Teo p � 9�� 9� § Y s J £ a % J � QSR�T 5 % } 4 9� ) 9 ) s
(5.9)

Thespecularcomponentis similar to
�¶å � �tã	

asdefinedby (Torrance& Sparrow 1967) (eq.5.1),but divided
by QSR�T ' : ��G�H m å � �tã	 M "&% . � ? .L	 ? 5 ? � ? � )QSR�T . � QSR�T .P	 QSR�T ' aP# % . � ? .L	 ? 5 ) aX� ' �I �*) �+ s

(5.10)

Weobtainthetotal BRDFasa linearcombinationof thediffuseandthespecularcomponent:��G�H	 M~� � ��,	 % ��� ? ��� )D§ � � å	 % ��� ? ��� ) § ��� aL��G�H m å � �tã	 % ��� ) s
(5.11)

Theparametersdeterminingthis modelarethediffusealbedo
���

, thewidth of thedistribution of thesurface
inclinations

���
, andthe intensityof the specularpeak

���
, togetherwith the index of refraction � andthe

index of absorption
�
.

5.5 Further BRDF Models

A BRDF modelfor man-madesurfacesproposedby (Wolff 1996) predictsa strongdecreaseof thediffuse
componentfor largezenithangles.As we did not find evidencefor sucha decreasein our data,we did not
investigatethismodelany further.

SeveralBRDF modelsexist to predictthedirectionalreflectanceof soil (Hapke 1993), (Liang & Town-
shend1996a), (Staylor& Suttles1986). Their predictionsqualitatively did not matchwith theBRDF values
measuredhere.

Dueto thecompletelydifferentapproach,we did not examineempiricalor semi-empiricalBRDF mod-
els that wereprimarily designedto eithercover a large variety of BRDFs(Walthall et al. 1985), (Goel &
Reynolds1989), (Rahmanet al. 1993), (Wanneret al. 1995), (Meisteret al. 1996) or arefocusedon vegeta-
tion (Jupp& Strahler1991), (Kuusk1995), (Ni etal. 1999), (Gastellu-Etchegorry etal. 1999).

5.6 Resultsof the SE590Measurements

5.6.1 Angular Dependence

Theplotsin figures5.7to 5.14show theBRDFvaluesof differentsurfacematerialsmeasuredwith theSE590
at two wavelengths:450nm and660nm (plotsfor 900nm canbefoundin theappendix,pages150to 157).
The error barsindicatethe measurementsat 660 nm, the crossesshow the measurementsat 450 nm (no
errorsareshown for the450nm measurements).Thesolid line shows thefit of thebestfitting BRDFmodel
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(eitherTS or ON) to the660nm data,thedashedline shows thefit to the450nm data.Theparameterswere
fitted to themeasurementsof all anglessimultaneously, but for eachwavelengthseparately. In somecases
(Spectralonsamplesandblueconcrete)450nmand660nmdataaresoclosetogetherthatthey canhardlybe
discriminated,andwe choseto plot only 660nm. Themodelswerefitted to thedatausingtheprogramming
packageIDL by ResearchSystems,Inc., Boulder, Colorado,USA. A leastsquaresalgorithmwasusedto
minimize 8 9 . Theparameter

�
wassetto 0.25,seechapter6. Therespective plots for a wavelengthof 900

nm areshown in theappendix,figures12.4to 12.11.An overview canbeobtainedfrom figures5.5and5.6,
whereonly thedatain theprincipalplanefor 660nm is shown for

. � Mv£ Y [ and
. � M � Y [ .

For the Spectralonpanels,the concretetiles, ’red roof tile’ and ’red aluminum’, the TS model gives
the bestfit. For ’asphalt’ and ’sandedroof paper’, the two roughestsamples,thereis a strongincreasein
backscatteringdirection ( 5 M Y [

), which is modeledvery well by the ON model. We expectedthe ON
modelto performequallywell astheTS modelfor thesmoothersurfaces,becausein thelimit of aperfectly
flat surface,the diffusecomponentof theON modelbecomeslambertian,like in theTS model. However,
especiallyfor theroughnessof sampleslike ’redroof tile’, theON modelpredictsanincreasein backscatter
directionfor large incidencezenithangles,that is not supportedby thedata. Anotherdrawbackof theON
model is that the valuesretrieved for the refractive index � areeven higher than the valuesretrieved for
theTS model. Althoughthevaluesretrieved for therefractive index canonly beregardedasestimates(see
discussionon the parameters� and

�
in chapter6), this is anotherdisadvantage,becausethe valueswe

retrieved for � from the TS modelareprobablyalreadyrathertoo high thantoo low. The reasonfor the
worseperformanceof theON modelis probablytheassumptionof cavities of constantlength(seesection
5.4),becausethis is theonly differencebetweenthetwo modelsregardingthespecularpeak.

Overall, themodelpredictionsagreeremarkablywell with themeasureddata.However, wewantto note
thefollowing interestingdeviations:V For thesample’redroof tile’, at

. � M Y�[ theincreaseof thedatawhenthedetectoris approachingthe
light sourceis notwell modeled.V Themeasuredvaluesat

. � M Ë � [ and
. 	

closeto nadirareusuallylower thanthevaluespredictedby
theTS model(see’Spectralon0.5’, ’redroof tile’, ’aluminum’ and’blue concrete’).V For ’aluminum’, thespecularpeakat

. � M~Ë � [ is underestimatedby almost40 %.V Thespecularpeakpredictedby theON modelis shiftedstronglytowardshigherzenithangles,but the
measureddatarathersuggesta lessstrongshift, especiallyat

. � M � Y�[ .V For thesample’sandedroof paper’,thereis anedgeat
. � M Y [ , 5 M ºZY [
? .L	«MIË Y [ in themodeleddata,

becausethevalueof
#

startsto becomesmallerthanone.Thedatado not show thispeak.Thereason
is thattheincreasewith

.P	
is not causedby thespecularpeak,asassumedby themodel.Theincrease

is dueto thecoloredstructureof the ’sandedroof paper’(bright quartzgrainson blackbackground).
For increasing

. 	
, thebackgroundis concealed,andonly thebrightquartzis seenby thedetector.V In thebackscatteringdirection( 5 M Y [ ), almostall samplesshow anincreasewhen

.P	
approaches

. �
within

JõY�[
of a few percent.Theincreaseis sosmallthatit doesnotexceedtheerrorbars,exceptfor a

smallamountfor ’asphalt’and’redconcrete’at
. � M~£ Y [ . Thecommonexplanationfor anincreasein

backscatterdirection(hotspot) is thedisappearanceof shadowswhentheviewing directionapproaches
thesourcedirection(Jupp& Strahler1991). But this effect is alreadymodeledby theON model,and
it producesa very broadincrease,not sucha localizedincrease.Furthermorethe localizedincrease
seemsto bestrongestfor

. � Mß£ Y�[
, whereastheamountof shadow increasesfor higher

. � , thusfrom
theshadow-hiding approachwe would expectthe increaseat

. � Mß£ Y [
to beweaker thanat

. � M � Y
.

We believe that the localizedincreasewe areseeingin thedatais dueto coherentbackscatter(Kuga
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Figure5.4: Computergeneratedone-dimensionalsurfaceprofiles, correspondingto a surfacewith width
parameter(seeeq.5.4)  M Y s Y £�}

(Spectralon0.5,seetable5.1) for theprofile above zeroandto a surface
with width parameter M Y s J Ë º (redaluminum)for theprofilebelow zero.

& Ishimaru1984), (Hapke et al. 1993), alsocalledweakphotonlocalization. It occursif two partial
waves associatedwith the sameincident wave front travel the samemultiply scatteredpath on the
surface,but in oppositedirections.Typical coherent-backscatter widthsobserved in thelaboratoryare
of theorder

Y s�� [
(Hapke 1993), thusour datais clearly inappropriateto studytheseeffects,because

we can approachthe direct backscatterdirection
.L	_M . � ? 5 M Y [

only up to
JõY [

becauseof the
limitations of the EGO construction.Our dataprobablyonly show the beginning of the rise of the
coherentbackscatterpeak.

Thespecularalbedo1 � is calculatedastheintegralof thespecularBRDFgivenby
�¶å � �tã	

for theTSmodel
(
� G�H m å � � ã	

for theON model)over theprojectedsolid angle
� <|	�M Ted�f .L	 QSR�T .P	 � .L	 � 5 (cf. (Nicodemuset

al. 1977)) over thewholeupperhemisphere.It usuallydependson theilluminationangle
. � :1 � % . � ) MOuZ�E� � å � �tã	 % . � ? .P	 ? 5 ) � <|	 (5.12)

Thefittedparametersaregivenin table5.1and5.2atawavelengthof 660nm,togetherwith thespecular
albedo1 � at

. � MÔ£ Y�[
and 8Ó9 F � � . If the lattervalueis greaterthan1.3, the 8:9 testrejectsthemodel. The

samples’redaluminum’and’blue concrete’arerejected.Thecorrespondingvaluesfor wavelengths
0

of 425
nm and900nm aregivenin theappendix,tables12.1to 12.4.

In orderto visualizethesurfaceroughnessesassociatedwith thefittedwidth parameters , fig. 5.4shows
surfaceprofilesgeneratedwith a roughnesscorrespondingto  M Y s Y £�}

(Spectralon0.5) above zeroand M Y s J Ë º (redaluminum)below zero.
Thespecularalbedofor Spectralon0.5is 0.024,i.e.about5% of thereflectedradianceundergoaspecular

scatteringprocess.For Spectralon1.0, about2 % of the reflectedradianceis reflectedspecularly. These
valuesareratherhigh,especiallyfor Spectralon1.0we would have expecteda specularalbedoof about1 %
or less.

5.6.2 WavelengthDependence

The wavelengthdependenceof the BRDF of rough surfacescan be understoodbestby investigatingthe
wavelengthdependenceof theparametersretrievedfrom fitting BRDF modelsto thedata.Thereflectance1

1Thediffusereflectancecanbeobtainedby multiplying coefficient J*K with L , seefigures5.15to 5.17.
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Figure5.5: Models(TS, ON, resp.) fitted to BRDF measurementsof the SE590at 660 nm for
. � M £ Y�[

.
Positive

.P	
correspondto backwardscattering( 5 M Y [ ), negative

.L	
to forwardscattering( 5 M JXWZY [ ).
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Figure5.6: Models(TS, ON, resp.) fitted to BRDF measurementsof the SE590at 660 nm for
. � M � Y�[

.
Positive

.P	
correspondto backwardscattering( 5 M Y [ ), negative

.L	
to forwardscattering( 5 M JXWZY [ ).
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N/A

N/A

TS (660nm)

mmt. (660nm)

Figure5.7: TSmodelfittedto BRDFmeasurements(mmt.) of theSE590for Spectralon0.5atvariousangles.
A lambertiansurfacewith analbedoof 0.5hasaBRDFvalueof 0.159(Spectralon0.5actuallyhasanalbedo
of about0.51).
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TS (425nm)

mmt. (425nm)

TS (660nm)

mmt. (660nm)

Figure5.8: TS modelfitted to BRDFmeasurementsof theSE590for ’redroof tile’ at variousangles.
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ON (425nm)

mmt. (425nm)

ON (660nm)

mmt. (660nm)

Figure5.9: ON modelfitted to BRDFmeasurementsof theSE590for ’sandedroof paper’at variousangles.



5.6RESULTSOF THE SE590MEASUREMENTS 55

ON (425nm)

mmt. (425nm)

ON (660nm)

mmt. (660nm)

Figure5.10:ON modelfitted to BRDFmeasurementsof theSE590for ’asphalt’at variousangles.
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TS (425nm)

mmt. (425nm)

TS (660nm)

mmt. (660nm)

Figure5.11:TS modelfitted to BRDF measurementsof theSE590for ’aluminum’ at variousangles.
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N/A

N/A

TS (660nm)

mmt. (660nm)

Figure5.12:TSmodelfitted to BRDF measurementsof theSE590for ’blue concrete’at variousangles.
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TS (425nm)

mmt. (425nm)

TS (660nm)

mmt. (660nm)

Figure5.13:TS modelfitted to BRDFmeasurementsof theSE590for ’redconcrete’at variousangles.
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N/A

N/A

TS (660nm)

mmt. (660nm)

Figure5.14:TS modelfitted to BRDFmeasurementsof theSE590for Spectralon1.0atvariousangles.
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Sample
� � j TAo m � p � � j Teo m � p  j r ��$ m � p � 1 � 8Ó9 F ���

Spectralon0.5 0.159 � 0.002 0.16 � 0.13 0.032 � 0.002 1.53 � 0.8 0.024 1.0
Redroof tile 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 0.169 � 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 0.98 � 0.29 0.0842� 0.001 1.53 � 0.22 0.029 1.0
Spectralon1.0 0.3006� 0.0017 0.09 � 0.23 0.046 � 0.005 2.06 � 5.61 0.017 1.2

Table5.1: Parametersobtainedfrom fitting theTSmodel(eq.5.1)to theSE590dataof therespectivesample
at a wavelengthof 660nm, andthespecularalbedo1 � (eq.5.12)at

. � MÔ£ Y [
. Theparameter

�
wassetto

0.25.Seetext for a discussionof theerrorsof theparameters.Therelative errorof thespecularalbedo1 � is
estimatedto beabout5 %. Thelastcolumnshows the 8 9 valueover thedegreesof freedom

� �
.

Sample
��� ��� j TAo m �qp ��� j o 2 r p � 1 � 8 9 F � �

Sandedroof paper
Y s Y £ ��É � Y s Y�Y�Y � Y s Y � £ � Y s YZ» Y s Ë » £ � Y s Y�YZ» } s £ � J s º 0.043 1.2

Asphalt(Cadr.)
Y s JXº�º�º � Y s Y�Y�Y Ë Y s Y }�Ë � Y s Y Ë Y s £�Ë � Y s Y £ } s } � Ë s » 0.011 1.0

Table5.2: Parametersobtainedfrom fitting theON model(eq.5.8)to theSE590dataof therespectivesample
atawavelengthof 660nm. Theparameter

�
wassetto 0.25.Seetext for adiscussionof theerrors.Theerror

of thespecularalbedo1 � is estimatedto beabout5 % for thesample’Asphalt’. Thespecularalbedoof the
sample’Sandedroof paper’is considerablyoverestimateddueto ignoringtheblackbackground,seepage7,
probablyby asmuchas30%. Thelastcolumnshows the 8 9 valueover thedegreesof freedom

� �
.

of a materialcanbecalculatedfrom thebandstructurein crystals(Kittel 1996). Figures5.15,5.16and5.17
show thecoefficientsof eithertheTS modelor theON modelasa functionof wavelength,aswell as 8:9 F ���
andthespecularalbedo.

For all samples,the drop of the specularalbedofrom 700 to 750 nm discussedin section4.10canbe
seen.Thuswe will ignorewavelengthsgreaterthan700nm in thefollowing discussion.Especiallyfor the
Spectralonpanels,it canbeseenthatthediffusecomponent

���
is notaffectedatall by thisdrop.

Thediffusecomponentshows very strongvariations(e.g.factorof 15 for thesamplealuminum,see
���

in fig. 5.16)exceptfor Spectralon,whereasthespecularparametersvary by only lessthan15 % from their
meanvalue.Thewavelengthdependenceof thespecularcomponentis notstronglyrelatedto thewavelength
dependenceof thediffusecomponent.

All thesampleswith a redcolor show a maximumof the 8:9 valueat 500nm, theblueconcreteshows
a maximumat 600 nm. Thusa low reflectance(low comparedto themaximumreflectanceof the sample)
combinedwith asmallerror(seesection4.7,fig. 4.10)leadsto arejectionof theTSmodel.Thismighteither
bedueto a morecomplicatedBRDF at low reflectances,becausehigh reflectancesleadto highermultiple
scattering2 , which resultsin a morelambertianBRDF, or dueto anunderestimationof theerror 2 � ä��Gå�� (see
eq.4.6).

The valuesretrieved for � from the TS modelarequite reasonable,they lie in the expectedrangeof
[1.3,2.0] (Wolff 1994), with theexceptionof ’Spectralon1.0’, wheretheretrievedvaluesof � arerathertoo

2A high reflectanceleadsto high multiple scatteringbecauseof small absorption.Considerthis example: assumethat snow
consistsof scatteringparticleswith asinglescatteringalbedoof 0.99(i.e.99% of theincomingphotonsarereflected,1 % absorbed)
andthatcharcoalpowderconsistsof scatteringparticleswith a singlescatteringalbedoof 0.05. A photonbeingscatteredin snow
hasa99% chanceof beingreflected(highmultiplescattering),whereasaphotonbeingscatteredin charcoalpowderhasonly a5 %
chanceof beingreflected(low multiple scattering).
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Sample
��� j TAo m �Ap ��� j TAo m ��p  j r ��$ m � p � 1 � 8 9 F ���

Spectralon1.0 0.2993� 0.0037 0.04 � 0.31 0.078 � 0.020 3.48 � 45.4 0.008 1.3
Spectralon0.5 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 1.14 � 0.52 0.090 � 0.002 1.51 � 0.32 0.028 1.2
Blueconcrete 0.0688� 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
Redroof tile 0.0891� 0.0039 0.21 � 0.28 0.045 � 0.003 1.90 � 2.24 0.030 2.4
Roof tile (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 Ú Y s Y�YBJ 4.0
Brown slate 0.0210� 0.0004 1.13 � 0.40 0.085 � 0.001 1.42 � 0.17 0.025 5.1
Sandedroof paper 0.0090� 0.0014 0.065 � 0.070 0.013 � 0.002 1.96 � 2.1 0.032 2.4
RedAluminum 0.1588� 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(Ispra) 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 Ú Y s Y�YBJ 2.5

Table5.3: Parametersobtainedfrom fitting theTS model(eq.5.1) to theASD dataof therespective sample
atawavelengthof 660nm. Theparameter

�
wassetto 0.25.Seetext for adiscussionof theerrors.Theerror

of thespecularalbedo1 � is estimatedto beabout0.01,becauseASD measurementswereperformedat a far
worseangulargrid thantheSE590measurements,andfurthermoremodelandmeasurementsdo not agree
aswell asfor theSE590measurements(comparethe 8:9 F ��� of this tablewith theaccordingcolumnin table
5.1).

high. However, thevaluesretrievedfrom theON modelareusuallyabove 2.0,only for thesample’Asphalt
(Cadrezzate)’for thesuspiciouswavelengthsgreaterthan700nm � falls below 2. Thusit is probablybetter
to set � M J s��

whenusingtheON model.

5.7 Resultsof the ASD Measurements

5.7.1 Angular Dependence

Theplots in figures5.18to 5.21show theBRDF valuesmeasuredwith theASD at 660nm. Theerrorbars
areshown for eachmeasuredvalue.Thesolid line showsafit of theTSmodelto thedata.It canbeseenthat
theTS modelis capableof describingthemeasurementsqualitatively verywell. Theresultingparametersof
theTS modelaregivenin table5.3,alongwith thespecularalbedo1 � and 8:9 F ��� . Thelattershows that the
TSmodelis rejectedby the 8 9 testfor severalsamples.For adiscussionof theerrorsof thefittedparameters,
seesection6.2.

Thesampleroof tile (Opal),theconcretetilesandtheslatesamplesshow awell definedspecularpeakfor. � M JõY [
and

. � MO£ Y [ . At
. � M JõY [

, themaximummeasuredvalueis alwaysat
.L	ÛM JõY [

. At
. � M¢£ Y [ , the

shift of themaximumto higherviewing zenithanglescanbeseenfor thesampleswith thebroadestspecular
peak,’roof tile (Opal)’ and’black concrete’,who have their maximumat

. 	 M »�Y�[
. At

. � M � Y�[
, only the

samples’redslate’and’greenslate’show awell definedspecularmaximum,theothersamplesriseup to the
maximummeasuredviewing angle

.P	yM É Y�[
.
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Figure5.15: Wavelengthdependenceof the parametersof the BRDF modelsasa function of wavelength,
fitted to theSE590measurements(1/3).

� � ? � �
and  denoteparametersfrom theTS model,

��� ? � �
and

� �
denoteparametersfrom theON model.Furthermoretheratio of 8 9 over thedegreesof freedom

���
andthe

specularalbedoat
. � M~£ Y�[ is shown.



5.7RESULTSOF THE ASD MEASUREMENTS 63

Figure5.16: Wavelengthdependenceof the parametersof the BRDF modelsasa function of wavelength,
fitted to theSE590measurements(2/3).

� � ? � �
and  denoteparametersfrom theTS model,

��� ? � �
and

� �
denoteparametersfrom theON model.Furthermoretheratio of 8 9 over thedegreesof freedom

���
andthe

specularalbedoat
. � M~£ Y�[ is shown.
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Figure5.17: Wavelengthdependenceof the parametersof the BRDF modelsasa function of wavelength,
fitted to theSE590measurements(3/3).

��� ? ���
and  denoteparametersfrom theTS model.Theratio of 8 9

over thedegreesof freedom
���

andthespecularalbedoat
. � MI£ Y�[ is shown, too.
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TheSpectralonpanels,thesamples’red roof tile’ and’dirty roof tile’, the roof papers,walkway, Ispra-
asphaltandwallpaperdo not show a well definedspecularmaximum. Thusfor thesesamplesit is hardto
decidewhethertheriseat largeviewing anglesis dueto a specularpeakor dueto a non-lambertiandiffuse
component,causedby (internal)volumescattering.However, it is very likely that the rise is indeeddueto
specularreflectance,becausetheTS modelcandescribetheshapequitewell, andthesurfacesareall very
rough,which is in accordwith thepredictionof a largeshift of themaximumof thespecularpeak.Therise
cannot be explainedby a BRDF modelapplyinggeometricalopticsto diffusescatteringon roughsurface
structures,becausethis would predicta decreasein forwardscatteringdirection,not anincreaseaswe seeit
in thedata.

The specularcomponentof the BRDF for the sample’plastic’ could not be modeledfrom the ASD
measurements,becauseall measurementsof this samplein thespeculardirection

. � M~.L	 areoverflows, thus
only the lambertiancomponentof the TS model is plotted. It is interestingto note that at

. � M Ë � [
, the

measuredBRDF valueat
.L	ÝM É Y�[

of about0.8 is muchhigherthanthemeasuredBRDF valueat
.P	ÝM¢Ë Y�[

of about0.35,althoughbothanglesare
� [

away from thespeculardirection
. � Mv. 	 . This is againin accord

with thepredictionof theTS modelof ashift of thespecularpeaktowardslargerzenithangles.
For several samples,measurementswith the SE590are available as well. They are shown as stars,

togetherwith their errorbars. As we showed in section4.10, the resultsfrom both instrumentsagreevery
well at thewavelength

0 MvË�Ë Y
nm.

5.7.2 WavelengthDependence

TheASDFieldspecconsistsof 3 unitsthatcoverdifferentwavelengthranges,seesection4.8.1.Weprocessed
datafrom thesecondunit in the wavelengthrange1100nm to 1700nm anddatafrom the third unit from
1900nm to 2300nm. We will show that both theseunits show featuresthat make themunreliablefor the
analysisof specularreflectancemeasurements.

Fig. 5.23shows thespecularalbedoderivedfrom fitting theTS modelto theASD data.Trianglesshow
the specularalbedoat

. � M £ Y�[
, starsat

. � M � Y�[
. It can be seenthat in the wavelengthrangeof the

secondunit, the shapeof the curve is alwaysgiven by a decreasefrom 1100nm to 1400nm, from 1400
nm to 1700thecurve continuesrelatively flat. This shapeis soconsistentthat it is mostlikely producedby
saturationproblemsof theASD at high intensities(below we will seethat this shapedoesnot occurfor the
diffusecomponent).Fromtheblack-bodyspectrumshown in fig. 5.22for 2850K (a typical temperatureof a
halogentungstenbulb like theoneusedin this study)we seethatthemaximumintensityis emittedat about
1000nm. But fig. 4.12on page34 shows very low measuredcountsat 1100nm inspiteof the high lamp
intensity, i.e. theASD is not very sensitive at thiswavelength.

In thewavelengthrange1900nm to 2300nm, thereis a consistentpatternaswell: thespecularalbedo
riseswith wavelengthfor

. � M � Y�[
muchstrongerthanfor

. � MÖ£ Y�[
, with theexceptionof thesample’red

roof tile’, whichhasa very broadspecularpeakandthusdoesnot reflectasstrongintensitiesin thespecular
directionastheothersamples.Therisecouldbedueto a saturationproblemaswell, becausethe reflected
radiancesarehigherfor

. � M � Y�[ thanfor
. � Mv£ Y�[ , by about80 % for � M J s�� and

� M Y s } �
. Althoughit is

alsopossiblethattheriseof thespecularalbedoat
. � M � Y [ is causedby a decreaseof � in thatwavelength

range,it is ratherunlikely to occurfor all sampleswith asharpspecularpeak.
A strict treatmentwould thusdiscardall wavelengthsfrom measurementsof thesecondaswell asfrom

the third unit for high intensities.However, it is very likely that the errorsresultingfrom thesesaturation
problemsarein therangeof lessthan30 %, becauseall theobviously saturatedmeasurementshave already
beendiscarded,seesection4.9.2, page38. Thus we canderive from the wavelengthdependenceof the
specularalbedo(seeFigures12.12to 12.15,page158 to 161,appendix)that it usuallyvarieslessthan30
% over thewavelengthrange450nm to 2300nm. This is significantlylessthanthevariationin thediffuse
component.E.g.thediffusecomponentof ’redconcrete’showsadropfrom 1900nmto 2300nmof about50
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Figure5.18:TSmodel(solid line) fitted to BRDFmeasurementsof theASDFieldspecat660nm(errorbars)
for severalsamplesin forwardscatteringdirection

% 5 M JXWZY�[ )
for 4 differentillumination angles

. � . Stars
show therespective measurementswith theSE590.
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Figure5.19:TSmodel(solid line) fitted to BRDFmeasurementsof theASDFieldspecat660nm(errorbars)
for several samplesin forwardscatteringdirection

% 5 M JXWZY�[ )
for 4 differentillumination angles

. � . Stars
show therespective measurementswith theSE590.
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Figure5.20:TSmodel(solid line) fitted to BRDFmeasurementsof theASDFieldspecat660nm(errorbars)
for severalsamplesin forwardscatteringdirection

% 5 M JXWZY�[ )
for 4 differentillumination angles

. � . Stars
show therespective measurementswith theSE590.
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Figure5.21:TSmodel(solid line) fitted to BRDFmeasurementsof theASDFieldspecat660nm(errorbars)
for several samplesin forwardscatteringdirection

% 5 M JXWZY�[ )
for 4 differentillumination angles

. � . Stars
show therespective measurementswith theSE590.
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Figure5.22: Thenormalizedblack-bodyspectrumfor a temperatureof 2850K. Themaximumis at about
1000nm.

%, thediffusecomponentof ’greenslate’dropsby 50 % from 1100nm to 1700nm,redconcreterisesfrom
0.015 TAo m � at 450nm to 0.18 Teo m � at 1200nm anddropsto 0.06 Teo m � at 2300nm. Noneof thesevariations
is accompaniedby a similar variationin thespecularalbedo.ThustheASDmeasurementssuggestthat the
specularreflectancedoesnotdependon thediffusecomponentfor thefull wavelengthrange from450nmto
2300nm.

Anotherproblemof our ASD measurementsis illustratedin fig. 5.24.Thestarsshow thespecularwidth
(parameter from theTS model)derived from ASD measurementsof thefirst unit (wavelengthrange450
nm to 900nm), thesolid line shows  derivedfrom SE590measurements,thedashedline shows  derived
from SE590measurementschoosingonly angularcombinationswith 5 M JXWZY�[

. The dashedline differs
from thesolid line by about10 %, beingeithertoo high or too low. This illustratesa problemdiscussedby
(Lucht & Lewis 2000): theavailableangleshave a critical influenceon theparametersderived from BRDF
measurements.As the solid line is derived from the bestangularcoverage,it is the most reliableone. It
canbeseenthat thestarsareabout10 % higherthanthesolid line. Thustheerror to beassociatedwith the
parameter derivedfrom theASD measurementsis at least10%.

It is obvious that this deviation is indeedrelatedto the angularcoverageandnot to sensorproblems:
TheASD measurementsalsohave 5 M JXWZY�[

for all angles,althoughthechoiceof zenithanglesis slightly
different(e.g.theASD measuredat

. � M JõY�[
). Starsanddashedline agreewell for theconcretesamples,

thedeviationsabove 700nm aredueto theSE590,seeabove. For ’red roof tile’,  derived from theASD
measurementsis about10 % higher than  derived from SE590measurementswith 5 M JXWZY�[

, but this
deviation is still muchsmallerthanthedeviation of thestarsandandthesolid line.

In theTS model,thediffusecomponentis givenby the lambertiancomponent
�q�

multiplied by � . It is
shown in fig. 5.25asa function of wavelength. The statisticalerror for

�q�
is usuallyabout1 %, seetable

5.3.However, weexpectthelambertianassumptionto betrueto only about5 % onaveragefor oursamples.
Thustheaccuracy of thediffusealbedois alsoestimatedto be5 %.

The reflectancescover a wide rangeof values. The strongestvariationscanbe found for wavelengths
below 900 nm, above 1100nm the reflectancesarequite smooth. It is interestingto notethat for several
samples,which we expect to be abundantin remotelysensedimagesof urbanareas,like roof tiles and
asphalt,thereflectanceincreasesstronglywith wavelength.Furthermoreit canbeseenthatpaintedsurfaces
show distinctpeaks(producedby thecolorpigments),whereasthediffusereflectanceof non-paintedsurfaces
variessmoothlywith wavelength.
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Figure5.23:Comparisonof thespecularalbedoatdifferentincidentzenithangles
. � , derivedfrom fitting the

TS modelto theASD data.Thetrianglesshow thespecularalbedoat
. � M £ Y�[ , thestarsshow thespecular

albedoat
. � M � Y [ .
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Figure5.24: Comparisonof thespecularwidth parameters derivedfrom fitting theTS modelto ASD and
SE590data.Solid line shows  whenfitting to all SE590measurements.Dashedline shows  whenfitting
only to SE590measurementswith 5 M JXWZY [

. Starsshow  whenfitting to ASD measurements,who also
have 5 restrictedto

JXWZY�[
, but aslightly differentzenithanglecoverage.
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Figure5.25:Thediffusecomponentderivedfrom fitting theASD datato theTSmodelis shown asafunction
of wavelength.In theTS model,thediffusecomponentis givenby the lambertiancomponent

�q�
multiplied

by � .
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5.8 Comparisonwith Previous Measurements

The BRDF of several of the samplesusedin this studyhadbeenmeasuredbeforein a field measurement
campaign(Meister1995) usingthespectrometerOVID (Bartschet al. 1994). Thesampleswereplacedon
a goniometertable,which madeit possibleto measureat differentcombinationsof angleswithout moving
the detector. BRDF valueswereobtainedfor 35 differentcombinationsof angles.The illumination angle
wasgivenby thesunposition.Thevaryingsunpositionmadeit impossibleto measureexactlya regulargrid
of angles,thuswe cannotcomparethemeasurementsdirectly. However, the in situ measurementscover the
wholeupperhemisphereatdifferentilluminationangles,similar to thelaboratorySE590measurements,and
anempiricalfunctionwasfitted to thesemeasurements.The 8:9 testshows thatthe in situBRDFdatacanbe
well describedby theempiricalfunction.Thuswe cancomparethis functionwith theSE590measurements
andtheTS model.

The empirical function consistsof a combinationof polynomialsof anglesproposedby (Walthall et
al. 1985), modifiedby (Liang & Strahler1994) to accountfor the reciprocityprinciple,andextendedby a
specularpeakby (Meister1995), (Meisteret al. 1996):�
	�M � � § � � a % . 9� § . 9	 ) § � 9 a % . � aL.P	 ) 9 § � 6 aL. � aX.P	{a QSR�T %*M�) § � µ aX� 3N�O ò � ø O � þ ô � aõ� m �P�O Q � (5.13)

whereR is therelative angleto thespeculardirection:QSR�T	R_^ � Ted7f . � Ted�f . 	 QSR�T 5 § QSR�T . � QSR�T . 	 (5.14)

see(Meisteretal. 1998c) for moredetailsonthespecularterm.Thefittedparametervalues� � to �TS aregiven
in (Meister1995). Threesamplesweremeasuredwith theSE590andthegoniometertable:redroof tile, red
aluminumandSpectralon0.5. TheSpectralon0.5wasmeasuredin thelaboratory, anda differentempirical
functionwasfitted to thedata:�
	�M � � � � � a % . µ� § . µ	 ) § � 9 a % . � aX.L	 ) 6 aõ� m �U�O Q � § 2 µ a %*M � � } ) aWV . � aX. , (5.15)

The comparisonfor the Spectralon0.5 is shown in fig. 5.26. The centerof the horizontalbarsshows the
BRDF valuemeasuredwith the SE590,the horizontalbarsthemselves indicatethe measurementerror. It
canbeseenthat theoverall agreementbetweentheempiricalfunction (dashedline) andthedatameasured
with theSE590is very good. In somecases,thedashedline fits evenbetterthantheTS model(solid line),
especiallyfor

. � M¤Ë � [
? h M J £ � [
. The TS model agreesconsiderablybetterfor

. � M � Y [
? h M JXWZY [
,. � MÔË � [ ? h M JXWZY�[

,
. � MÔË � [ ? .P	ïM É Y�[

, thespecularpeakof theempiricalfunction is too high for these
plots.

Fig. 5.28shows thecomparisonof theempiricalfunctionof eq.5.13with theSE590datafor thesample
’redaluminum’.Thespecularpeaksagreeremarkablywell for

. � M~£ Y�[ ? h M JXWZY�[ and
. � M � Y�[ ? h M JXWZY�[

.
For

. � M Ë � [Z? h M JXWZY [
the specularpeakderived from the goniometertabledatareachesonly half the

maximumvalueof thespecularpeakderived from theSE590data.A likely reasonfor this deviation is the
angularsamplingof the goniometertabledata. The closestangularcombinationto the speculardirection. � MîË � [
? .L	áMîË � [
? h M JXWZY [

availablein thedatasetby (Meister1995) is
. � M É } [
? .P	 MÖË�Ë [Z? h M JXWZY [

,
i.e. the maximumof the specularpeakwas not measured.In this case,an empirical function cannotbe
expectedto provide goodresults.

The diffusecomponentof the empirical function of ’red aluminum’ shows a decreasewith increasing
zenithanglesthat is not well supportedby thedata,seee.g.

. � MÜ£ Y [
? h M ºZY [ or
. � M � Y [
? h M Y [ . On the

otherhand,for
. � M�Ë � [ ? h M ºZY�[

thepredictionsby theempiricalfunction arein muchbetteragreement
with theSE590datathantheTS model.

Thecomparisonfor theredroof tile is shown in fig. 5.27.Theanglesfar off thespeculardirectionagree
very well. But thereis a strongrise for

. � MàË � [ ? h M J £ � [
, anda very strongoverestimationof thewidth
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perpendicularto theplaneof incidencefor
. � MîË � [Z? .P	áM É Y [

. A possiblereasonfor thesedeviationsis a
featureof thespecularpeakdiscussedin thefollowing chapter:thewidth of thespecularpeakperpendicular
to theplaneof incidencedecreaseswith theincidenceangle.This feature is not modeledby the empirical
functions of equations5.13and 5.15. Thusthe TS modelis clearly preferableto the empiricalfunctions
for surfaceswith astrongspecularpeakandadiffuseLambertiancomponent.Thecoarseangulargrid of the
goniometertablemeasurementspreventedtheshortcomingsof theempiricalfunctionsto be noticedin the
studyby (Meister1995).

For
. � Mæ£ Y [
? h M JXWZY [

a specularpeakis modeledthat is not supportedby the data. This may also
bedueto shortcomingsof theempiricalfunction,which is not capableof modelingtheshift of thespecular
peaktowardslargezenithanglesaswell astheTS model.

Thediffusecomponentof theredroof tile agreesquitewell for goniometertabledataandSE590data,in
factit is difficult to decidewhethertheempiricalfunctionor theTSmodelagreebetterwith theSE590data.

Comparisonsof theempiricalfunctionandtheTSmodelderivedfrom ASD datafor thesamples’plastic’,
’walkway’ and’brown slate’areshown in fig. 12.16in theappendix.They arefar lessinformative, because
the ASD datawasonly taken in the forward scatteringdirection. Furthermorethe ASD measurementsof
thesampleplasticin thespeculardirectionwereoverflows. Theempiricalfunctionfitted to thegoniometer
tabledatashows a specularpeakthat is muchbroaderthanwhatwe estimatedfrom theASD data(a width
of lessthan

£ [
). The BRDF of sampleswith a sharpspecularpeakcannotbe determinedwith an angular

grid ascoarseastheoneusedin (Meister1995). Theempiricalfunctionfor thesample’brown slate’agrees
quite well with the ASD data. The ’walkway’ samplesusedat the EGO measurementcampaignand in
(Meister1995) werenot identical,thusthedifferencescouldbedueto differentsurfaceproperties.

We concludethat thereis a goodoverall agreementbetweentheBRDFsderived from goniometertable
dataand laboratorydata. Becauseof the controlledmeasurementconditionsandthe finer angulargrid at
which BRDF valuesweremeasured,the laboratorydatamustbe seenasmorereliable. However, figures
5.27and5.28show that in situ BRDF measurementsusinga goniometertablecanyield comparableresults.
Weexpecttheagreementto improve if a physicallybasedfunctionlike theTS modelis usedto describethe
goniometertabledataaswell.
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empirical

function

TS model

measurements

Figure5.26:TSmodel(solid line) fitted to BRDFmeasurementsof theSE590at660nm(errorbars)andthe
empiricalfunctionof (Meister1995) (dashedline) for Spectralon0.5.
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empirical

function

TS model

measurements

Figure5.27:TSmodel(solid line) fitted to BRDFmeasurementsof theSE590at660nm(errorbars)andthe
empiricalfunctionof (Meister1995) (dashedline) for ’redroof tile’.
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empirical

function

TS model

measurements

Figure5.28:TSmodel(solid line) fitted to BRDFmeasurementsof theSE590at660nm(errorbars)andthe
empiricalfunctionof (Meister1995) (dashedline) for ’redaluminum’.



Chapter 6

The Width of the SpecularPeak
Perpendicular to the Principal Plane

6.1 Overview

Theshapeof thespecularpeakof roughsurfacesis neededfor applicationsin computervision (like image
rendering,objectrecognition)andremotesensingfor all problemsthat involve thespecularBRDF of rough
surfaces,e.g.classificationor changedetection.In thischapter, thewidth of thespecularpeakperpendicular
to theprincipalplaneis investigated.

We comparedtheBRDF modelof (Torrance& Sparrow 1967) to BRDF measurementsof 4 man-made
surfaceswith very differentroughnesses.We foundthat thewidth of thespecularpeakperpendicularto the
principal planedecreasesstronglywith increasingillumination zenithangle,in the dataaswell as in the
model.This featureof thespecularpeakhasnot beenacknowledgedbeforein theliterature,e.g.thewidely
usedspecularBRDFmodelby (Phong1975) assumesaconstantwidth.

A modelanalysisshows thatthewidth perpendicularto theprincipalplaneis approximatelyproportional
to thecosineof theilluminationangle

. � , thedeviationsaredeterminedby theroughnessof thesurface.This
relationis accompaniedby an increasein reflectancein thespeculardirectionin theprincipalplanethat is
strongerby a factorof

J FÓQSR�T . � thantheincreasefor a perfectlysmoothsurface.
A comparisonwith resultsfrom (Rothkirchet al. 2000) suggeststhat the TS modeloverestimatesthe

increaseof thespecularalbedowith increasingillumination angle.
Preliminaryresultsof this chapterhave beenpublishedin (Meisteretal. 2000).

6.2 Measurementsand Model Results

For this chapter, we will restricttheanalysisto a wavelengthof 660nm,becauseat this wavelengthwe can
obtainthecoefficient of absorption

�
from (Rothkirchetal. 2000) for thesample’roof tile’.

We fitted the parametersof the TS model to our datausinga least-squarefitting routinefrom the pro-
grammingpackageIDL. We did not usemeasurementswith a relative azimuth 5 smallerthan

ºZY�[
, because

wewantto focusour investigationon thespecularpeak.For theroof tile weobtained145measurements,for
theother3 samples122measurements.TheTSmodelis drivenby 5 parameters:

��� ? ��� ?  ? � and
�
. Thusthe

numberof measurementsis clearlysufficient. But theparameters
�

and � cannotberetrievedsimultaneously,
their effect on theFresnelreflectancein conjunctionwith thespecularintensityparameter

���
is not unique

for illumination anglesX É Y�[
. This canbeseenfrom fig. 6.1. Thesolid line shows theFresnelreflectance

for
� M Y

and � M J s��
asa function of illumination angle

. � . The crossesshow the Fresnelreflectance
for

� M Y s »
and � M J s £ �

, normalizedto the value
. � M Y�[

of thesolid line. It canbe seenthat different
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Figure6.1: TheFresnelreflectancefor unpolarizedillumination asa functionof illumination anglefor dif-
ferentparameters� ? � . The solid line shows the Fresnelreflectancefor

� M Y
and � M J s��

, the crosses
show theFresnelreflectancefor

� M Y s »
and � M J s £ �

, normalizedto thevalue
. � M Y�[

of thesolid line.
Thedottedline shows theFresnelreflectancefor

� M Y s } ? � M J s Ë
, the starsshow theFresnelreflectance

for
� M Y s���� ? � M J s »

, normalizedto thevalueof the dottedline at
. � M Y�[

. It canbe seenthat different
parameters

�
produceavery similar shapeof theFresnelreflectanceif theindex of refraction� is adjusted.

parameters
�

produceaverysimilarshapeof theFresnelreflectanceif theindex of refraction� andthespec-
ular intensityparameter

���
areadjusted.Thedottedline (Fresnelreflectancewith

� M Y s } ? � M J s Ë
) shows

anotherexample:it canhardlybeseparatedfrom thestars(Fresnelreflectancewith
� M Y s���� ? � M J s »

, nor-
malizedto thevalueof thedottedline at

. � M Y [ ). Thusit is impossibleto retrieve theparameters
� ? � andthe

specularintensityparameterfrom BRDFmeasurementsif neitherof themis known. Additional information
canbe obtainedfrom e.g.polarizedBRDF measurements(aspresentedin (Rothkirchet al. 2000)), which
allow amuchbetterdiscriminationbetweentheparameters� and

�
.

Previousauthorshave set
� M Y

, like e.g.(Ginnekenet al. 1998). However,
� M Y

is incompatiblewith
thepolarizedBRDF measurementspresentedin (Rothkirchet al. 2000) on thesameredroof tile asusedin
thisstudy. Weadoptedthevalueof

� M Y s } �
from (Rothkirchetal. 2000) andsetthisparameterconstantfor

all samples.Thevalue � M J s W É weobtainfrom fitting (seetable6.1)using
� M Y s } �

is higherthanthevalue
given in (Rothkirchet al. 2000) ( � M J s £ �

). The fact that our fitting result for � is too high suggeststhat
theTS modeloverestimatesthe increaseof thespecularalbedowith increasing

. � (assumingthat � M J s £ �
is thetruevalue),becausea low valueof � is accompaniedby a strongincreaseof thespecularalbedowith
increasing

. � .
WeconcludethattheFresnelparameters� and

�
retrievedby fitting candescribetheshapeof thespecular

peakvery well, but from unpolarizedBRDF measurementsit is impossibleto determinereliablevaluesfor� and
�
. However, it is reassuringthat the retrieved valuesarewithin the expectedrangefor dielectrics% �Y� j J s £ ? } s Y p (Wolff 1994).

Thefitted parameters
��� ? ��� ?  and � aregiven in table6.1 for the4 samples.

� �
denotesthedegreesof
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Sample
�q� j TAo m �qp ��� j TAo m �qp  j r ��$ m � p � � 8 9 F � �

Roof tile 0.082 � 0.001 0.18 � 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 1.52 � 0.20 0.25 � 0.51 1.1
Blueconcrete 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: Parametersobtainedfrom fitting theTS model(eq.5.1) to theSE590BRDF dataat a wavelength
of 633 nm. The parameter

�
wasset to 0.25. Seetext for a discussionof the errors. The parametersat a

wavelengthof 660nm werepresentedin table5.1.

freedom(numberof measurements( Z ) minusnumberof parameters(5 in thiscase)),8:9 is definedas

8 9 M\[ª � % � � �  å � ,]� �	 ó � �±� � ä � � ��� � �	 ó � ) 92 9� (6.1)

where2E� is themeasurementerrorof the

’ th measuredBRDF value

� � �  å � ,]� �	 ó � .
The fit only passesthe 8:9 test for ’red concrete’,the acceptancethresholdfor 8:9 is about1.3 for a

significancelevel of 1 % (Brandt1992). The rejectionof ’blue concrete’and ’red roof tile’ is due to the
diffusecomponent,e.g.at a wavelengthchannelof 680nm, 8Ó9 M J s £

), seealsofigures5.15and5.16. The
rejectionof ’redaluminum’mustbeattributedto both thespecularandthediffusecomponent,becausethe
intensityof thespecularpeakis predictedtoo low for high illumination angles,seefig. 6.2.

Theerrorswerecalculatedaccordingto (Brandt1992) usingaTaylorexpansionbecauseof thenonlinear-
ity of theTSmodel.Herewetreated

�
asafreeparameter(althoughweactuallyusedthefixedvalueof 0.25)

to be ableto calculatethe uncertaintyfor this parameter. The errorscanonly be seenasroughestimates,
becausetheTaylorexpansionof theFresnelreflectancewith respectto theparameter

�
"&% � § 2_^ ) M "g% � )D§ ` "` � a 2_^ (6.2)

is apoorapproximationfor thelarge 2	^ of table6.1.
The model BRDF valuesare plotted in figs. 6.2 and 6.3 (solid line), togetherwith measuredvalues

(crosses).Themeasurementerrorsareplottedasvertical bars,often they areso small that they canhardly
beseenin theplot. Theplotsshow thatthemodelfits themeasurementsquitewell, thestrongestdeviations
occurfor thesampleredaluminum,wheretheintensityof thespecularpeakis underestimated.

Fig. 6.2 shows thewell known shift of themaximumof thespecularpeaktowardshigherzenithangles
(especiallyfor

. � M � Y [
). The roof tile hasa very broadspecularpeak,the aluminumhasa very sharp

specularpeak,andthewidth of thespecularpeakof theconcretetiles is in between.

6.3 Width of the SpecularPeakPerpendicular to the Principal Plane

Fig.6.3showsthefeatureof thespecularpeakthatthischapterfocusesupon.TheBRDFvaluesareplottedas
a functionof therelative azimuthangle 5 , with

.P	«M~. � for
. � MO£ Y [Z? � Y [ , and

.P	�M É Y [
for
. � MvË � [ . It can

beseenthatthewidth of thepeakswith respectto theazimuthangledecreasesdramaticallywith increasing
zenithangle.It canbeseenthattheazimuthalwidth reducesby about50 % whenincreasing

. � from
£ Y [

to� Y�[
, andby about75 % whenincreasing

. � from
£ Y�[

to
Ë � [

. Thedramaticchangeof shapeof thespecular
peakdata,which is obviously in accordwith theTS model,is not predictedby simplermodelslike e.g.the
Phongmodel(Phong1975). For a bettercomparison1, the lastplot in eachrow shows themodeledvalues

1EventhePhongmodelshows a decreaseof theazimuthalwidth with increasingzenithangle(however lessstrongthantheTS
model)dueto thedefinitionof theazimuthangle.
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Figure6.2: BRDF of thesamplesat differentillumination angles
. � asa functionof viewing zenithangle

.L	
in forward scatteringdirection

% 5 M JXWZY�[ ) . Starsdenotemeasuredvalues,thesolid line showstheTSmodel
predictionsusingtheparameters fromtable6.1. Thesampleshavespecularpeaksof different intensityand
width(widestfor roof tile, narrowestfor aluminum).Theverticalbarswithin thestarsshowthemeasurement
error. Theshift of the maximumof the specularpeaktowards higher zenithanglescan be seenespecially
well at illumination angle

. � M � Y�[ .
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Figure6.3: BRDF of the samplesat constantzenithangles
. � ? . 	 as a functionof azimuthangle 5 . Stars

denotemeasuredvalues,thesolid line showstheTSmodelpredictionsusingtheparameters fromtable6.1.
Thevertical bars within thestars showthemeasurementerror. Thelast columnshowsthemodeledspecular
peakonly(i.e. themodeledvaluesminusthecoefficient

�q�
) normalizedto its maximumvalue, asafunctionof

theanglerelative to thespeculardirection. Solidline shows
. � MI.P	|Mv£ Y�[ , dashedline shows

. � M .P	|M � Y�[
and dottedline shows

. � Mñ. 	 MæË � [
. It can be seenthat the width of the specularpeakdecreaseswith

increasingilluminationangle.
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minus
�q�

(i.e. thespecularpeak,without thediffusecomponent)of thethreepreviousplots2normalizedto the
maximumvalue.Thedataareplottedasa functionof theanglerelativeto thespeculardirection(definedasR in eq.5.14on page74), to emphasizethedecreaseof thewidth of thespecularpeakperpendicularto the
principalplane.For aBRDFmodelwith aconstantwidth perpendicularto theprincipalplanelike thePhong
model,the3 lineswould lie exactlyon topof eachother.

The mathematicalexplanationfor this effect canbe found in eq. 5.5. Let us assumean illumination
zenithangleof

. � M » � [ . To directtheincomingray to either j .L	�M~£ � [ ? 5 M JXWZY�[ p or j .P	|M ��� [ ? 5 M JXWZY�[ p ,
i.e. a deviation of

JõY [
off thespeculardirection j .P	 M » � [
? 5 M JXWZY [ p

within theprincipal plane, a surface
facetwith normal

' M � [
is neededaccordingto eq.5.5 (orientedtowardsthe light sourcefor

.L	gM £ � [
,

orientedaway from the light sourcefor
. 	 M ��� [

, seealsoeq.6.3 below). This resultis independentof
. � .

To direct the ray to j .P	ïM » � [
? 5 M J É Y [ p
, i.e.

JõY [
out of theprincipal plane, we alsoneeda surfacefacet

with a normalof
� [

. But this resultdependsstrongly on
. � . For

. � M�Ë � [
, we needa surfacefacetwith a

normalof
' M JõY s Ë [

to direct the ray to j .P	�MèË � [
? 5 M J É Y [ p
. For

. � Mè£ Y [
, we needa surfacenormal

of only
' Mö} s º�[

. The amountof surfacefacetswith normal
'

is given by eq.5.4.
' M Y�[

is the most
abundantsurfacenormal, the probability of a surfacefacethaving the normal

'
decreasesmonotonously

with
'

. This meansthat therearemoresurfacefacetswith a normalof
' M } s º�[

(neededto direct the light
towards j . 	 M�£ Y�[ ? 5 M J É Y�[ p

with
. � M�£ Y�[

) thansurfacefacetswith a normalof
' M JõY s Ë [

(neededto
directthelight towards j .P	|MvË � [Z? 5 M J É Y [ p with

. � M~Ë � [ ). Thustheintensityof reflectedlight is stronger
at j . � M .P	ðM £ Y�[ ? 5 M J É Y�[ p

thanat j . � Mà.L	ðMÔË � [ ? 5 M J É Y�[ p
, i.e. theazimuthalwidth of thespecular

peakdecreasesfor high illuminationangles.
It is easyto seethatthezenithalwidth of thespecularpeakdoesnotdependon thezenithangle,because

in theprincipalplane(forwardscattering,i.e. 5 M JXWZY�[ ) ' is givenby (Torrance& Sparrow 1967)

' M .P	��ê. �} (6.3)

andderiving
'

with respectto
.P	

yieldsaconstantvalue
J F } . Thusto increasetheangleof reflection

.P	
by
JX[

,
thesurfacefacetmustbetilted anadditional

Y s�� [
to achieve specularscattering,independentof

. � . Deriving'
with respectto 5 with

. � M .L	
, eq.5.5 mustbeused.The resultis shown in fig. 6.4 asa functionof

. � .
Obviously thederivative increasesstronglywith

. � . E.g.,increasing5 M JXWZY�[
by
JX[

requiresanincreaseof'
by ` } s W [ at

. � M WZY [ , but at
. � Mv£ Y [ anincreaseof

'
of only ` Y s £ [ is needed.

This effect wasconfirmedby a simpleexperiment:we directeda lasertowardsa tilted mirror at a high
illuminationangle,andturnedthemirror aroundits axis.Thelight beamhit averticalplane,andwe marked
thepathof the light ray while turningthemirror. After projectingtheverticalplaneontoa spherecovering
theupperhemisphere,weobtainedanellipse,thelargeraxisin thevertical,thesmalleraxisin thehorizontal
direction(notethatthespecularpeakpredictedby theTSmodelis notanellipsedueto theFresnelreflectance"

, theGeometricAttenuationFactor
#

, andmostnotablythedivision by thecosinesof thezenithangles,
seeeq.5.1).

It is importantto recognizethatonly theshapeof thespecularpeakchangeswith illuminationangle.The
overall intensityof thespecularpeakdoesdependon theillumination angle,but only becauseof theFresnel
Reflectance

"
(andmaskingandshadowing effects). Theeffect of the reductionin azimuthalwidth on the

total intensityis compensatedby thedivision by thecosineof theillumination zenithangle QSR�T . � in eq.5.1.
This is anotherinterestingeffect predictedby theTS model: for a roughsurface,the increaseof theBRDF
in thespeculardirection(

.L	ÝMO. � ? 5 M JXWZY�[
) asa functionof theillumination angle

. � is strongerthanfor a
smoothsurface,by a factorof

J FÓQSR�T % . � ) . This is shown in fig. 6.5,wherethesolid line shows theBRF for a
perfectlysmoothsurface,andthedashedandthedottedline show theBRFsfor a roughsurface,normalized
to theBRFof thesmoothsurfaceat

. � M Y�[ .
2We ratherusedvaluesat Î �DÏ Î x Ïbadc insteadof thevaluesat Î �DÏ(e�Ð ÍdftÎ x Ïba�c becausethis allows a consistentcomparison.
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Figure6.4: Thederivative of
'

(eq.5.5) with respectto 5 asa functionof the illumination zenithangle
. �

with
.P	�MI. � and 5 increasingfrom

JXWZY�[
. Thesmallvariationsfor illuminationanglestoward0 areproduced

by computationallimits.

WeuseBRFratherthanBRDF, becausetheBRDFof aperfectlysmoothsurfaceis adeltafunction(only
BRF is directlymeasurable).BRF is definedas(Nicodemuset al. 1977)gï,b"&% ; � ? ; 	 ) M �< � <y	 aZu w�x u w�� �
	 % . � ? h � ? .L	 ? h 	 ) � <y	 � < � (6.4)

For ourpurpose,theintegrationhasto becarriedoutover theapertureof sensorandlight source.
Assumingthattheirradiancecoversthefull field of view of thedetector, theBRF for aperfectlysmooth

surfacein thespeculardirectionis givenbygï,b"&% . � MI.P	 ? 5 M JXWZY [ ? < � ? <y	 ) ` � a � 	+ � M � a � 	+ � a QSR�T . � M� a � � a "&% � ? � ? . � )+ � a QSR�T . � M � a � � a "&% � ? � ? . � )� a � � a QSR�T . � M "&% � ? � ? . � )QSR�T . � (6.5)

where
+ �

is theirradiancefor nadirilluminationand � � is theradianceof thelight source.
In fact,we expectmaskingandshadowing effectsto reducetheincreaseof theBRF’sof roughsurfaces,

unfortunatelythe TS modelpredictsneithermaskingnor shadowing at all in the speculardirection(
.L	ÑM. � ? 5 M JXWZY�[ ), whichis probablynotveryrealistic.Especiallyfor largezenithanglesmaskingandshadowing

effectsbecomeimportant.
We define’specularalbedo’as the directional-hemispherical reflectanceas definedby (Nicodemuset

al. 1977) dueto thespecularpeak.It canbecalculatedby integratingeq.5.1over theprojectedsolid angle� <
of theupperhemisphere,setting

� � M Y
. Thestrongerincreasein intensityin theprincipalplaneof the

BRF of a roughsurfacecomparedto a smoothsurfaceis shown in fig.6.5. It doesnot resultin an increase
in specularalbedo.We will show that the width of thespecularpeakperpendicularto theprincipal plane
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Figure6.5: Thesolid line showstheBRFin thespeculardirection(
. 	 MI. � ? 5 M JXWZY�[ ) for aperfectlysmooth

surface,thedashedline shows theBRF in thespeculardirectionfor a roughsurface,normalizedto theBRF
valueof thesmoothsurfaceat

. � M Y�[
. TheFresnelreflectanceis determinedby � M J s��

and
� M Y s } �

in
bothcases.Thewidth of thespecularpeakis assumedto bemuchlargerthantheapertureof thesensor.

decreasesapproximatelyproportionalto QSR�T . � , andthiseffectcancelstheincreasein intensityin theprincipal
plane.

Thestrongerincreaseof theBRDFin theTSmodelascomparedto theBRFof aperfectlysmoothsurface
led (Nayaret al. 1991) to rejecttheTS modelfor very smoothsurfaces.Our findingsshednew light on this
topicandextendthepossiblerangeof applicabilityof theTS modelevento verysmoothsurfaces.However,
for very smoothsurfacesit is necessaryto verify that the apertureof the sensoris small enoughto allow
theapproximation

gï,b" ` � a��
	 , otherwisetheBRF predictedby theTS modelhasto becalculatedfrom
eq.6.5.

It is difficult to judgethewidth of thespecularpeakfrom fig. 6.3,becausetheazimuthalwidth covered
by a fixed solid angledecreaseswith increasingzenithangle(a solid anglecovering 4 . M 4 5 M JX[

at.�M ºZY�[
still hasa zenithalwidth of 4 .�M JX[

at nadir, but an azimuthalwidth of 4 5 M JXWZY�[
). Thuswe

determinedtheangleperpendicularto theprincipalplane,atwhich theBRDFvaluedueto thespecularpeak
dropsto half its maximumvalue. The Full Width Half Maximum (FWHM) perpendicularto the principal
planeis twice thisangle,becausethefull width extendsto eithersideof thespecularpeak.Morespecifically,
for every illumination angle,we computedthe BRDF valuesfor all angleslying on the line on the unit
sphereconnectingthe speculardirection

.L	�Mæ. � ? 5 M JXWZY [
and

.L	�M ºZY [
? 5 M ºZY [
(this line is always

perpendicularto theprincipalplane,seefig. 6.6). The relative anglebetweenthatangleon the line, whose
BRDFvalueis half themaximumvalueis thedesiredangle.Themaximumvalueis at thespeculardirection.P	|M . � ? 5 M JXWZY [

.

Fig. 6.7 shows theFWHM of thespecularpeakperpendicularto theprincipalplanefor thesamplesas
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θr

ϕ=180

ϕ=90

ϕ=0
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o
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Figure6.6: Thesketchshows theunit sphereandthelight pathfor perfectspeculardirection(
. � MÜ. 	 ? 5 MJXWZY [

) asthin lines.Thethick line shows theanglesperpendicularto theprincipalplanereferredto in section
6.3 to calculatethe FWHM. The thick line runson the unit sphere,connectingthe speculardirectionand
(
.P	|M ºZY [
? 5 M ºZY [ ).

a function of the illumination angle,derived from the TS modelusingthe parametersfrom table6.1. The
FWHM at

. � M Y�[
in theprincipalplaneis thesameastheFWHM perpendicularto theprincipalplaneat. � M Y�[ . For our samples,theFWHM is givenby

J�JS» s º�[ ? »EJ s »�[ ? » } s JX[
and

JXº s º�[
, for roof tile, redconcrete,

blue concreteand aluminum,resp. It can be seenthat the FWHM perpendicularto the principal plane
decreasesapproximatelyproportionalto thecosineof

. � . Thuswe plottedin fig. 6.8 theratio of theFWHM
and QSR�T . � andnormalizedit to thenadirvalue.Thedeviationsfrom thedecreasewith QSR�T . � aresmallestfor
’aluminum’, which is thesmoothestsurfaceof our samples.Theconcretetiles show deviationsonly up to 5
%. Thesample’roof tile’, which is theroughestsurfacein our study, shows muchstrongerdeviations. The
mostlikely reasonfor thedeviationsaremaskingandshadowing effects,whicharestrongestfor theroughest
surface.

AnotherBRDF modelto describespecularreflectionis theCox-Munk model. It wasdevelopedto de-
scribethespecularreflectionof oceans(Cox & Munk 1954). It is oneof severalBRDF kernelsusedin the
Ambralscode(Wanneret al. 1997). We usedits implementationin theAmbralscodeversion3.1,assuming
a windspeedof 0.5m/s. Fig. 6.9shows that theFWHM perpendicularto theprincipalplanedecreasespro-
portionalto thecosineof theincidenceangle

. � aswell. TheCox-Munkmodeldoesnot predicttheshift of
thespecularpeakto larger zenithanglesthatcanbeclearlyobserved in our experimentaldata,thuswe did
not investigatethismodelany further.
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Figure6.7: TheFWHM of thespecularpeakperpendicularto theprincipalplaneasa functionof theillumi-
nationangle

. � for the4 samples.TheFWHM decreasesapproximatelyproportionalto QSR�T . � , seefig. 6.8.
At
. � M Y [

, theFWHM in theprincipalplaneandperpendicularto theprincipalplaneareidentical. Thus,
e.g.for thesample’aluminum’,at

. 	 ` } Y�[ F } M JõY�[ themeasuredradiancehasdroppedto half its maximum
value(maximumvaluefor

. � M Y [ at
.L	�M Y [

).
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FWHM h ¼ ½jiWkml_npo ¼ ½ (normalized)

Figure6.8: TheFWHM perpendicularto theprincipalplane(cf. fig. 6.7)dividedby thecosineof theillumi-
nationangle

. � normalizedto thevalueat
. � M Y�[ asa functionof

. � for the4 samples.Theplotsshow that
theFWHM decreasesproportionalto thecosineof

. � for theconcretetiles andthealuminumsample,with
deviationsup to 5 % for theconcretetiles andonly up to 2.5 % for thealuminumsample.Thevery rough
sample’roof tile’ shows muchstrongerdeviations.
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Figure6.9: TheFWHM perpendicularto theprincipalplane(cf. fig. 6.7)dividedby thecosineof theillumi-
nationangle

. � normalizedto thevalueat
. � M Y [ (cf. fig. 6.8)asa functionof

. � for theCox-Munkmodel.
Theplotsshow that theFWHM decreasesproportionalto thecosineof

. � with deviationsof only 2 % that
aredueto numericaluncertainties.



Chapter 7

SurfaceTopography

7.1 Abstract

Althoughthesurfacestructureof theTSmodelandtheON modelis impossibleto realizephysically, thetwo
modelsusethe inclinationdistribution of surfacefacets,which is in facta parameterthatcanbemeasured.
Weacquiredsurfacetopographydatafor eightsamples.Thedatahaveaverticalresolutionof 0.16 � m, anda
horizontalresolutionof 1 � m for profilesof 1 mm lengthandahorizontalresolutionof 1.24 � m for profiles
of 10mmlength.Wederivedtheaveragesurfaceinclinationfrom thetopographydataandcomparedit to the
averagesurfaceinclination derived from BRDF measurements.Without averaging,theaverageinclination
of the surfacenormalsstrongly exceedsthe valuesexpectedfrom BRDF measurements.After spatially
averagingthe datathe agreementis poor, about � 50 % after averagingwith a spatialbin sizeof 20 � m.
We do not know whetherthe failure to link the topographymeasurementswith onecommonbinsizeto the
reflectancedatais dueto an inappropriateresolutionof thetopographydataor to an insufficient theoretical
approach.Onepossibleexplanationis that indeedeachsurfacehasits own characteristicfacetsize. This
hypothesisis supportedby thesimilar ’best-fitting’ bin sizeswithin eachmaterialtype

7.2 Data Acquisition

We madeanarrangementwith Prof.Weckenmannat the’Chair of Quality ManagementandManufacturing
Metrology’ in Erlangen,Germany to measurethetopographyof 12 of our sampleswith theopticalprofiler
RM 600,producedby Feinpr̈uf PerthenGmbH,Göttingen,Germany. Theprofiler usesthe focus-detection
principle.A laserwith awavelengthof 780nmis focusedonthesurfaceby moving anobjective,seefig. 7.1.
A focusdetectordecideswhetherthelight spoton thesurfaceis in focus.If yes,thepositionof theobjective
is convertedto a surfaceprofile point by the pathsensor. The exact procedureis not madepublic by the
manufacturerfor competitive reasons.Thevertical resolutionis 0.16 � m, thesmallesthorizontalresolution
is 1 � m. Theprofilesarelimited to amaximumof 8192datapoints.Themaximumverticalrangeis restricted
to 0.6mm. Thereflectanceof thesamplemustbehigherthan2 % andlessthan95 %. Thespotof thelaser
on thesamplehasadiameterof 1 � m. Themaximumprofile inclinationis

J £ [
for specularsurfaceswithout

a strongdiffusecomponentand
WZY�[

for diffusesurfaces(like e.g.paper).Thecompletesystemconsistsof
the laser-opticaldistancesensor, a positioningtablebasedon piezocomponents,anda controllinganddata
processingcomputer. Therepositioningaccuracy of thepositioningtableis betterthan2 � m.

For eachsample,we orderedtwo kinds of measurements:1000 neighboringprofiles with 1000 data
pointsin eachprofile,with ahorizontalresolutionof 1 � m, resultingin ameasuredsquareof 1 mm U 1 mm,
anda singleprofile with a horizontalresolutionof 1.24 � m of 8191datapoints,resultingin a line of 10 mm
length.Both kindsof measurementswereexecutedtwice,eachatadifferentlocationof thesample.
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Samplesurfaceqqqq
Movableobjectiverrrrrrrrrrrrr

rrrrr

Pathsensorssssssssssss

Focusdetectorttttttttttttt
Beamsplitteruuuuuuuuuuuuuuuuuu
Laserdiodevvvvvvvvvvvvvvvvvv

Figure7.1:Thissketch(providedby Feinpr̈uf PerthenGmbH,Göttingen,Germany) showstheopticalprofiler
RM600usedin thisstudyto obtainthetopographymeasurements.



7.3QUALITATIVE ANALYSIS 93

Out of the12 sampleswe provided,4 couldnot bemeasuredwith theRM600. For ’asphalt’ and’wall
paper’, the maximumallowed vertical rangeof 0.6 mm wasexceeded,for the samples’greenroof paper’
and’sandedroof paper’theRM600wasnot ableto dealwith the frequentcolor changesof thesesamples.
No profileswith a horizontalresolutionof 10 w m areavailable for the sample’Roof tile Opal’, dueto an
inattentivenessof theoperatorof theinstrumentin Erlangenthatwasnoticedtoo late.

7.3 Qualitati veAnalysis

Figures7.2 and 7.3 show selecteddatafrom the topographymeasurementsat different scales. The first
columnshows themeasurementof 10 mm length(8091datadoints),thesecondshows the500thprofile of
the1 w m horizontalresolutionmeasurementseries(1000datapoints),thethird columnshowsanenlargement
of thecenterof thisprofile (datapoints450to 550).Thelastcolumnshows only 11datapoints(495to 505),
with they-axisscaledin sucha way thatit alsoextendsto about10 w m, thesameasthex-axis. In this way,
the slopesof the curves in the last columnaresimilar to the measuredslopes,whereasfor the 3 previous
columnsthey aregreatlyexaggerateddueto thedifferentscalingof theaxes.It canbeseenthattheaverage
slopein the lastcolumnis quitehigh, especiallyfor thesample’Red roof tile’. It is alsointerestingto note
that theassumptionof theTS modelandtheON modelof V-cavities is not realistic,in our datathesurface
normalsof neighboringsurfacefacetsusuallydonot form aV.

3-dimensionalprofilesareshown in figures7.4,7.5and7.6. for thevery roughsurface’redroof tile’, the
relatively smoothsurface’blue concrete’andthevery smoothsurface’redaluminum’. Therespective plots
for theremainingsamplesareshown in theappendix,figures12.17to 12.21,pages12.17to 12.21.

7.4 Quantitati veAnalysis

7.4.1 Evaluated Quantities

Weextractedseveralstatisticalquantitiesfrom thetopographydata:xzy_{W| w m} , therootmeansquaredeviation of theheights(Thomas1999). It is givenbyy {5~�� ��z�(����W�W��������� (7.1)

where
�

is theprofile lengthand �	����� is themeasuredprofile.x��7| w���} , thecorrelationlength,definedasthedistance,at which theautocorrelationfunctiondropsto����� (Thomas1999). Pointsseparatedby distancesgreaterthanthecorrelationlengthareconsidered
statisticallyindependent.Theautocorrelationfunctionis givenby (Ogilvy 1992):� ����� ~ �y_{ �>�� � �	�������	���m�������p��� ��� � (7.2)

where�¡��� ����� is theprobabilitythataprofilepoint hasaheightfrom � to �¢�£��� .xzy_¤�| ¥ ��¦ } , the root meansquaredinclination of the surfacenormal. The surfacenormal y�§¤ between
2 heightpointsof a line profile in the �©¨ directionis given by the arcustangentof theslope(height
differenceof thetwo pointsdividedby theirdistance).Theaveragesurfaceinclinationin 3 dimensions
can be calculatedby multiplying with ª¬«� accordingto (Nayak1971), assumingthe surfaceto be
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Figure7.2: Topographydata.Theleft columnshows thetwo profilesof 10 mm length,thesecondcolumn
shows oneprofile of eachmeasurementseriesof 1 mm length,the third columnshows thecentral100data
pointsof the profile of the previous column,andthe right columnshows the central10 datapointsof the
previouscolumn.
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Figure7.3: Topographydata.The left columnshows the two profilesof 10 mm length,thesecondcolumn
shows oneprofile of eachmeasurementseriesof 1 mm length,the third columnshows thecentral100data
pointsof the profile of the previous column,andthe right columnshows the central10 datapointsof the
previouscolumn.
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Figure7.4: Topographydataof thesample’red roof tile’. Thefirst of theoriginal datasets(correctedby a
meanplane)of 1000pointsx 1000pointsis shown at top left. A subsetof 20 pointsx 20 pointstakenfrom
thecenterof thesamplingareais shown topright. Theresultof averagingtheoriginaldatawith abin sizeof
20pointstimes20pointsis shown onbottomleft. Theresultafteraveragingfor theseconddatasetis shown
bottomright. Notethatonly for theplot top right theverticalscaleis scaledsimilarly to thehorizontalaxes.
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Figure7.5: Topographydataof thesample’blue concrete’.Thefirst of theoriginal datasets(correctedby a
meanplane)of 1000pointsx 1000pointsis shown at top left. A subsetof 20 pointsx 20 pointstakenfrom
thecenterof thesamplingareais shown topright. Theresultof averagingtheoriginaldatawith abin sizeof
20pointstimes20pointsis shown onbottomleft. Theresultafteraveragingfor theseconddatasetis shown
bottomright. Notethatonly for theplot top right theverticalscaleis scaledsimilarly to thehorizontalaxes.
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Figure7.6: Topographydataof thesample’redaluminum’.Thefirst of theoriginal datasets(correctedby a
meanplane)of 1000pointsx 1000pointsis shown at top left. A subsetof 20 pointsx 20 pointstakenfrom
thecenterof thesamplingareais shown topright. Theresultof averagingtheoriginaldatawith abin sizeof
20pointstimes20pointsis shown onbottomleft. Theresultafteraveragingfor theseconddatasetis shown
bottomright. Seechapter7 for adiscussionof thetopographymeasurements.Notethatonly for theplot top
right theverticalscaleis scaledsimilarly to thehorizontalaxes.
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createdby a randomprocess,stationary1 and isotropic in the �©¨ and ® ¨ direction. (Thomas1999)
suggeststo calculatethesurfaceinclinationfor a3-D profileasy_¤ ~ ¬¯ ���°±¨ � �d��²³¨ � �B´µ¶@· �¹¸µº · � ��� �	��»3¼¾½T��¨Y�	��»p¨ � ¼¾½ �¿ � � � ��� ���	��»3¼¾½T�À¨Á�	��»3¼¾½Â¨ � �¿ ® � � � (7.3)

following a recommendationby (Stoutet al. 1993). We usedeq.7.3 to computey_¤ for thearealdata
setswith 1000neighboringprofilesandthemethodproposedby (Nayak1971) for thesingleline data
setsof 8091datapoints.xzy � �¤ | ¥ ��¦ } , the root meansquaredinclination of the surfacenormalafter averagingthe surfacewith a
bin sizeof 20 w m, i.e the ��ÃÄÃÄÃmÅY��ÃÄÃÄÃ datapointswerereducedto Æ ÃÇÅ Æ Ã datapoints.

Thesevaluesaregiven in table7.1, togetherwith the root meansquaredinclination of the surfacenormal
derived from thewidthsof thespecularpeakof theBRDF measurementspresentedin chapter5. We used
the widths derived from the ON model (section5.4), becausethe ON modelassumescavities of constant
diameter, which is equivalentto theconstanthorizontalresolutionof our topographymeasurements,whereas
theTS modelassumesaconstantlengthof thefacets.y�È�É�Ê�Ë �¤ is calculatedby (cf. eq.5.6)

� y È�É�Ê�Ë �¤ � � ~ � �(Ì�Í �� ��Î�ÏÑÐÐ*Ò ÐÓ ¥	Ô � ���ÀÕ �(ÌÄÍ �� Ô � Õ ��Î�ÏÑÐÐ*Ò ÐÓ ¥	Ô (7.4)

and y�Ö�È ×¤ accordingly. We alsocalculatedy�ØÚÙ¤ , theequivalentof y � �¤ | ¥ ��¦ } for the following Û_Ü � | w���} : 3, 4,
8, 10, 15, ,30 ,40, 50, 75, 100, 200. We define Û asthat Û Ü , where y ØÚÙ¤ agreesbestwith y Ö�È�×¤ . Û canbe
understoodasthespatialdimensionover which the light averagesthesurfacetopographyaccordingto the
ON model.

ThepopularRayleighcriterion (Kraus& Schneider1988) statesthatasurfaceis smoothif theinequalityy_{ÞÝ ßà¡ádâWã_ä ¶ (7.5)

is fulfilled. Thewavelengthrangeof theradiometricsensorsof thisstudyextendsto 2.4 w m, thusnoneof the
surfacesmeasured(exceptplastic)canbeconsideredsmooth,i.e. they mustbedescribedasroughsurfaces.

7.4.2 Comparison of BRDF Parametersand Topography Parameters

The valuesfor the averagesurfaceinclination y�åjæ Ê�Ë �¤ and y�ç�å�è¤ derived from the BRDF modelaresignif-
icantly lower than y	¤ derived from the topographydata. The reasonis that the assumptionof specularly
reflectingfacetsrequiresfacetsthataremuchlarger thanthewavelengthof the incominglight. In a model
studyfor waterwaves,(Brown 1978) suggestedto applygeometricalopticsonly for facetlengthsgreaterthan
3 timesthe wavelengthof the incominglight. Averagingwith a bin sizeof 3 w m improved theagreement
betweeny�ç�å�è¤ and y_¤ considerably, but still averagesurfaceinclinationsof the topographydatais far too
low. Thuswe averagedthetopographydatawith a bin sizeof 20 w m, which is considerablylarger thanthe
smallestwavelengthmeasuredin theBRDF measurementsof 0.45 w m. Thedisagreementbetweentheaver-
ageinclinationsderivedfrom BRDFmodelsandtopographydatadecreasesto deviationsof 50% onaverage.
2 A bin sizeof 20 w m resultsin 4 samplesagreeingwithin 25 % (’roof tile Opal’, concretetiles and’red

1’Stationary’meansthattheaveragedparameterscharacterizingthesurfacedo not dependon thelocationwheretheparameters
wheremeasured.

2Wetriedaveragingoverbin sizesdifferentfrom 20 é m ( ê�ë3ìÏ , seeabove),aswell asfiltering hightopographyfrequenciesthrough
Fourieranalysis,but theresultsdid not improve onaverage.
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aluminum’). It is especiallydisappointingto seethat thereis not even a strongcorrelationbetweeny�ç�å�è¤ ,y	¤ or y � �¤ : althoughgenerally, an increasein y ç�å�è¤ is accompaniedby an increasein y	¤ or y � �¤ , thereare
someexceptions,comparee.g.’red roof tile’ and’brown slate’. This dashesthehopeof finding a common
averagingbin sizesfitting betterthanthe20 w m chosenhere.

But becausetheTS modelpredictstheshapeof thespecularpeakvery well, it is of interestto determine
thesizeof thesurfacepatchesthatmake up theV-cavities (seesection5.3)of theTS model.Theactualsize
of thesurfacepatchesis not a parameterin theTS model(eq.5.1, it is only requiredthat it is muchlarger
thanthewavelengthof the incidentlight.) Thusthesizeof theV-cavity cannotbe determinedfrom fitting
theTS modelto BRDF measurements.The topography measurementsshow that the sizeof the surface
patchesmust be in the 20 w m range. This is alsoconfirmedby thefact thatthewidth of thespecularpeak
derivedfrom BRDFmeasurementsis relatively independentof wavelength,which is only possibleif thesize
of thescatteringstructure(thesurfacepatchof theV-cavity in theTS model)is significantlylarger thanthe
wavelengthof theincidentlight (varyingfrom 0.425 w m to 2.35 w m for our measurements).Unfortunately,
it is not possibleto determinea precisenumberfrom our data,becausethebestagreementbetweeny�Ö�È�×¤
and y ØÚÙ¤ variesfrom averagingover squareswith edgesfrom about10nm to 75nm.

It is possiblethattheresolutionof theRM600is not appropriatefor measuringthesurfaceson thescale
neededto modelthereflectionof light. It is openwhat theactualsurfacestructureon the1 w m scalecould
bein theright columnof figures7.2and7.3,especiallyfor sampleswith avery roughstructurelike e.g.’red
roof tile’. Theassumptionof a linearprofilebetweeneachpoint is possiblystronglysimplifying for thedata
with 1 w m resolution.However, it is very likely thata linearprofile is adequateafteraveragingwith a20 w m
bin size.

Anotherproblemmight be the diameterof the laserfocusof the RM600 of 1 w m. It is very difficult
for a systemwith sucha large footprint to determineslopesaslarge asseenfor the sample’red roof tile’.
But again,this shouldbea minor problemafteraveragingwith a 20 w m bin size,becausetheaverageslope
decreasessignificantly.

Thusthemostlikely reasonfor thebadagreementbetweenthe topographydata and theBRDFdata is
an insufficienttheoretical approach. Onepossiblewayfor furtherresearchmightbeto eliminateareasof the
surfacethatsurpassa certainroughnessthresholdandevaluatethefacetinclinationonly from thosepartsof
thesurfacethathave a roughnessthatis lower thanthis threshold.

Maybe there is no one common bin sizethat is suitable for every surface. Maybe the value of Û
indicates the typical sizeof a facet for the respective sample. Unfortunately, it is not easyto verify this
hypothesis.But it is supportedby thesimilar valuesof Û for thedifferentkinds of materials:for concreteÛbí=î Ã , for slateÛïí=ð�Æ , andfor bakedclay (’redroof tile’ and’Opal tile’) Û(í ��Ã .
7.4.3 Further Remarks

The quantitiesroot meansquareroughnessy { and the correlationlength � usually are not directly used
in BRDF modelsof roughsurfaces. We show themhereto demonstratethat they areindeednot strongly
correlatedto the specularpeakwidths, althoughan increasein y	{ is often accompaniedby an increase
in peakwidth (with e.g. ’roof tile Opal’ being a clear exception). The increaseof both quantitieswith
horizontalresolutionis in qualitative accordancewith resultsfrom (Sayles& Thomas1978) and(Thomas&
Sayles1975) for naturalaswell asman-madesurfaces.(Sayles& Thomas1978) predictan increaseof y {
with thesquarerootof thelengthof theprofile, thuswewouldexpectfor theratioof y	{ of the10mmprofile
to y { of the1 mmprofileof ñ ��Ã í�îTòó . Theratiosfrom table6.1aregivenby 1.8,1.6,2.4,3.1,3.6,7.1and
2.6 for thesamples’red roof tile’, ’brown slate’, ’blue concrete,’redconcrete’,’red slate’, ’redaluminum’
and’plastic’, resp.
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Sample y_{�| w m} �ô| w���} y	¤�| ¥ ��¦ } y � �¤ | ¥ ��¦ } Û | w���} y Ø¤ | ¥ ��¦ } y�ç�å�è¤ | ¥ ��¦ }
Redroof tile 1 ÆTòóõ5ö Ã ò÷ð ð � ö � à õ à òó ��Ã ò�ø 8 15.4 � õTò � ö Ã òóù
Redroof tile 2 ð òóî5ö � òóî àÄà ö � ð õ à ò�ø � Tò�ø 10 15.7
Redroof tile 3 �Ä� ò�øFö/Tòóõ � à Æ¢öBø ð õÄõTòóî à ò Ã
Tile Opal1 îTò � ö Ã òóõ Æ � ö£ à õÄîTòóÆ ð ò�ø 10 10.4 ��Ã òóõ¢ö Ã ò�ø
Tile Opal2 øúò Ã ö Ã ò à ð�Æ¢ö£ Ã õÄîTòóî à ò Ã 10 10.6
Brown slate1 ùTò�øûö£îTòóî õ Ã ö£ Ã õ à ò÷ð  � òóù 100 7.5

à òóî¢ö Ã ò �
Brown slate2 õTò � ö � ò à îÄù¢ö � Æ õÄõTò÷ð � ùTò�ø 50 9.5
Brown slate3 � Tòóõ¢ö/Tò Ã  ÃÄÃ özù à õÄÆTò÷ð ð òóÆ
Redconc.1 ÆTòóù5ö � ò�ø ü ��ÃÄÃ õÄÆTò÷ð ��Ã ò Ã 30 8.2

à ò � ö Ã òó
Redconc.2

à òóù5ö£Tòóù ü ��ÃÄÃ õÄõTò Ã ��Ã ò � 75 7.9
Redconc.3 ÄîTòó¢ö à ò à ÆÄÆ à ö£ à � õÄîTòó õTò �
Blueconc.1 ÆTò à ö � ò÷ð à õ¢ö � ð õ<øúò Ã ��Ã òóî 30 8.3

à ò Ã ö Ã ò �
Blueconc.2 øúò à ö Ã ò÷ð à î¢ö£Äî õ<øúò � ùTòóî 30 7.2
Blueconc.3 � Tòóù¢özøúò÷ð ÆÄùÄÆûö£ à õ õÄTò�ø õTòó
Redslate1 õTò à ö � ò÷ð ù � ö � ù õ Ã òóî ùTòóî 75 6.2 õTò Ã ö Ã òóî
Redslate2 ÆTòóî5ö � òóõ à ù¢ö � ù ÆÄùTò Ã à ò Ã 75 5.6
Redslate3  � òóõ¢öýð ò�ø ü à ÃÄÃ Æ à ò Ã ÆTò�ø
Redalu. 1 � òóÆ5ö Ã òó � à ö � î Æ<øúò Ã îTò÷ð 15 4.8 ÆTò Ã ö Ã òóõ
Redalu. 2 � òóÆ5ö Ã òóî Wð5ö£Wð ÆÄîTòóù îTò÷ð 15 4.8
Redalu. 3 ��Ã ò÷ð5özøúò Ã ü à ÃÄÃ ø à ò�ø ÆTò�ø
Plastic1 Ã òóÄÆûö Ã ò Ã Æ î¢ö�ø � ùTò÷ð Ã òóÆ ��þ ø � ��ÿ Tòóî � � Ý Tò à ö Ã ò � �
Plastic2 Ã òóÄÆûö Ã ò ��Ã î¢ö�ø � à ò à Ã òóõ ��þ ø � ��ÿ Tòóù �
Plastic3 Ã òóõÄÆûö Ã ò Ã ð õÄÄûö � <ø  Ã òó � ò �

Table7.1: Topographystatisticsof thesamples.Two measurementseriesconsistingof 1000parallelprofiles
were taken for eachsampleat two different locationson the surfaceof the samplewith a 1 w m spacing
interval with 1000measuredpointseach.They arereferredto as’1’ and’2’. Anothermeasurementseries
consistingof only two profileswith a 1.24 w m spacinginterval with 8091measuredpointseachis referred
to as’3’. y	{ is theaverageroot meansquaredroughnessof thesurfaceprofile, � is thecorrelationlength,y	¤ is theaveragerootmeansquaredinclination, y � �¤ is thesamequantityafteraveragingtheprofilesover20w m. For eachquantitythestandarddeviation is given, computedfrom the1000profilesavailablefor each
measurementseries.Thefollowing twocolumnsshow thebin sizeÛ , for whichtheaveragingprocessresulted
in thebestagreementwith theBRDF data,andtherespective value y Ø¤ . Thelastcolumnshows theaverage
root meansquaredinclination of the surfacepatchesderived from BRDF measurementsof ASDFieldspec,
averagedover the wavelengthrange450 nm to 700 nm (18 channels)andthe standarddeviation resulting
from theaveragingover wavelength.For theSE590only 4 of therespective valuesareavailable: ’red roof
tile’:  Ã ò Ã ö Ã òóî ; ’red concrete’:

à ò à ö Ã òó ; ’blue concrete’:
à ò÷ðÞö Ã ò � ; ’redaluminum’: øúòóÆ ö Ã òó . The

samplesarearrangedin theorderof decreasingwidth of thespecularpeakasmeasuredby theASDFieldspec.



Chapter 8

Angular Dependenceof the DAEDALUS
Sensitivity Function

8.1 Overview

TheDAEDALUS AADS 1268is a multispectralline scannerwith 11 spectralchannelsand716pixels per
line. This chapterpresentsapost-flightcalibrationmethodto correctthedatafor dependenceof thedetector
sensitivity on thescanningangle.An areahasto befoundwhereonly negligible BRDF effectsareexpected
acrossthe principle planefor zenithanglessmallerthanthe maximumscanningangle. The areadoesnot
needto behomogenous,but it mustextendoverawholescanline. In ourcasetherunway of theNuremberg
airportwaschosen.Thepixelsof thescanlineacquiredwhencrossingtherunwayatrightanglesweredivided
by the respective pixels of theoverflight parallelto the runway aftergeoregistration. Theresultingangular
sensitivity functionsshow variationsupto 15% (dependingonchannel),similarto findingsfrom alaboratory
experimentdone3 yearsearlier. A comparisonwith laboratorydatafrom aDAEDALUS scanneroperatedin
Australiashows similar results,exceptfor channels2 and8. In orderto correcttheacquiredimagedatafor
this effect, simplelinearcorrectionfunctionscanbeusedfor eachscanningdirection(left/right) separately.
Someof theresultsof this chapterhave beenpublishedin (Meisteretal. 1999a).

8.2 Description of the Detector

This thesisis partof a researchprogramto studyurbanareasby multispectralremotesensing.Severaldata
campaignswereflown in cooperationwith DLR (Oberpfaffenhofen)with theDAEDALUS AADS 1268line
scanner.

A scanline from the DAEDALUS scannercontains716 pixels for eachof the 11 spectralchannels.
Thewavelengthdistribution of thechannelsis given in table9.3,channel11 recordsthesurfacebrightness
temperatureandwill notbeincludedin this investigation.Channels1 to 5 cover thevisiblewavelengthband,
channels6 to 10 arein theinfrared.Channel1 is theleastreliablechannelbecauseof its strongnoise.

Themaximumscanangleis
ä � ~ ø�î � to bothsides.Thescanstartsat theright whenlooking from the

planedown to theground,sopixel number0 correspondsto a scanningdirectionto the right asseenfrom
thesensor. Eachpixel coversanangularrangeof  Å ø�î � «Äð � õ ~ Ã ò �  � , groundresolutionat a flight height
of 300m is about0.7m for nadir. Thepixel groundresolutionriseswith

ádâWã	ä � �� , i.e. at themaximumscan
anglethe diameterof a pixel hasrisen to twice its valueat nadir. The imagerycanbe correctedfor this
panoramicdistortion(Wiemker1996), expandingthenumberof pixelsperline from 716to 1000in ourcase.
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Visibility Typeof Atmosphere Typeof aerosol
Values/ Sets 10 KM , 30 KM US Standard1976,Mid-latitudesummer, Amberg 1997 Rural,Urban

Table8.1: Parametersetsusedto determineangularvariationof atmosphericcorrection

8.2.1 DAEDALUS Err or Sources

A detaileddescriptionof the reflectanceerrorsresultingfrom DAEDALUS measurementscanbe found in
Rothkirchetal. (1998). Theerror y�� « � associatedwith asinglepixel is estimatedto about11%, depending
on wavelength. This error can be reducedby averagingover homogeneouspixels. However, errorsdue
to miscalibrationwill persist. Fortunately, theseerrorscanbe neglectedfor BRDF investigations,because
for BRDFeffectstheabsolutereflectanceis lessimportantthantherelative changeof reflectance.Excluding
effectsfrom inhomogeneoustargetsandregistrationproblems,weestimatethe’BRDF error’ of DAEDALUS
datato beabout5 % aftercorrectionfor theangularsensitivity function,presentedbelow.

8.3 Err or fr om the Atmospheric Corr ection

To obtainreflectanceimagesfrom airbornescannerdata,the impactof theatmospherehasto betaken into
account. Becauseof the complexity of radiative transferin the atmosphere,numericalatmospherictrans-
missioncodes,suchas MODTRAN (Andersonet al. (1995), Smith et al. (1993)) or 6S (Vermoteet al.
(1997b)) have to beusedto correctthemeasuredradiances.Ourdataareatmosphericallycorrectedusingthe
packageSENSAT-5 (Richter(1990), Richter(1992)) which is basedonMODTRAN. SENSAT computesthe
radiancesthatwill be measuredfor several differentreflectancevalues(

�
= 0.0, 0.1, 0.3 and0.6 ), based

onatmosphericinputparameterssuchasvisibility, aerosoltype,temperatureprofileetc.Thusa lookuptable
is created(for eachreflectanceandall viewing angles),and the radiancesmeasuredby the sensorcanbe
convertedto reflectancesby linearinterpolation.A majorproblemfor atmosphericcorrectionis thedetermi-
nationof theatmosphericinput parameters.In orderto estimatetheerrorof theatmosphericcorrectionfor
ourcase,wecalculatedtheatmosphericcorrectionfor severaldifferentparametersets(keepingtheparameter
setswithin reasonablelimits). Thestandarddeviationof theresultswill giveanestimationof theerrorof the
atmosphericcorrection.

For our case,we areonly interestedin theangulardeviations,so the radiancescalculatedby SENSAT
werenormalizedto nadir. Theparametersetsaregivenin table8.1,theresults(averagedover the12 combi-
nations(  Å î Å  ~ �  )from table8.1)areshown asa functionof viewing anglein fig. 8.1for a reflectance
of

� ~ Ã ò � andin fig. 8.2 for
� ~ Ã òóî . Therelative azimuthangleis õ à òóÆ � for negative viewing anglesand�Ä�Ä� òóÆ � for positive viewing angles.Theseangleswerechosento matchthedatawe will processbelow. The

standarddeviationsareplottedaserrorbars. As all resultsarenormalizedto nadir, thestandarddeviations
arealwayszeroat nadir. Theangulardeviationsfor

�
= 0.3 arealwayslessthan1 %, so arethe standard

deviations.Thestrongestangulardeviationsoccurfor
�

= 0.1andchannel1: at öûø Ã � theradiancepredicted
by SENSAT is more than3 % higher thanat nadir, the standarddeviation is about2.5 %. The standard
deviationdecreasesstronglyfor higherchannels.Also theangulardeviationsbecomesmaller, for channels9
and10 thereis evenasmalldecreaseat öûø Ã � comparedto nadir.

Thereflectanceof therunwayof theNuremberg airportis about10%,seefig. 8.4.Thismeansthatfor our
study, the reflectanceerrordueto uncertaintiesof theatmosphericcorrectionstemmingfrom theunknown
inputparameterscanbeestimatedto beabout2.5% for channel1 (equalto thestandarddeviation in fig. 8.1),
decreasingfor higherchannels(1 % for channel7, 0.2% for channel10).

Thelasttwo plotsof fig. 8.1arenotrelevantto theangularcorrection,howeverthey demonstratetheover-
all uncertaintyof atmosphericcorrectionin casetheinput parametersarenot well known. Thefirst of these
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lastplotsshows theaverageof theradiancespredictedby MODTRAN usingall 12possiblecombinationsof
theinputparametersfrom table8.1asafunctionof wavelength.Theverylastplot showstherelativestandard
deviationsof theseradiances.Althoughthereflectedradiance

� � for visiblewavelengthsis farstrongerthan
in NIR, thestandarddeviation of

� � decreasesfrom 15 % to 5 %. Fortunately, this high erroronly needsto
beconsideredwhencomparingimagesfrom differentoverflightswith differentatmospheres.

8.4 Angular Sensitivity Function ASF

Theangularsensitivity functionASF� ä � � of thesensoris the ratio of themeasuredradianceat theviewing
angle

ä � (alsocalledlookangleto themeasuredradianceatnadir � ä � ~ Ã � � assumingatrueconstantradiance
reachingthedetector. Thebiggestobstaclein determiningtheASF is providing a homogenousillumination
source. If the ASF is constantandif the radiancereachingthe detectoris independentof scanningdirec-
tion

ä � , all pixels will give the samevalue. Volker Ammanat the GermanAerospaceEstablishmentDLR
(Oberpfaffenhofen)hasperformedsuchatestin thelaboratoryin 1994(privatecommunication),pointingthe
DAEDALUS into an integratingspherewith a diameterof 2 m. For channels2 to 9 thedifferencebetween
maximumandminimum measurementwasabout5 %, but almost20 % for channel1, seefig.8.5, dashed
line. However, it remainsopento whatextentthesemeasurementsareinfluencedby inhomogeneitiesof the
integratingsphere.

Therehasbeenno determinationof theASF immediatelyprior to the1997flight campaignoverNurem-
berg. BecauseBRDF effectsdeducedfrom the datacrucially dependon the ASF, we presenta methodto
derive theASFfrom our imagedata.As theinstrumentwasreconditionedsince1994,theASFasdetermined
by theDLR is significantlydifferentfrom the1997ASFfor somechannels.

8.5 ASF Determination Method

8.5.1 GeneralOutline

In principle, the ASF cansimply be determinedfrom a scanline over a spatiallyhomogeneoustarget. In
practice,it is almostimpossibleto find targetswith therequiredhomogeneityin urbanareas.Urbanareasare
characterizedby ahigh spatialvarianceof reflectance.In orderto accommodatefor thiseffect,we divideda
scanningline thatwasobtainedcrossingtherunwayof theNuremberg airportby thegeoregistereddataof an
overflight alongtherunway, seefig. 8.3. For a lambertiansurfaceanda constantASF, theexpectedresultis
1 for all pixels. This procedureis only possiblewhenthereis at leastonepair of flight tracksperpendicular
to eachotherandthecalibrationareais seenfrom bothtracks.This meansthatunfortunatelythis methodis
notapplicableto theimagedataof ourgroupfrom previousyears,asall theflight tracksfrom previousyears
areparallel.In casetheBRDFof thecalibrationareachosenis notknown, it is furthermorenecessaryto use
scansperpendicularto thesunazimuth,in orderto avoid specularor hotspoteffects(seechapter5). Although
thestrongestBRDF effectsareexpectedin theprincipalplane,acrosstheprincipalplaneBRDF effectsare
possibletoo. However, theseeffectsaresymmetricwith respectto nadir (

ä � ~ Ã � ) if the calibrationarea
is rotationallysymmetric.SymmetricASF effectscannotbedetectedby our procedureif theBRDF of the
surfaceis unknown.

8.5.2 Choiceof Calibration Ar ea

Thebestsuitedsurfacein ourdatais therunway of theairportNuremberg for thefollowing reasons:x BRDF effects of the surface (asphalt)acrossthe principle plane in the angularrangecovered by
DAEDALUS (maximumscanangle: ø�î � ) aresmall. The sunangleof

ä ¶ ~ ø Ã � ensuresthat there
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Figure8.1: Standarddeviation of the MODTRAN atmosphericcorrectionnormalizedto nadir for
�

=0.1
usingall 12 combinationsof the parametersetsfrom table8.1. The standarddeviationsvary from 2.5 %
for channel1 to 0.2% for channel10. Thelast two plotsshow theaverageof the12 radiancespredictedby
MODTRAN without normalizingandtherelative standarddeviationswithout normalizing)asa functionof
wavelength.
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Figure8.2: Standarddeviation of theMODTRAN atmosphericcorrectionfor
� ~ Ã òóî . Thestandarddevi-

ationsarealwayslessthan1 %, muchsmallerthanin the caseof
�

=0.1, seefig. 8.1. The last two plots
show theaverageof the12radiancespredictedby MODTRAN withoutnormalizingandtherelativestandard
deviationswithoutnormalizingasa functionof wavelength.
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Flightheading:
�

Scandirection:�	�

Flightheading:
��
Scandirection:�

Figure8.3: Thesepicturesshow theareachosenfor ASFdetermination,a runway of theNuremberg airport.
Thereflectanceimageof DAEDALUS channel7 is plotted.Theupperpictureshows thecross-runway scan,
thelowerpictureshows thealong-runway scanafterregistrationto theabove picture.

areneithereffects from a broadhot spotor a broadspecularpeakthat might be expectedfor a sun
positionedin nadir, nor will therebe any strongBRDF effects that typically occurfor zenithangles
largerthan õ Ã � (notethattheBRDFvariationsfor thesample’asphalt’in chapter5 (fig. 5.10,page55)
increasewith

ä ¶
). Therelativeangleof thescandirectionto thesunazimuthis õ à òóÆ � for thescanto the

left and �Ä�Ä� òóÆ � for thescanto theright. Sotherelative angleis only  � òóÆ � smallerresp. biggerthanù Ã � correspondingto thedirectionacrosstheprincipalplane.x Theareastretchesfrom thevery left of theDAEDALUS scanto theveryright, sothatalmostall pixels
canbe includedin the investigation.Only thosepixels containingthe white strip on the right of the
picturehave to beexcluded.x Thereflectanceprofileof theareais quitehomogeneous,althoughdeviationsof up to 20 % occur, see
theprofileshown in fig. 8.4.x Thewidth of therunway is about50pixels.Thusaveragingover thewidth will dismissrandomsensor
noiseto a large amount. Small scaleinhomogeneitieswill alsobe smoothedafter averaging. The 2
brightwhite stripeson theright in fig. 8.3wereexcludedfor ouranalysis.x Small landmarkson thesideof the runway allow a very exact registrationof the along-runway scan
ontothecross-runway scan.Theregistrationaccuracy is estimatedto beaboutonepixel.x A changein reflectancethat occurredbetweenthe cross-runway scanandthe along-runway scanis
highly unlikely, in contrastto e.g.streetshighly frequentedby cars.

In thelaboratorymeasurementsof chapter5, thesample’asphalt’showedaverylambertianBRDFacross
the principal plane(seefig. 5.10,

ä ¶ ~ î Ã � ¼� ~ ù Ã � and
ä ¶ ~ Æ Ã � ¼� ~ ù Ã � , the angularcombinationof

the DAEDALUS flight track is about
ä ¶ ~ ø Ã � ¼� ~ ð Ã � « �Ä��Ã � ). Although the asphaltof the laboratory

measurementmight be different from the asphalton the Nuremberg runway, the laboratorymeasurements
supportthechoiceof anasphaltsurfaceascalibrationarea.
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Figure8.4: Theupperplotsshow thereflectanceof the runway in channel7 asa functionof pixel number.
Theoriginal amountof 716pixelsincreasedto 1000afterthepanoramicdistortionwasremoved.Theupper
left plot (A) shows theprofile from thecross-runway scan,theupperright picture(B) showstheprofileof the
along-runway scanafter registration(cf. fig. 8.3). Plot C is theratio of A andB. Most of thecharacteristic
changesfrom plotsA andB disappeared.Theremaininghigh frequency changescanlargely beattributedto
theregistrationaccuracy (estimatedto beabout1 pixel). Registrationerrorscanbe identifiedasdeviations
thatareimmediatelyfollowedby a deviation with reversedsign. After mappingthe1000panoramicpixels
backto the716DAEDALUS pixelsandaveragingover4 pixels,theseeffectsareremovedtoo,seeplot D. D
shows theASF asa functionof DAEDALUS look angle.

8.5.3 ASF Calculation

To obtaintheASF, thestepsdescribedbelow wereperformed.As imagedata,we did not useraw databut
reflectanceimages,becausethe reflectanceimageshave beenprocessedby Rothkirch et al. (1998) with
MODTRAN to eliminateatmosphericeffects.

1. Correct the imagesfor panoramicdistortion. Register the along-runway scanimageto the cross-
runway scanimage(seefig. 8.3).

2. Averagethe valuesover the width of the runway for both images.The resultsareshown in fig. 8.4,
plotsA andB.

3. Divide the cross-runway scanby the along-runway scan. The ratio gives the ASF and is shown in
fig. 8.4,plotsC andD for channel7, andin fig. 8.5for all channels(solid line).

4. Normalizetheresultsto thenadirvalue.

For a lambertiansurface,the ratio averagedover all anglesshouldequal1. But in the principal plane,
thesurfaceis not lambertian,ascanbeseenfrom a cross-runway scanacquiredin themorning(not shown).
This means,that theaverageof the ratio will dependon thescanangleof the runway in thealong-runway
scan. However, this is not a problemherebecausewe arenot determiningan absoluteASF but a relative
ASF, thereforewe cannormalizeour resultswithout loosinginformation.
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Figure8.5: TheASFfor thefirst 10DAEDALUS channelsasafunctionof DAEDALUS look angle,normal-
izedto nadirandaveragedto intervalsof 5 degrees.Negative look anglescorrespondto theright directionas
seenfrom theDAEDALUS. Solid line is theASF determinedfrom theNuremberg imagedata,dashedline
is theASF determinedby DLR laboratorymeasurements.Dottedline is theASF determinedby laboratory
measurementsfor theDAEDALUS operatedin Australia(availableonly for channels1 to 8). The lastplot
shows theASFfor channels2 and8 for theAustralianDAEDALUS with anenlargedverticalplotting range.
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8.6 Resultsand Discussion

A possiblereasonfor a non-uniformityof theASF is a slight misadjustmentof thescanneroptics.If theray
alignmentbetweenrotatingmirror andprimaryparaboloidis notperfect,anon-uniformASF is possible.

TheASF averagedover 7 pixelsareshown asa functionof viewing anglein fig. 8.6. Thereis a uniform
characteristicof channels2 to 7: atanglesabout ¨ ø Ã � theASFis about12% higherthanatnadir, for positive
scananglesit is quite constant.The risewith negative zenithangleslooks very linear. Channel1 shows a
rise(about10 %) with bothpositive andnegative angles.Thesamebehavior canbeseenin channel8, but atöûø Ã � theriseis only 7 % above thenadirvalue.Thesensitivity of channel9 risesa little towardsincreasing
zenithangles,thesensitivity of channel10 risesfor negative zenithangles(eachabout5 %).

An ASF laboratorymeasurement(directingtheDAEDALUS FOV into anintegratingsphere)performed
by theDLR in 1994shows similar results,but theangulardeviationsareonly about5 % (exception:channel
1 with 20 %), seedashedline in fig.8.5. Thespectralbehavior looksvery similar for channels3 to 7. But
channel2 risesfor positive angles,channel8 doesnot risefor negative angles,channel9 riseswith negative
zenithanglesandchannel10 risessymmetricallyaboutnadir, in contraryto our findings. We do expect
changesbetweenthe1994DLR dataandour resultsfrom August1997,becausethescannerwasoverhauled
andreadjustedin early1997.

ASF measurementsfor anotherDAEDALUS AADS 1268weremadein Australiafor channels1 to 8.
TheDAEDALUS wasplacedin front of a light sourceandturnedto obtaindifferentlook angles.Theresults
areshown in fig. 8.5asadottedline. Channels3 to 6 arequitesimilar in shapeto ourmeasurements,thereis
a risefor negative anglesof about10 to 20%. Channel2 shows ariseof 40% for negative zenithangles,for
channel8 thevalueat ø Ã � is almosttwice ashigh asthevalueat ¨ ø Ã � . Theshapeof theASF for channel1
is similar to theASFfrom theDAEDALUS operatedby DLR, but therisefor negative zenithanglesis twice
asstrong.Exceptfor channel2, theseresultsareconfirmedby flight dataoveradesertareafrom theprevious
year(not shown).

Thisshowsthattheresultsderivedfrom theNuremberg imagedataareof thesameorderof magnitudeas
resultsfrom othergroups,obtainedby differentmethods.Our methodhastheadvantageof determiningthe
ASFaftertakeoff right after(or before)theactualimagedataareacquired.Thusvibrationsduringtakeoff or
landingwhichmayleadto achangeof therayalignmentin theDAEDALUS arenotaproblem.Furthermore
wedo nothave to provide aconstantlight sourcein thelaboratory.

Thereareseveralpossibleerrorsourcesfor ourmethod:impreciseatmosphericcorrection,sensornoise,
registrationerrors,rapid illumination variationsduring datatake and surfaceBRDF effects. Varying the
atmosphereparameterswithin reasonablelimits, we estimatethe first error sourceto be about2 %, see
chapter8.3.Registrationerrorscanbeneglecteddueto theeasyregistrationof therunway andtheaveraging
overanareaof 2000pixels,thesameis truefor sensornoise.PresumablyBRDFeffectsof theasphaltof the
Nuremberg runway aresmall, from a comparisonwith theBRDF measurementsof thesample’asphalt’ of
chapter5 (seefig. 5.10,page55) we estimatetheerror from theLambertianassumptionto 3 %. Assuming
theillumination variationsto be2 %, errorpropagationleadsto anoverall errorof about4 % in theASF.

Theresultsof ourmethodcanbeconfirmed(or improved)if immediatelyafterthecross-runway scanof
thetestareaanothercross-runway scanheadinginto thereversedirectionis performed(in our caseheading
northinsteadof headingsouth).Unfortunately, duringourcampaignno suchflights wereperformed.

8.7 Angular Corr ectionof the DAEDALUS Data

TheDAEDALUS dataarecalibratedby theDLR with anintegratingsphereof known radiance.Thecalibra-
tion is performedusingtheaverageof thepixels in thecenter(numbered355to 361, leftmostpixel equals
1). Therefore,to correcttheDAEDALUS reflectancedatawith theASF, wemustdivide thedataby theASF
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Figure8.6: The ASF for thefirst 10 DAEDALUS channelsasa functionof DAEDALUS look angle,nor-
malizedto nadirandaveragedover only 7 pixels. Negative look anglescorrespondto theright directionas
seenfrom theDAEDALUS. Thepointsaremeasuredvalues,thestraightlinesarethebestfits (seechapter
8.7). Thelasttwo plotsshow thevaluesof theslopes� to theleft resp.right from table8.2.
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andmultiply theresultwith theaverageof theASFof thepixels355to 361:

������������������� ���©¼ ® � ~ � è�� ��� ��!#"%$%&(' ���©¼ ® � Õ*) �,+ ����-.�����) �/+ ����� (8.1)

� ~10 â32 ¼ ® ~547698ú� ¼ ) �/+ ����-:�����<; �ð =�> �µ§ · = Ê�Ê ) �/+ �����
As canbeseenfrom fig. 8.5, thereis still somenoise(about2 %) in theASF. In orderto avoid super-

imposingthis noiseon all thedata,we fitted straightlinesto theASFs(leastsquaresmethod),two for each
channel:onegoing to the left, the otheronegoing to the right. The startingpixel for the lines wasdeter-
minedby computingthe ? � valuesusingevery pixel (oneafteranother)asa startingpixel. Thesmallest? �
(summedover all channels)wasobtainedfor pixel # 410(we assigned# 1 to thefirst pixel, not #0 asmany
computerlanguagesdo). Theslopeof thefitted linesis givenin table8.2onpage112.Theoffset is equalto
theASF valueat pixel # 410.Theequationfor evaluatingtheASFfor eachchannelis) �/+ ����� ~A@ �=� ø ��Ã ¨���� Õ � "%��BC� 6ED �³ÿ ø ��Ã (8.2)) �/+ ����� ~A@ ����� ¨ ø ��Ã � Õ � ��$%F�G.� 6ED � ü£ø ��Ã
where� is the’imagerow’ or ’# of pixel’. Theoffset @ andtheslopes� "%��BH� ¼ �JI ��$%F�G.� aregivenin table8.2on
page112andareplottedin fig. 8.6 in thelast two plots. It canbeseenthat theASF doesnot vary muchfor
channels2 to 7.

Channel � "%��BH� [(1000Pixel)��� ] � ��$%F�G:� [(1000Pixel)��� ] Offset @ ? � « �LK
1 0.265 0.356 0.981 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 0.8
5 0.282 -0.016 0.993 0.7
6 0.328 0.008 0.985 0.8
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 0.6
10 0.154 0.000 0.984 0.7

Table8.2: Slopesandoffsetsfor thestraightlinesdescribingtheASF, seeeq.8.2.

The tablealsoshows ? � « �LK for eachchannel.It is alwayslower thanthe acceptancethreshold,which
is 1.4 in this case. This meansit is possibleto describethe ASF in eachchannelwith two straightlines.
As we do not exactly know the physicalreasonsfor the non-uniformityof the ASF, we cannotclaim that
describingtheASF by two straightlines is thebestsolution. However, the low ? � valuesindicatethatwe
foundareasonablewayto recalibrateourdata.This functionwasusedin thestudiesof chapter9 andMeister
etal. (1999b).

The angularrecalibrationshouldtake placebefore the calibrationby groundtruth measurements.In
casethegroundreferencetargetsaremeasuredby DAEDALUS closeto nadir, therecalibrationcanalsobe
performedafter thecalibrationby groundtruth measurements.In principle,anangularcorrectionshouldbe
donebefore theatmosphericcorrection.In ourcase,theatmosphericcorrection(MODTRAN) is quitelinear
with respectto small (about10 %) changesin radiance,so theangularrecalibrationcanalsobe doneafter
theatmosphericcorrection.



Chapter 9

Lar geScaleBidir ectionalReflectanceModel
for Urban Ar eas

9.1 Abstract

A BRDF modelfor urbanareasfor pixel-sizesof morethan500m x 500m is developed.Possibleapplica-
tions includealbedocalculation,improvementof classificationandchangedetectionalgorithms,simulated
global BRDF mapsandrefinementof atmosphericcorrectionalgorithms. The modelcombinesthe BRDF
effectsat several scales(streetgrid, intermediatesizedobjects,microscale).We presentmodelingresults
aswell asa comparisonwith measureddata. The basicfeaturesof the urbanBRDF are the hotspotand
the independenceof its shapefrom wavelengthin the range450nm ÿ ß ÿ 2300nm. An index proposed
recentlyby (Sandmeier& Itten 1999) calledNDAX promisesgreatbenefitsin the identificationof urban
areasin global multiangulardatasets.An analyticalfunction that approximatesthemodelis proposedfor
easyimplementationandfastcomputation.Themainideaof themodelis to combineresultsof theprevious
chapterson thesmallscaleBRDF of manmadesurfaceswith the largescalegeometricstructureof streets.
Themeasureddatapresentedin thischapterhave beenpublishedin (Meisteret al. 1999b).

9.2 BasicModel Idea

In chapter5 wehave demonstratedthatgeometricreflectionprovidesarobustdescriptionof BRDFof rough
surfaces. In particular, (Torrance& Sparrow 1967) and (Oren & Nayar 1995) have approximatedrough
surfacessuccessfullyby cavity typestructures.Wehaveextendedthisapproachanddevelopedageometrical
’streetstructure’,which simulatesreflectionandshadowing in urbanareas.Our motivation is to provide a
modelfor inclusionof urbanBRDFeffectsin algorithmsfor globalmonitoringthroughsatellitesensorslike
MODIS (Wanneret al. 1997), MISR (Diner et al. 1991), POLDER(Leroy et al. 1997) andMERIS (Bezy&
Gourmelon1999) with pixel-diametersin thekm range.Sofar suchalgorithmsonly includeBRDF effects
of vegetatedandbaresoil areas(Hu etal. 1997), (Strugnelletal. 1998).

9.3 StreetStructure

Thecoreof our BRDF modelis built uponthestreetstructureshown in fig. 9.1. Theurbanareais modeled
asasuperpositionof streetstructuresheadinginto differentdirections.This superpositionwill becalledcity
structure. It is impossibleto physicallyrealizesucha city structure,for the samereasonsasin the cavity
modelby (Torrance& Sparrow 1967), seethediscussionin section5.3,page45.
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Figure9.1: Sketchof thestreetstructure.’a’ definesthewidth of thestreet,’b’ theheightof thebuildingsand
’c’ thewidth of theroofs. Capitallettersdenotepointsreferredto in thetext. Thedottedline denoteseither
a ray of light (in this casepoint ’D’ is thelowestilluminatedpoint on theverticalarea)or a line of viewing
(in this casepoint ’D’ is the lowestpoint visible to thesensor).Thecoordinatesystemup right definesthe
zenith(

ä
) andazimuth(  ) anglesof incidenceandreflectionwith respectto thesurfaceof the earth. The

turnedcoordinatesystem(x M , y M ,zM , bottomright) definestheseangleswith respectto theleft verticalarea
(seesection9.4.2).

Thestreetstructure asdefinedhereconsistsof a streetwith width N andbuildingsof height O bordering
the street,the roofs (width P ) of the buildings areassumedto be flat. The influenceof inclined roofs will
be consideredlater, seesection9.6.2. The streetstructureis straightandindefinitely long. This approach
is similar to theapproachusedby (Torrance& Sparrow 1967) and(Oren& Nayar1995) who modeledthe
BRDF of roughsurfacesassumingthe surfaceto consistof specularresp.Lambertianindefinitely long V-
cavities. In thischapter, apixel of anurbanareais modeledby thereflectionfrom anarrayof streetstructures.
Althoughthis is aphysicallyimpossiblecity (becauseof theneglectof crossingsbetweenstreetsthatarenot
parallel)thebasicstructureof acity relevantfor BRDFeffectsis capturedby this model.

In additionto this largescalestructure,modelingon a smallerscaleis alsoneeded.We assumethatob-
jectsareplacedon everysurface(roof surface,wall surfaceor streetsurface).Theseobjectsaresignificantly
smallerthanthesurfaceitself. Lateronwewill assignanaverageBRDFto eachfacetof theresultingprofile.
This averageBRDF is the resultof a combinationof BRDF measurementsof several surfacestypical for
urbanareas.All theseeffectsarecombinedto yield theoverall urbanBRDF, seebelow.
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Thestreetstructurecanbedescribedby 3 parametersin ourmodel,seefig. 9.1:x thewidth of thestreetitself (’a’)x theheightof theborderingbuildings(’b’)x andthewidth of thebuildings(roofs)(’c’)

Openingsbetweenbuildings alongsidethe streetare ignored. Extendedcourtyardsbetweenbuildings are
beingtreatedasstreetareasin themodel,andthusareincludedto first order. Thestreetis supposedto have
a lengthgreaterthanthediameterof thefield of view of thesensor(or ’infinite length’),which is equivalent
to neglectingtheimplicationsof theendingof astreet.

For deriving geometricoptical BRDF effects, it is sufficient to model the relative sizeof the structure
(Jupp& Strahler1991). Thuswe canrequirethewidth parametersto sumto one:N � P ~ � (9.1)

which reducesthenumberof parametersto two (’a’ and’b’, NRQ | Ã ¼ � } ¼ OSQ | Ã ¼�T } ). N ¼ O and P aredimen-
sionlessbecausethey only modeltherelative size.

Themainadvantagesof this simplestructurearethe low numberof parametersandthestraightforward
applicationof geometricaloptics (seebelow). As mentionedabove, the structurenot only describestwo
buildingsseparatedby a street,but alsotwo buildingsseparatedby e.g.a backyard. I.e., a building doesn’t
needto be borderedby a streeton eachside,our structurealsodescribesthecommonfeatureof blocksof
housessurroundinga backyard (neglectingthe ’edge’ effectsproducedby thecornersof thebackyard, see
above). TheparametersN and O shouldbechosenin sucha way that they describetheaverage structureof
theurbanareaunderinvestigation.

Our coordinatesystemis orientedin sucha way that the streetis running parallel to the ® -axis and
perpendicularto the � -axis,seefig. 9.1. This meansthatat a viewing azimuthangleof  � ~ Ã � a sensoris
viewing thestructureperpendicularto thedirectionof thestreetandfrom theright in fig. 9.1,at  � ~ � à Ã �
from theleft. Thereaderviews fig. 9.1 from about  � ~ î ÃÄÃ � .
9.4 Application of GeometricalOptics to the StreetStructure

TheBRDFarisingfrom thestreetstructurestronglydependson theamountof shadow presentin theviewed
area. Becauseof the simplicity of the streetstructure(shown in fig. 9.1) it is straightforward to calculate
theviewed andshadowed proportionsusinggeometricaloptics. To further simplify our approach,we will
assumethatall components(roofs,streetsandwalls)have thesamecolor. Althoughthis is averyunrealistic
assumption,in practiceit will hardlybepossibleto determineuniversalvaluesfor thedifferentcomponent
colors. This canonly be doneif specificknowledgeaboutthecity underinvestigationis available(e.g.all
roofs in this city arered). In casethe componentcolorsareknown, they caneasilybe integratedinto our
modelby replacingthecorrectvaluesfor thealbedoU in eqs.9.3,9.9,9.10and9.17below.

9.4.1 Top Horizontal Ar eas

For all illuminationandviewing angles,thewhole’roof’ area(width ’c’) will alwaysbefully illuminatedand
viewed. In our simplifiedmodelall buildingshave thesameheight. Thereforeshadowing of low buildings
by tall buildings doesnot occur. For now, we will assumethat the roof areareflectslike a Lambertian
surface(smallscaleBRDF effectswill be introducedlater). Lambertiansurfacesreflecta constantradiance
in all directionsproportionalto thealbedoU (dimensionless)andtheincomingirradianceV ¶ � ä ¶ � ~ V ¶ � ä ¶ ~Ã � � Õ ádâWã	ä ¶ if theareacoveredby thesensoris smallerthanthetotal areaof theilluminatedsurface. In this
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case,theradiancereflectedby all roofs from within onepixel (denoted
�<W� , the letter ’c’ refersto thewidth

of theroof) is � W� ~ P Õ Uª Õ V ¶ � ä ¶ � | X Õ � � � Õ ã 0 ��� Õ w�� ��� } (9.2)

(theunit w m ��� is causedby thespectraldefinitionof theradiance(radianceperwavelength),ª hastheunit
[sr] asin (Nicodemuset al. 1977)). But for now, we only modela singlestreetstructurethatis considerably
smallerthanthesensor’s field of view. Thuswe have to multiply eq.9.2by theratio of theareaof thestreet
structureandtheareaof thefield of view (FOV) of thesensor. If theareacoveredby theFOV of thesensor
lookingfrom nadirequals) � , its areaincreaseswith viewing zenithangleas ) � « ádâWã	ä � . Assumingthestreet
structurecoversanarea) È , theradiancereflectedby thetophorizontalareasis therefore� W� ~ ) È) � Õ P Õ Uª Õ V ¶ � ä ¶ ~ Ã � � Õ ádâWã	ä ¶ Õ ádâWã_ä � ò (9.3)

In thefollowing morecomplicatedderivations,wewill talk e.g.aboutthe’area O ’, meaningin factareaO Õ ) È ,
to improve readability. It will beshown that ) È (aswell as ) � ) will cancelin thefinal equationsanyway.

9.4.2 Vertical Ar eas

For theverticalareasof thestreetstructure,thesituationis morecomplicated,becausepartsof thevertical
areamaybeshadowedor masked(hiddenfrom view) andtheanglesof incidenceandreflectionneedto be
calculatedin thecoordinatesystemof therespective area.

Considerthe light ray (dashedline) in fig. 9.1. It reachesthestreetstructureat point ’D’, almostbeing
obstructedby point ’E’. Thusall theareabelow point ’D’ will be in shadow. To determinethe illuminated
proportionof theverticalarea’b’, wehave to calculatethedistancebetween’D’ and’F’ ( YZ+ ). It is givenbyY[+ ~ +\V]:^ 8 ä ¶ (9.4)

and +\V is givenby +\V ~ _ V` ádâWã  ¶ ` ~ N` ádâWã  ¶ ` (9.5)

(index » means’incident’). In casethelight rayentersthestructurefrom theleft insteadof from theright, the
azimuthangle  ¶ will begreaterthan ù Ã � , its cosinewill benegative andthelight ray will hit theright wall
insteadof theleft wall. Theequationsarethesame,but with

ádâWã  ¶ replacedby ¨ ádâWã  ¶ . Thuswe divided
by theabsoluteof

ádâWã  ¶ in eq.9.5 to cover bothcases.
Obviously, the illuminatedareacannever exceedthe total areab, thuswe have to introducethe con-

straint Y[+ ÿ O . Unfortunately, thesekind of constraintswill preventour modelfrom beinganalytical,and
only numericalsolutionswill be possible. This is oneof the reasonswhy we will alsogive an analytical
approximationto themodel.

In order to calculatethe viewed areaof the vertical part of the structure,the sameargumentasabove
applieswith theincominglight ray replacedby theviewing ray. Thusit is sufficient to simply replace

ä ¶
and ¶ by

ä � and  � in equations9.4and9.5(index a means’reflected’).
Wewill calculatethecontributionsof theverticalareassimilar to eq.9.3.Wereplacetheangles

ä ¶ Í � ¼�
¶
Í �by theirequivalents

ä M¶ Í � ¼� M
¶
Í � in theturnedcoordinatesystemfor eachverticalarea,seefig. 9.1. In theturned

coordinatesystem,the � -axispointsin thesamedirectionasthesurfacenormal,the � -axispointsdownward
for theleft verticalareaandupwardsfor theright verticalarea,the ® -axisremainsunchanged.Weobtainfor
theleft verticalarea: ä M �¶ ~ ^ 0 á�ádâWã � ádâWã  $ Õ ã 678 ä $ � (9.6) M �¶ ~ ^ 0 á�ádâWã � ¨ ádâWã	ä $ã 698 ä b �$ �
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Theabove equationcaneasilybeverified:
ádâWã	ä M �¶ is the � componentin theturnedcoordinatesystem.The

turned� -axisequalstheoriginal � -axis,andtheoriginal � componentequals
ádâWã  ¶ ã 678 ä ¶ .

Similarly, for theright verticalarea:ä M �¶ ~ ^ 0 á�ádâWã ��¨ ádâWã  $ Õ ã 678 ä $ � (9.7) M �¶ ~ ^ 0 á�ádâWã � ádâWã_ä $ã 678 ä b �$ � ò
Theazimuthanglesarecalculatedhere(althoughthey arenotneededfor Lambertiansurfaces)becauselater
wewill assignanon-LambertianBRDFto eachsurfacethatdependson theazimuth.In thecaseof  ¶ ~ Ã � ,
eq.9.6canbesimplifiedto ádâWã_ä M �¶ ~ ã 678 ä ¶ (9.8)

andwe candeducethat
ä M �¶ ~ ù Ã � ¨ ä ¶ , which is obviously correctfor  ¶ ~ Ã � .

For the viewing angles
ä M �� ¼� M �� ¼ ä M �� and  M �� the sameformulaeapply with

ä ¶
and  ¶ replacedbyä � and  � . Valuesof zenithangles

ä M ü ù Ã � will be set to ù Ã � , correspondingto a vertical areaeither
beingcompletelyin shadow or completelyhidden.Thisallows usto expressthecontributionsfrom theright
verticalareaas(cf. eq.9.3): �dc �� ~ ) È) � Õ � 678 � e�f � ä $ ¼� $ ��g e�f � ä � ¼� � ��� Õ UªÕ V ¶ � ä ¶ ~ Ã � � Õ � ádâWã_ä M �¶ Õ ádâWã	ä M �� � (9.9)

We take theminimumof eachvalueof Y[+ becauseif e.g.a largerareais illuminatedthanviewed,only the
viewedareacontributesto thereflectedradiation.Thus � 698 � ehf � ä $ ¼� $ ��g e�f5� ä � ¼� � ��� is theareailluminated
andviewed.Rememberthat O is themaximumvaluepossiblefor Y[+ .

Thecontribution from theleft verticalareais obtainedby just replacingtheindex
�

by
�

:� c �� ~ ) È) � Õ � 678 � e�f&� ä $ ¼� $ ��g e�f � ä � ¼� � ��� Õ UªÕ V ¶ � ä ¶ ~ Ã � � Õ � ádâWã	ä M �¶ Õ ádâWã	ä M �� � (9.10)

Thetotal radianceis simply thesumof bothareas:� c� ~ � c �� � � c �� (9.11)

Notethatat leastoneof thecosineproductsat theendof equations9.10or 9.9will bezerobecausethey are
facingoppositedirections.This is why zenithangleslargerthan ù Ã � aresetto ù Ã � .
9.4.3 Bottom Horizontal Ar eas

Thelastcontribution thatneedsto beaddedis thatof thelowerhorizontalarea(with width ’a’). Thewidth of
theshadowedareawill bedenotedby ’ Nji ’, thewidth of thehiddenareaby ’ NLk ’, seefig. 9.2. If eithervariable
is positive, theshadowedrespective hiddenareaborderstheright verticalarea,if eithervariableis negative
it borderstheleft verticalarea.Wewill explain thederivationof ’ Nlk ’, thederivationof ’ Nli ’ is analogous.

Theviewing ray (dashedline incidentfrom theright in fig. 9.2) is almostobstructedby point ’J’ andhits
thebottomhorizontalareaat point ’H’. We definepoint ’I’ asthepoint alongtheborderof theverticalarea
andthelower horizontalareawith theclosestdistanceto point ’H’. Thedistancebetweenpoints’H’ and’I’
equals’ Nlk ’, thevariableto bedetermined.It is equaltomon ~ mop Õ ádâWã  � (9.12)
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Figure9.2: Sketchof the streetstructureto explain the derivation of shadowed ( N i ) andhidden( Nlk ) areas
on thebottomhorizontalareain casethesceneis illuminatedfrom the left andviewed by thesensorat

ä �
and  � from theright . Only thehatchedareaN ¨ ` N i ` ¨ ` Nlk ` (seeeq.9.16, Nlk is positive, N i is negative) is
illuminatedandviewed.
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wherepoint ’K’ is theprojectionof point ’J’ from theupperedgeof theverticalareato its lower edge.
mqp

is givenby mqp ~ r p Õ ]:^ 8 ä � (9.13)

where r p equals’b’. Thuswe cansimply writeNLk ~ O Õ ]:^ 8 ä � Õ ádâWã  � (9.14)

andsubstitutingtheilluminationanglesfor theviewing anglesN i ~ O Õ ]:^ 8 ä ¶ Õ ádâWã  ¶ (9.15)

Note that for azimuthanglesgreaterthan ù Ã � ai resp. Nlk becomenegative. This allows us the following
distinctionof casesfor theviewedandilluminatedareaNLs ¶ :N i Õ NLkDü ~ Ãut NLs ¶ ~ N ¨ � ^(v � ` ^ w ` ¼ ` ^ G ` � (9.16)N i Õ NLk Ý Ãxt Nys ¶ ~ N ¨ ` N i ` ¨ ` NLk `
If illumination andviewing directionareon thesameside(eitherleft or right), N i Õ Nlk is greaterthanzero,
andwe have to subtractthe maximumof � ` N i ` ¼ ` NLk ` � from N . If illumination andviewing directionareon
oppositesides,wehave to subtractboth

` N i ` and
` Nlk ` from N . Again,wemustconstrainthevalueof NLs ¶ to be

greateror equalzero.Thereflectedradiancefrom thebottomhorizontalareais thus(cf. eq.9.3)�<z� ~ ) È) � Õ NLs ¶ Õ Uª Õ V ¶ � ä ¶ ~ Ã � � Õ ádâWã	ä ¶ Õ ádâWã	ä � (9.17)

9.4.4 BRDF of a Pixel

In a laststepto determinethereflectedradiance
� � of theurbanpixel, wehave to sumupthe3 contributions� z� ¼ � c� ¼ � W� andto multiply themwith the numberof occurrenceof the streetstructurein the pixel, which

is given by � ) � « ádâWã_ä � � « ) È , seesection9.4.1. To obtain the BRDF, we have to divide by the incoming
irradianceV ¶ : { � ~ � � z� � � c� � � z� � Õ ��� ) � « ádâWã�ä � � « ) È �V ¶ � ä ¶ ~ Ã � � Õ ádâWã	ä ¶ (9.18)

Notethatthequantities) � ¼ ) È and V ¶ � ä ¶ ~ Ã � � cancelbecausethey all occurin
� z� ¼ � c� and

�dW� . But neitherádâWã	ä � nor
ádâWã	ä ¶

cancelbecausein
� c� thezenithangles

ä
hadto bereplacedby theirverticalequivalents

ä M .
It is alsoworthmentioningthatthealbedoU canbefactorizedasit is assumedto beequalfor all surfaces.

9.4.5 SamplePlots

To betterunderstandthe effect of eachcontribution of the areasN ¼ O and P to the overall urbanBRDF, we
show their intensitiesin fig. 9.3. We assumeall 3 parametersN ¼ O and P to beof equalvalue.Fromeq.9.1 it
follows thattheir valueswill besetto 0.5. For simplicity, wesetthesurfacealbedoU to 1.

If  ¶ is equalto ù Ã � or Wð Ã � , the contributionsof the vertical structuresbecomezerobecausethey are
not illuminated. Setting  � to ù Ã � resp. Wð Ã � would yield a BRDF independentof viewing zenith angleä � , becausethere is neithermaskingnor shadowing (at this stage,we assumethe areasN ¼ O and P to be
Lambertian). Thuswe demonstratethe contributions of the areasN ¼ O and P in the principal plane(  ¶ ~Ã � ¼� � ~ Ã � 03� ã�| ò  � ~ � à Ã � , negative zenithanglescorrespondto  � ~ � à Ã � ). We choseillumination
anglesof

ä ¶ ~ Ã � ¼ ä ¶ ~ î Ã � and
ä ¶ ~ õ Ã � .

Thesolid line shows thecombinedcontributions,thestarsshow theBRDF createdby theverticalareas,
the crossesshow the BRDF of the bottom horizontalarea,and the diamondsshow the BRDF of the top
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Figure9.3: BRFproducedby theareasN �.� ��¼ O �~}<� and P ( � ) (cf. fig. 9.1)for asinglestreetstructureassuming
eachareato beflat andLambertianwith albedoU ~ � . Thecontributionsof eachareaareaddedto yield the
totalBRF (solid line) of asinglestreetstructure.Theparametersof thestreetstructureare N ~ O ~ P ~ Ã òóÆ .
BRF valuesareshown for different incidentzenithangles

ä ¶
in theprincipal plane(  ¶ ~ Ã � ,  � ~ Ã � for

positive view zenithangles,  � ~ � à Ã � for negative zenithangles). The contribution of area P (roof) is
constant,area N (street)determinesthe angularbehavior at

ä ¶ ~ Ã � , area O (walls) determinesthe angular
behavior at

ä ¶ ~ õ Ã � .
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horizontalarea.Thetophorizontalareagivesaconstantcontribution (becauseit is aLambertiansurfacethat
is never shadowedor hidden)of 0.5for all zenithangles.

Thebottomhorizontalareadoesnot contribute for
ä ¶ ~ õ Ã � , becauseit is completelyshadowed. It does

contribute fully at
ä ¶ ~ Ã � ¼ ä � ~ Ã � . For increasingview zenithanglesthecontribution decreasesbecause

thebottomareahiddenfrom view increases.
Thevertical areasdo not reflectfor

ä ¶ ~ Ã � , becausein thecoordinatesystemof thevertical areasthe
light hits the surfaceat an angleof ù Ã � , thusthe irradianceis zero. The vertical areascontribute strongly
for

ä ¶ ~ õ Ã � , becausein their coordinatesystemtheirradianceis greaterthanfor thehorizontalareas.Note
that theoverall BRF (BRF �~ ª Õ BRDF) even increasesto a valuegreaterthanthealbedoof the individual
surfaces( U ~ � ).

For
ä ¶ ~ î Ã � all 3 areascontribute to thetotal BRDF, creatinga pronouncedhot spot. Thecontribution

of theverticalareareachesa plateaufor large zenithanglesin backwardscatteringdirections,becausetwo
effectsexactly canceleachother: the viewed vertical areais inverselyproportionalto

]:^ 8 ä � (eq.9.4), but
thecosineof theviewing zenithanglein theverticalsystemis proportionalto

ã 678 ä � (eq.9.6). Dividing byádâWã	ä � (eq.9.18)yields
]:^ 8 ä � , whichcancelswith the

]:^ 8 ä � from eq.9.4,thusresultingin aplateau.
Summarizing,wecansaythatourmodelin its simplestform producesahotspotfor all incidenceangles

if thesceneis viewedandilluminatedfrom  ¶ and  � equalto Ã � or � à Ã � , andthatthereflectancein backward
directionis significantlyhigherthanin forwardscatteringdirection.However, if theillumination or viewing
angleis parallelto thestreetdirection(  ¶ resp. � equalù Ã � or Wð Ã � ), theBRDFbecomesindependentof the
respective zenithangle(

ä ¶
or
ä � ), thusthereis nohot spotcharacteristic(cf fig. 9.4 in thefollowing section).

9.4.6 Superposition

The overall reflectedradiancemeasuredby a pixel is the sum of all the streetstructurescoveredby the
pixel. In reality, thestreetsdo not all have thesameheading.E.g. in many North Americancitiesthestreet
structureis very regular, with streetsheadingeithernorth/southor east/west.In this case,the BRDFsof
only two structureshave to besuperimposed(averaged)to yield theoverall BRDF. However, in mostparts
of theworld, thestreetstructureis far lessregular, andthereis no a priori preferredstreetheading.In this
case,thecontributionsfrom all directionshave to besuperimposed.Thishastheadvantagethatthemodeled
surfaceshows rotationalsymmetryfor all rotationanglesandthereforetheresultingBRDFdependsonly on
the relative azimuth  ~ `  ¶ ¨� � ` andnot on  ¶ and  � explicitly. (TheNorth Americancity structureis
rotationallyinvariantonly for rotationanglesof ù Ã � ¼ � à Ã � and Wð Ã � .) In thisstudy, wewill assumerotational
symmetryfor all rotationangles(no preferredstreetheadings)becauseit is a betterapproximationto most
cities, and becausethe handling(e.g. visualization)of a BRDF that dependsexplicitly on  ¶ and  � is
even moretediousthanin the caseof a BRDF that dependsonly on  ~ `  ¶ ¨� � ` . However, all further
developmentsof ourmodeldescribedbelow couldbeappliedto thecaseof aregularlystructuredcity without
rotationalsymmetryaswell.

Fig. 9.4 shows the BRDF accordingto eq.9.18 of the streetstructureusedin section9.4.5( N ~ O ~P ~ Ã òóÆ ) in the principal plane(  � ~  ¶ resp.  � ~  ¶ � � à Ã � , negative view zenithanglesin the plots
correspondto  � ~  ¶ � � à Ã � ) for 3 differentillumination azimuths:  ¶ ~ Ã � ¼ ø�Æ � and ù Ã � . For  ¶ ~ ù Ã � ,
theBRDF is constant,theothertwo casesshow a distincthotspot.  ¶ ~ Ã � is thesameconfigurationasin
fig. 9.3,thusthesolid line of fig. 9.3correspondsto thecrossesin fig. 9.4. It canbeseenthattheBRDFis not
a linear functionof  ¶ , in this casetheaverageof theBRDF of  ¶ ~ Ã � and  ¶ ~ ù Ã � would have yielded
thesameBRDF asfor  ¶ ~ ø�Æ � , which is clearlynot thecase.Unfortunately, this impliesthattheBRDF of
a regularly structuredcity canbequitedifferentfrom acity with rotationalsymmetry.

Fig. 9.4alsoshows thesuperpositionof streetstructuresheadinginto all possibledirections(rotationally
symmetriccity structure,solid line). The superpositionis equivalent to averagingover all streetstructure
directions,which in thiscasewasdonewith a � � binning. It is sufficient to superimposeall directions Q | Ã � ,
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Figure9.4: BRF in theprincipalplaneof thestreetstructureorientedinto differentdirections.Turningthe
streetstructureby � � is equivalentto setting  ¶ ~  � ~ � � . TheBRFsareshown for thefollowing cases:
+:  ¶ ~  � ~ Ã � , *:  ¶ ~  � ~ ø�Æ � , diamonds:  ¶ ~  � ~ ù Ã � . The solid line is the averageover all
directions ¶ ~  � Q | Ã � ¼ ò@ò ¼ � à Ã � } andcorrespondsto theBRF of a city structurewith rotationalsymmetry.
The parametersof the streetstructureare N ~ O ~ P ~ Ã òóÆ . The dashedline is the averageof only two
perpendiculardirections(  ¶ ~  � ~ Ã � ¼ ù Ã � ) andcorrespondsto theBRF of a typical North Americancity
structure(streetsrunningnorth/southandeast/west)viewedfrom  � ~ Ã � ¼ ù Ã � ¼ � à Ã � or Wð Ã � . TheBRF of a
North Americancity structureviewedfrom  � ~ ø�Æ � ¼ � îÄÆ � ¼ ÄÄÆ � or î � Æ � is equivalentto the line givenby
the’*’ symbols.Thesearethelimiting cases,for all remaining � theBRF valuesof a North Americancity
structurewill bebetweenthedashedline andthe’*’ symbols.
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Figure9.5: City structureBRF (rotationallysymmetric)without intermediateor small scaleBRDF effects
for differentrelative azimuths.Solid line:  ~ Ã � « � à Ã � , dashedline:  ~ ø�Æ � « � îÄÆ � , dottedline:  ~ ù Ã � .
Thesolid line in this figureis thesameasthesolid line in fig. 9.4. Theparametersof thestreetstructureareN ~ O ~ P ~ Ã òóÆ .
� à Ã � ], becausein our modela streetheadingsouthis equivalent to a streetheadingnorth, so thereis no
needto evaluatethedirections Q | � à Ã � , îÄõ Ã � ]. The BRDF resultingfrom this superpositionshows a clear
maximumat backscatterdirection(hot spot)for all illumination zenithangles

ä ¶
.

For thecaseof aNorthAmericancity structure(rotationalsymmetryonly for rotationanglesù Ã � ¼ � à Ã � ¼ Wð Ã � )
the BRDF is morecomplex becauseit dependson an additionalparameter. It is shown in fig. 9.4 for two
cases:if viewing thecity parallelto astreet(dashedline) andfor viewing thecity atanazimuthof ø�Æ � away
from thestreetheading(’*’ symbols).Thesearethetwo limiting cases,all BRFvaluesarecontainedbetween
thedashedline andthe’*’ symbols.

Fig. 9.5shows theoverall BRDF for differentrelative azimuths:asabove for  ~ Ã � « � à Ã � , but alsofor ~ ø�Æ � « � îÄÆ � and  ~ ù Ã � . Of course,for
ä ¶ ~ Ã � (left plot) or

ä � ~ Ã � (centerof eachplot) all curves
coincidebecausetherelative azimuthis meaninglessif eitherzenithangleis in nadir. It is interestingto take
a closerlook at the curve for

ä ¶ ~ õ Ã � and  ~ ù Ã � : the shaperesemblesa valley, whereasfor
ä ¶ ~ Ã �

it resemblesa mountain.This unusualcharacteristiccouldbe usedasa supportingfeaturein classification
algorithmsto discriminateurbanfrom non-urbanareas.Thestrongriseof the’valley walls’ occursonly for
viewing zenithangleslarger than Æ Ã � , so for measurementswith smallerviewing zenithanglesthe BRDF
acrosstheprincipalplanewill appearnearto Lambertian.Anotherinterestingfeatureto point out is thatthe
BRDF is quitelinearwith respectto  : theaverageof  ~ Ã � « � à Ã � and  ~ ù Ã � is closeto  ~ ø�Æ � « � îÄÆ � .
9.5 Intermediate Structure

Our urbanmodel consistingof streetsso far capturesthe large scalestructureof a city. But our simple
approachof assumingthesurfacesN ¼ O and P to beflat systematicallyunderestimatestheamountof shadow
presentin a real city. In a real city, therewill be balconies,cars,chimneys, humanbeings,etc.,with the
potentialof castingshadows. We refer to theseobjectsas ’intermediatestructure’,becausetheir sizesare
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betweenthe large scalestreetstructuretreatedabove andthe microscalestructuretreatedin the following
section.Becauseof the large variety of this intermediatestructure,it is obviously impossibleto develop a
detailedmodel.Wemake thefollowing assumptions:x Heightandwidth of eachobjectareequal.x The centerof eachobject is separatedfrom the centerof anotherobjectby a distanceof 5 timesits

height.Thissecondobjecthasthesamesizeasthefirst one.x Thelengthof theobjectis considerablygreaterthanits width (for reasonsgivenbelow).

Thefirst two assumptionscanbeseenasanattemptto describethe’averageintermediatestructure’of acity
in anextremelysimpleway. Thethird assumptionis equivalentto theassumptionof ’infinite length’ which
we alsousedfor the streetstructure. We introducethis assumptionbecauseit enablesus to usethe same
algorithmasdevelopedin the above chapters,setting O ~ P ~ Ã òó and N ~ Ã ò à , cf. fig. 9.1. The BRDF
modelbecomesiterative with a1-stepiteration.Notethatalthoughthefirst assumptionfixestherelative size
of theobject(heightequalswidth), it doesnot fix theabsolutesize,allowing carsaswell aschimneys to be
theobjectof theintermediatestructure.Wewill applythis intermediatestructureonly to man-madesurfaces,
vegetatedsurfacesareassumedto beflat.

All headingsof the intermediatestructurearesuperimposed,yielding a rotationallysymmetricsurface,
seesection9.4.6.To savecomputingtime,abin sizeof ��Ã � waschosenfor thesuperpositionon theinterme-
diateaswell asfor thelargescale.This choiceleadsto a sufficient rotationalsymmetry(betterthan0.5%).
Theintermediatestructurereducesthewidth of thehotspot,seefig. 9.8.

To summarize,the individual processingstepsare: 1) superimposeall headingsfor the intermediate
structure2) multiply result with large scalestructurecontributions of areasN ¼ O and P of one heading3)
calculateandsuperimposeall headingsfor thelargescalestructure4) multiply resultwith themicrostructure
BRF(derivedin thefollowing section).Notethattheanglesof incidenceandreflectionmustbecalculatedin
thecoordinatesystemof thesurface,which canfaceany direction(up,down, left, right) in theintermediate
structure.

9.6 Micr ostructure

In afinal step,we have to considertheBRDFof thesurfacesitself (e.g.theBRDFof asphalt,roof tile, grass
lawn, etc.). We refer to the BRDF of a homogenoussurfacewith a diameterof 1 to 10 cm ascausedby
’microstructure’,althoughe.g.theBRDF causedby grassleavesor theroughnessof asphaltis producedby
structuresin themmto cm range,andnot in the w m range.

Ourgoalin thissectionis to derive an’averageurbanmicrostructureBRDF’. Therefore,thecomponents
of theurbanscenerymustbedetermined(asphalt,all kindsof roof covers,grass,trees,wall paint,etc.),the
amountof eachcomponentmustbe determined,andthe BRDF of eachcomponentneedsto be known as
well.

9.6.1 Vegetation

Every urbanareacontainssomeareasof vegetation,but their fractionof the total urbanareacanvary from
negligible todominant.Treesaredifficult to integrateintoourmodel,becauseof theircomplex 3-dimensional
shapeandtheir unknown BRDF(sofar, only BRDFsof forestshave beenmodeled(seee.g.(Ni etal. 1999),
(Gastellu-Etchegorry etal. 1999)), theBRDFof asingletreeseemsto transcendthebasicconceptof BRDF,
becauseBRDF is definedfor a homogeneousflat surface(Nicodemuset al. 1977)). We thus restrict the
determinationof the BRDF of vegetatedurbansurfacesto grass(lawns). Grasshasbeenmeasuredand
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ß [nm] � � � � | 0 ^ ¥ ��� } � � � =
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: Parametersfor thevegetationBRF (eq.9.19),multiplied by 100to improve readability.

modeledextensively ((Kimes 1983), (Deeringet al. 1992), (Sandmeier& Itten 1998), (Qin et al. 1999),
(Kriebel 1978)). For this study, we will usethegrassBRDF datasetby (Sandmeier& Itten 1999). It hasa
very goodangularsamplingfor viewing angles,but it is restrictedto onesolarzenithangle(

ä ¶ ~ îÄÆ � ). The
datasetis hyperspectralin therange450to 2450nm,asimilar rangeis availablefor theman-madesurfaces,
seebelow. It wasobtainedusingthefield goniometerFIGOSandis publicly available. A very convenient
analyticalempiricalfunctiondescribingthedatais givenin (Meisteretal. 1998b):��� + ~ ª Õ ��� Y[+ ~ � � � � � Õ � ä �¶ � ä � ���� � Õ � c����%������ � ����� Ð Õ � � c Ð � � � � = Õ � c����%������ � ���#� Ð Õ � � c���� � Ð (9.19)

where � is the relative angleto the speculardirection,seeeq.5.14on page74.
ä �¶

equalsthe solarzenith
angleat which themeasurementswhereperformed(

ä ¶ ~ îÄÆ � ). � is therelative anglebetweenviewing and
illuminationdirection: ádâWã � ~ ádâWã�ä ¶ ádâWã	ä � � ã 678 ä ¶ ã 678 ä � ádâWã  (9.20)

Thecoefficients � ¶ dependon wavelength(seetable9.1), thecoefficients O ¶ arefixed: O � ~ � òóÆ 0 ^ ¥ ��� ¼ O � ~� ò÷ð� 0 ^ ¥ ��� ¼ O = ~ øúò Ã 0 ^ ¥ ��� ¼ O � ~ Ã òóùÄÆ 0 ^ ¥ � � . The underlyingassumptionis that the shapeof the hotspot
andtheforwardscatteringtermareprimarily determinedby thegeometryof thecanopy andthereforedonot
dependon wavelength,whereasthe intensityof thesetwo termscanvary with wavelengthprimarily dueto
thechangeof reflectancewith wavelength.Thecoefficientshave thefollowing physicalmeaning:
- � � = Lambertiancomponent(diffusescattering)
- � � = intensityof thebowl-shape
- � � = intensityof thehotspotpeak
- � = = intensityof thespecularpeakO � and O � determinethe width of the peaks,O � and O = allow the intensityof the peaksto vary with zenith
angles.Valuesfor theparameters� ¶ and O ¶ aregivenin theappendix,table12.5,page168.

Wefixedtheangle
ä �¶

(but not
ä ¶

in theequationsfor � and � ) to its equivalentin radiansof îÄÆ � , because
only for

ä ¶ ~ îÄÆ � theempiricalfunctionis verifiedto describethedatawell. Thismakesthefunctionviolate
thetheoremof reciprocity, but it preventsproducingunreasonableresultsfor obliquezenithangles,which is
moreimportantfor this study. Thebasicimportantfeatureof the function is theshapeandthe intensityof
thehotspotandits dependenceon wavelength.We will usethis functionto describeall urbanareascovered
with vegetation,notdiscriminatingbetweengrass,bushesor trees.1

9.6.2 Man-Made Surfaces

We will model the averageurbanman-madesurfaceasa weightedaverage of the samplesfrom the EGO
measurementcampaign.Wewill usetheASD data,becausethey offer a largervarietyof samplesandcover
a largerwavelengthrange.Thepoorquality of thespecularASD measurementsis of only minor importance
here,becausethemostinfluentialcontribution to thetotalurbanBRDF is thediffusecomponent.

1The measuredBRDFsof forestsvary considerably, dependingon the type of tree,treedensity, theseason,etc. However, the
mostcommonfeaturesarea hotspotanda bowl-shape.
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Weight � ¶ Sample
30 % Asphalt
15 % Concrete(walkway)
10 % Dirty roof tile
10 % Sandedroof paper
5 % Green/blackroof paper
5 % Brown Slate
5 % Redroof tile (sampleA)
5 % Redroof tile (sampleB)
5 % Black concretetile
2.5% Redconcretetile
2.5% Blue concretetile
2.5% GreenSlate
2.5% RedSlate

Table9.2: Weightsusedto composetheaveragesmallscaleurbanBRDF, seeeq.9.21.

For eachcombinationof angles,theBRDF valueof theaveragesurface

{ ç b��� � ä ¶ ¼ ä � ¼�¡� is a linearcom-

binationof theBRDFvaluesof theindividual samples

{ å !#�,��"%����$H�� � ä ¶ ¼ ä � ¼�¡� :{ ç b��� � ä ¶ ¼ ä � ¼�¡� ~ �  Õ�¡µ ¶ · � � ¶ Õ { å !#�,��"%���C$H�� � ä ¶ ¼ ä � ¼�¡� (9.21)

Thesamplesandthechoiceof weights � ¶ aregiven in table9.2. It is anestimateof theoverall relative
occurrenceof thesematerialsin westerncities. The biggestshortcomingis the lack of surfacesdescribing
paintedwalls. Furthermoreasphaltcanvary stronglyin color, but is only representedby onesamplehere.
Dueto theindividual characterof eachcity, strongvariationsof thealbedocanbeexpected(e.g.a city with
redroofsversusa city with grey roofs). However,

{ ç b��� is a usefulapproximationto describetheshapeof
theBRDF of urbansurfaces.

We fitted the coefficients of the Torranceand Sparrow model (eq. 5.1) for the

{ ç b��� resulting from
eq. 9.21. We found that the coefficients of the specularpeakare quite constantwith respectto wave-
length, the averagevaluesbeing ¢ � ~ Ã òóùÄ ã 0 ��� ¼ � ~ Ã ò Ã ùÄÆ ¥ ��¦ ��� ¼�² ~ � òóîÄù and � ~ Ã òó . The value
of � ~ Ã ò Ã ùÄÆ ¥ ��¦ ��� implies that theaverageinclination of thespecularlyreflectingfacetsin the Torrance
andSparrow model(andthusthewidth of thespecularpeak)is ÆTò à � .

TheLambertiancoefficient ¢ � is shown in fig. 9.6 asa functionof wavelength(dashedline), aswell as
theBRDF in forwardscatteringdirectionto give an ideaof thewidth andmagnitudeof thespecularpeak.
Table12.5in theappendix,page168givestherespective diffusealbedoat theDAEDALUS wavelengths.

Thespecularpeakproducesanonnegligible partof thealbedo(differencebetweensolidanddashedline
in fig. 9.6, left part). Theaverageman-madesurfacedeterminedabove reflectsabout2 % of the incoming
light specularly(1.3%, 1.6%, 3.1% for

ä ¶ ~ Ã � ¼ ø Ã � ¼ õ Ã � , resp.).Thus,dependingon wavelength,5 to 15
% of thealbedoareproducedby thespecularpeak:) � { w �£���� �) � {�¤ å� � ~¦¥�§ { w �¨���� ¥*©¥�§ {�¤ å� ¥*© ~ Ã ò Ã Æ ] â Ã ò � Æ (9.22)

where © denotesthe upperhemisphere(d© ~ ã 678 ä � ádâWã	ä � ¥ ä � ¥  , the integration is carriedout over the
anglesof reflection,thus ) canbea functionof

ä ¶
.)
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Figure9.6: The left plot shows the albedoof the averageman-madesurfacederived from samplesof the
EGOmeasurementcampaign(cf. eq.9.21)asa solid line, thedashedline shows theLambertiancomponent¢ � multiplied by ª , which is equivalent to the total albedolessthe albedodueto the specularpeak. The
parametersweredeterminedfrom a fit of the Torrance-Sparrow model(eq.5.1). The right plot shows the
BRF at a wavelengthof ß ~ õÄõ Ã nm andan incidentangleof

ä ¶ ~ î Ã � in the forwardscatteringdirection.
Starsshow themeasurements,thesolid line shows theTorrance-Sparrow model.

Surfacesexposedto outdoorconditionsfor long periodsof time may show a weaker specularpattern
than the sampleschosenfor the EGO measurementcampaign. However, in a previous study (Meisteret
al. 1998a) wemeasuredtheBRDFof a roof whichhadbeenexposedto outdoorconditionsfor severalyears.
We showed that the resultscanbe well describedby assumingtheBRDF of the roofing materialto have a
specularpeakwith a similar intensityastheBRDF of a new roofingtile of a similar material(for a detailed
reportof thesemeasurementssee(Meisteret al. 1997) and(Meisteret al. 1996)).

Theamountof dirty or wet surfacesin anurbanareais not expectedto changetheshapeof theBRDF
considerably, exceptfor thespecularpeakwhichwill stronglyincreasefor wetsurfacesanddecreasefor dirty
surfaces(thealbedohowever canchangestrongly).

Consideringthe integrationof the specularpeakinto the urbanBRDF model, the exact orientationof
thesurfaceis muchmoreimportantthanfor a Lambertiansurface.Theorientationof the’wall’ and’street’
surfacesin our model(vertical resp.horizontal)is sufficiently realistic. However, roof surfacescantake a
widevarietyof inclinations.Thestreetstructuremodeledin fig. 9.1assumesall roof topsareflat, whichmay
be an acceptablefirst orderapproximationfor Lambertiansurfaces,but certainlynot for specularsurfaces.
Thuswe consideredtheinclinationof roof surfacesin thefollowing manner:Thewidth of thespecularpeak
is determinedby theinclinationanglesof thereflectingsurfaces.We will assumethat thedistribution of the
roof normals Ô canalsobedescribedby ª � Ô � givenin eq.5.4,with an estimatedaverage roof inclination
of  Ã � . This is achieved by settingthe width parameterof the roof surfaces� ���.�#B ~ Ã ò Ã  à , which in turn
requiresthat we adjustthe intensityparameter¢ � in orderto keepthe sameamountof specularlyreflected
albedo.Thus,for theroof surfaces,parameter¢ ���.�#B� hasto bemultipliedby theratioof albedosof thespecular
peak(cf. eq.5.1): ¢ �����#B� ~ ¢ � Õ«) � { w �¨���� ¼ � �) � {�¤ å� ¼ � �����#B � ~ Ã òóùÄÆ } Ã ò � ø ~ Ã ò � î (9.23)
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9.7 Modeling Results

After developingthe model in the previous chapters,we cannow presentresultsfrom modelingan urban
area.Typical valuesfor theparametersof a streetstructureare N ~ O ~ P ~ Ã òóÆ (estimationfor a typical
streetin downtown Nuremberg, Germany, seebelow). This meansthe width of the streetsis the sameas
thewidth of thehouses,andthehousesareashigh aswide. We assumethat28 % of theareais coveredby
vegetation.

Theresultsareshown aspolarplots in fig. 9.7. Eachplot is for a differentincidentzenithangle
ä ¶

. For
large

ä ¶
, thehotspotandthespecularpeakareclearlyseparatedpeaks,for nadir illumination thetwo peaks

addup to form asinglepeak.
Acrossthe principal plane,the BRDF dropswith increasingviewing zenithanglefor

ä ¶ Ý ø�Æ � , but it
riseswith increasingviewing zenithanglefor

ä ¶ ü�ø�Æ � . This behavior is causedby thevertical structures
( O in fig. 9.1: the larger the viewing angle,the strongerthe contribution from the vertical structure. For
illuminationcloseto nadir, theverticalstructuresarerelatively dark(becausetheirradianceis proportionalto
thecosineof theillumination anglein thelocal coordinatesystem).Thus,for increasingviewing angle,the
urbanBRDFbecomesdarker. On theotherhand,for illuminationat largezenithangles,someof thevertical
structuresareilluminatedfrom nadir in their local coordinatesystem.Theeffect is anincreaseof theurban
BRDF with increasing

ä � , becausethe illuminatedverticalstructuresaremuchbrighterthanthehorizontal
surfaces(whichareilluminatedata largezenithangleandthusrelatively dark).

Fig.9.8demonstratestheeffectsof thedifferentscalesconsideredin themodel(assuming0 % vegetation
for simplicity). Thesolid line shows thefull model,thedashedline assumesaLambertiansmallscaleBRDF
(simplysuppressingthespecularpeak),andthediamondsshow thelargescaleBRDFexcludingintermediate
andsmallscaleBRDF. It canbeseenthatthelargescaleeffectsarethedominantfactorfor thefull model.The
intermediatescaleeffectsproducea sharperhotspotanda strongerdecreasefor large zenithzenithangles.
Thereasonis thatby addingtheintermediatescaleto themodel,theamountof shadow increases(notethat
at
ä ¶ ~ ä � ¼� ~ Ã � thesolid line andthediamondscoincide,becausein theexactbackscatterdirectionthere

is no shadow in eithermodel).ThesmallscaleBRDF addsthespecularpeakin forwardscatteringdirection
(differencebetweensolid anddashedline). It shouldbe notedthat the influenceof the small scaleBRDF
stronglydependson wavelengthandtheproportionof vegetation(e.g.vegetationincreasesthehotspot).

Fig. 9.8 alsoshows theeffectsof skylight illumination. Thecrossesgive BRF valuescalculatedfor the
full model,assuminganisotropicskylight irr adiance. Theskylight irradianceintegratedovertheupperhemi-
sphereequals20 % of thetotal (directplusdiffuse)irradiancefor this example,anaveragevaluemeasured
for variousin situ measurementsin Hamburg, Germany (Meisteret al. 1996), (Meisteret al. 1997) for clear
sky conditions.Theeffectsarerathersmall( Ý 6 % for viewing angles

ä � Ý õ Ã � ), thuswe will not consider
skylight effectsin thefollowing section.For viewing anglesü ð Ã � a strongincreasecanbeseen(25 % forä � ~ à Ã � ¼� ~ ù Ã � , comparecrossesto solid line). Generally, skylight effectsreducetheBRDF peaks(like
e.g.thehotspotor thespecularpeak)andincreasetheBRDFvaluesat largeviewing zenithangles.

For satellitemeasurements,theBRDF effectswill belesspronouncedthanthoseshown in fig. 9.7. The
viewing anglesof mostspacebornesensors(with prominentexceptionslike e.g.AVHRR) aresmallerthanø�Æ � , thusexcludingagreatpartof thedynamicrangeshown in fig. 9.7.Butevenrestrictingtheviewing zenith
anglesto

ä � ÿ ø�Æ � , theratio of maximumto minimumvalue(calledANIX by (Sandmeier& Itten 1998)) is
1.95for

ä ¶ ~ ø Ã � in fig. 9.7. Acrossprincipalplane(  ~ ù Ã � ) effectsarerelatively small for
ä ¶ ~ ø Ã � , our

modelpredictsadecreasefrom
ä � ~ Ã � to

ä � ~ ø�Æ � of about20 % (alsoin fig. 9.7).
A realcity is madeup of streetstructureswith a large varietyof modelparametersN and O (from wide

streetsandsmallbuildings to high buildingsandnarrow streets).Thuswe examinedwhetherit is sufficient
to modela city with oneaveragestreetstructure. Fig. 9.9 shows the BRDF of an urbanareawith 28 %
vegetationat a wavelengthof 660nm for all combinationsof parametersN ¼ O variedby öÞÆ Ãy¬ aroundtheir
averagevalue N ~ O ~ Ã òóÆ � N ¼ OZQ | Ã òóÄÆ ¼ Ã òóîWð�Æ ¼ Ã òóÆ ¼ Ã òóõÄWÆ ¼ Ã ò÷ðÄÆ } � (solid lines,25 combinations).TheBRF
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¯®S°(±¯®�²(³¨° ±
´®�µ£° ±¯®·¶�¸£° ±

ä ¶ ~ ø�Æ � ä ¶ ~ Ã �

ä ¶ ~  Ã � ä ¶ ~ ø Ã �

ä ¶ ~ õ Ã � ä ¶ ~ ð�Æ �

Figure9.7: Polarplotsof theurbanBRDF modelfor ß ~ õÄõ Ã nm,28 % vegetation,N ~ O ~ P ~ Ã òóÆ . The
plot top left explainsthehorizontalaxes:theouterhorizontalcirclecorrespondsto

ä � ~ ù Ã � , theinnercircle
to
ä � ~ ø�Æ � , thecenterto

ä � ~ Ã � . Forwardscatteringis to the left (  ~ � à Ã � ). The incidenceangle
ä ¶

is
markedby a vertical line toppedby a star. The � -axisshows BRF values(dimensionless).The5 remaining
plotsshow theurbanBRDF at

ä ¶ ~ Ã � ¼  Ã � ¼ ø Ã � ¼ õ Ã � and ð�Æ � .
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Figure9.8: ModeledBRF valuesfor differentscalesandskylight effect. Note the differentscaleson the® -axis. The solid line shows the full model including small scaleBRDF for 0 % vegetation,the dashed
line shows only theeffectsfrom largescaleandintermediatescale(i.e. thespecularpeakof thesmallscale
BRDF is suppressed),thediamondsshow thelargescaleeffectsonly. Model parametersN ¼ O ¼ P arethesame
as in fig. 9.7, incidenceangleis

ä ¶ ~ ø Ã � , wavelengthis 660 nm. Left plot shows backward scattering
(  ~ Ã � ), middle plot acrossprincipal plane(  ~ ù Ã � ), right plot forward scattering(  ~ � à Ã � ). The
crossesshow BRF valuesfor the full modelassumingan isotropic skylight (skylight irradiance= 20 % of
thetotal irradiance).It canbeseenthattheintensityof thehotspotincludingskylight effectsis decreasedby
about10 %, andfor largerviewing anglestheBRF valuesincludingskylight effectsincreasestrongly.
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Figure9.9: ModeledBRF valuesat660nm for anurbanareawith 28% vegetationfor severalcombinations
of thestructureparametersN and O (seesection9.7, only N ¼ OZQ | Ã òóÄÆ ¼ Ã òóÆ ¼ Ã ò÷ð�Æ } areactuallyplotted). The
starsshow theBRF valuesof theaverageparameters( N ~ O ~ Ã òóÆ ) , thesquaresshow theaverageof the
BRF valuesfor all combinationsN ¼ O�Q | Ã òóÄÆ ¼ Ã ò÷ð�Æ } . They differ by lessthan8 %. Left plot shows backward
scattering(  ~ Ã � ), middle plot shows acrosstheprincipalplane(  ~ ù Ã � ) andright plot shows forward
scattering(  ~ � à Ã � ).
valuesfrom this averageparameterset are marked by stars. The averageBRF value (averagedover all
BRF valuesfrom combinationsof parametersN and O ) is markedby squares.Thestarsandthesquaresare
separatedby lessthan8 %. Weconcludethat it is possibleto describetheBRDFof anurbanareausingonly
theaverage structure parameters evenif theindividual parameters vary within öÞÆ Ãy¬ .

Due to the lack of homogeneityin urbanareasdiscussedabove andin section1, the BRDF shown in
fig. 9.7 cannotbe expectedto modelexactly the BRDF of any urbanarea. Still it is a major improvement
over theLambertianassumption.

9.8 Comparisonwith Airbor ne Data

So far very little satelliteimagedatais availablewhich would allow testingour model. The BRDF for an
urbanareaextractedfrom POLDERdata(without aerosolcorrection,about6 km pixel-size)(Bicheronet
al. 1999) shows a ratherLambertianBRDF in theprincipalplane(privatecommunication),opposedto our
modelpredictions.A studyusingAirMISR2 data(Gerstlet al. 1999) however suggestsa stronghotspotfor

2AirMISR is a sensorsimilar to theMISR instrumenton theTerrasatellite,that wasusedon an high altitudeaircraft for data
evaluationpurposes.
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Figure9.10:Sampleof theimagedata(about10%of thesubset’denselypopulatedarea’)atawavelengthof
0.66 w m, histogramequalized.Flight directionis from top to bottom,scanningdirectionfrom left to right.
Thesunilluminatesthescenefrom theright. Theareain backscatterdirection(left) is brighterthanthearea
in forwardscatterdirection(right). Notethatin theforwardscatterdirection,a few roofscontributestrongly,
possiblydueto specularscattering.

anurbanareain qualitative agreementwith our model. Unfortunately, publicly availableAirMISR dataare
corruptedby cloudcover, whereasnewer data(e.g.usedin (Gerstlet al. 1999)) without cloudcover arenot
yet publicly available.A bettercheckwill bepossibleassoonasdatafrom satellitessuchasMODIS, MISR
etc. (seeintroduction)will beavailable.

We validatedtheurbanBRDF modelwith airbornedataof high spatialresolution(nadir pixel Tò � � ÅTò � � � by averagingover large areas.Theseaveragescorrespondto measurementsof pixels of low spatial
resolution(e.g. ð�Æ Ã � Å ð�Æ Ã � ). Usinghigh spatialresolutiondatahastheadvantagethatwe candetermine
the amountof vegetationpresentin the investigatedarea. It is alsoeasyto exactly locateurbanareasin
high spatialresolutionimages,aswell asto discriminatedenselypopulatedurbanareasfrom lesspopulated
suburbanareas.

9.8.1 Description of the Datasets

Thedatawastakenwith anairborneline scanner, theDAEDALUS AADS 1268,at a flight heightof 900m,
yieldinganadirpixel sizeof 2.1m Å 2.1m. 10spectralchannelscoverawavelengthrangefrom 0.46 w m to
2.16 w m. Themeasuredradianceswereconvertedto reflectances

�
(afteranatmosphericcorrection)by using

groundreflectancemeasurementsasreference(Rothkirchetal.1998). Themaximumscanangleis ø�Tòóù � with
716pixelsperscanline. Theimageswereacquiredin August1997over Nuremberg, Germany, seefig. 9.10
for asample.Theinvestigatedsceneconsistsof residential,industrialandvegetatedareas.Buildingsusually
have lessthan5 stories,the vegetatedareasaredominatedby deciduoustrees,andgrass. The sunzenith
angleis ø Ã ò � � , the relative azimuthanglein backscatterdirectionis ÄÆTòóõ � , in forward scatteringdirection� Æ<øúò�ø � . Carewastakento eliminateangularasymmetriesof thesensorasdescribedin chapter8.
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9.8.2 Data Processing

Two subsetsfrom the available imageswerechosen.The first subsetcontainsa denselypopulatedurban
areawith a low fractionof vegetation,thesecondsubsetconsistsof a suburbanareawith a high fractionof
vegetation.Fromthefirst subset,we derivedtwo datasets:onecontainsonly pixelswith NDVI3 lower than
0.4, theothercontainsall pixels. Assumingpixelswith NDVI greaterthan0.4 to bevegetation,we obtain3
datasetswith differentproportionsof vegetation:

1. Denselypopulatedarea,0 % vegetation

2. Denselypopulatedarea,28 % vegetation

3. Suburbanarea,48 % vegetation

We projectedthe716pixelsper line to a view zenithanglegrid from ¨ ø Ã � to � ø Ã � with an interval of Æ � ,
yielding 17 differentview zenithangles.For eachview angle,we averagedeachsubsetover its 4000scan
lines (3500for thesecondsubset),yielding a ’rectangularpixel’ of �º¹ � >� ¹ Õ Tò � m� Å � ø ÃÄÃÄÃ Õ Tò � m) for nadir
viewing. Thissizeseemsto beadequateto averageover theheterogeneityof thisspecificscene,theresulting
BRDFsarequitesmooth(starsin fig. 9.11). Thebasicassumptionof our methodis that thereflectanceof a
rectangularpixel is equivalentto thereflectanceof asquarepixel of thesamearea(in thiscase850m Å 850
m), aslongastheviewing angleis thesame.

Fig.9.12showsthehistogramsof theNDVI of thesubsets.Two peakscanberecognizedfor eachsubset,
onecenteredaround0.05correspondingto non-vegetatedareas,theotheronehasits maximumat about0.8
correspondingto vegetation.TheNDVI thresholdwaschosenas0.4basedon thishistogram.

TheresultingBRF values(BRF �~ ª Õ BRDF) areplottedfor 3 spectralchannelsin fig. 9.11. Theresults
from all 10 DAEDALUS channelsareshown in (Meisteret al. 1999b). Theshapeof theBRDF of theother
channelsdoesnot vary muchfrom the3 channelspresentedhere.Theerrorof thereflectancesderivedfrom
theDAEDALUS datais about11 %, largely dueto calibrationuncertainties(Rothkirchetal. 1998).

TheBRDF of thedenselypopulatedareaexcludingvegetationis plottedin thetop row, includingvege-
tationin themiddlerow. Thebottomrow shows theBRDFfor thesuburbanarea.ThemeasuredBRFvalues
areplottedasstars.Theleft columnshows BRFvaluesatawavelengthof 660nm,themiddlecolumnat830
nm andtheright columnat 2160nm. Eachplot shows a strongrise in thebackscatterdirection(’hotspot’).
This canbeexplainedby thedecreasingamountof shadow presenttheclosertheviewing directiongetsto
the illumination direction. For visible light, the shapeof all curves is very similar, increasingthe amount
of vegetationresultsin a negative offsetbecausethe reflectanceof vegetationis lower thantheaveragere-
flectanceof man-madesurfaces.In nearinfrared(NIR), theintensityof thehotspotincreasesif theamountof
vegetationincreasesbecausethereflectanceof vegetationin NIR is higherthanthereflectanceof man-made
surfacesin NIR.

9.8.3 Model Validation

To compareourmodelpredictionswith themeasureddata,weplottedtheresultsfrom themodel(seesection
9.7) into fig. 9.11 asa solid line. Theparameters N ¼ O and P were estimatedusingaerial photographsof
Nuremberg (denselypopulatedarea)andtheDAEDALUSdata(2.1 m nadirpixel size). We determinedthe
amountof shadow for nadirviewing to about20 % usingthechannelswith wavelengthsgreaterthan1000
nm (reflectancessmallerthan0.8% wereclassifiedasshadow). Giventhesunangleof

ä ¶ ~ ø Ã � , themodel
parameterfor thebuilding heightshouldbechosenas O ~ Ã òóÆ . Visualinterpretationof theaerialphotographs
andsupervisedclassificationof theDAEDALUS datasuggestthatstreetsandbuildingscoveraboutthesame
area,thustheparametersN and P shouldbechosenas N ~ P ~ Ã òóÆ (cf. eq.9.1). Fromtheaerialphotographs

3NDVI is calculatedas »7¼¾½H¿.ÀyÁ � ��Â�ÃÅÄlÆ ¼¾½H¿�ÀÈÇ�Ç ��Â�Ã�Ä�É�Ê »7¼<½Ë¿�ÀÈÁ � ��Â�ÃÅÄyÌ ¼<½H¿.ÀyÇ�Ç ��Â�ÃÅÄÍÉ .
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Data u u Approx.
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v v v
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Figure9.11:Comparisonof theurbanBRDFmodelandDAEDALUS datafrom Nuremberg. TheBRFvalues
areplottedversusview zenithangle.Negative view zenithanglescorrespondto forwardscatteringdirection
(  ~ � ÆÄÆ � ), positive zenithanglesto backscatterdirection(  ~ ÄÆ � ). Thesunzenithangleis

ä ¶ ~ ø Ã � . Left
columnshows datafor ß ~ õÄõ Ã nm, middlecolumnfor ß ~ à î Ã nm andright columnfor ß ~  � õ Ã nm.
Thetop row of plotsis from thedatasetwith 0 % vegetation,themiddlerow shows 28 % vegetationandthe
bottomrow 48 % vegetation.Thesolid line shows themodelpredictions,thestarsdenotetheDAEDALUS
measurements.Thedashedline showstheapproximatefunctionfrom eq.9.26fittedto themodelpredictions.
Thedottedline shows themodelafteradjustingfor albedo,seesection9.8.3.
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Figure9.12: NDVI histogramof thefirst subset(urbanarea,solid line) andof thesecondsubset(suburban
area,dashedline). Thedottedline showsNDVI = 0.4,pixelswith alargerNDVI areconsideredasvegetation.

we alsodeducedthat the typical heightof a building is about15 m andthat the typical width of a streetis
also15m, whichconfirmsthechoiceof N ~ O . For simplicity, weusedthesameparametersfor all 3 datasets
(0 %, 28% and48% vegetation).

It canbe seenthat the overall shapeis capturedvery well. The rise in backscatterdirection is dueto
shadow hiding (hotspot).Remembertheplotsdo not show exactly theprincipalplane,but areshifted ÄÆ � in
azimuth.In theprincipalplanethehotspotis muchstrongerandaspecularpeakarises(cf. fig. 9.8).

In somecasesthealbedoof themodeledBRDF andthemeasureddatado not agreevery well, thereare
deviationsupto 30% (at ß ~ ø�ù Ã nm and ß ~ à î Ã nm,48% vegetation,cf. table9.3). Theaveragedeviation
is 15 %. This meansthatour choicefor thesmall scaleman-madesurfaces(cf. table9.2) is differentfrom
theactualcompositionof theNuremberg areaandthat thealbedoof thegrasssample(section9.6.1)is not
representative for thevegetationin Nuremberg. Wedo not seethisasamajordrawbackfor theurbanBRDF
model,becausethealbedosof differentcitiesareexpectedto bedifferent. Our major intentionis to predict
theshapeof theBRDF, which is successfulin thecaseof Nuremberg. More modelvalidationon different
urbanareasis clearlyneeded.

To supportourassumptionthatthemajordifferencebetweenmodelanddatais dueto adifferentalbedo,
wemultiplied theBRDFof theman-madesurface(eq.5.1)andthevegetation(eq.9.19)by acommonfactor
to fit thedata.(Thecommonfactorvariesbetween0.76and1.19for theplotsin fig. 9.11.)This is equivalent
to multiplying themodelresultsby thisfactor, becauseourmodelonly considerssinglescattering.Theresult
is plottedasa dottedline in fig. 9.11, the agreementbetweenstarsanddottedline is generallyvery good.
In somecases,especiallyat ß ~ õÄõ Ã nm and0 % vegetation,the modelunderestimatesthe hotspot,but
generallywidth andintensityof thehotspotagreewell.

In somecases,e.g.at ß ~ õÄõ Ã nmand28% vegetation,asmallrisein forwardscatteringdirectioncanbe
seenthatis notpredictedby ourmodel.Onepossibleexplanationis thatthecolorof theasphalton thestreet
might bedarker thanthecolor of thewalls androofs. This would yield lower BRDF valuesat nadir, where
the streetscontribute strongly to the overall intensity. For 48 % vegetation,the rise in forward scattering
directioncannotbeseen,this supportsour explanationbecausetheamountof streetasphaltin thesceneis
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Wavelength[nm] 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
610 595 635 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
ä ¶ ~ ø Ã � , computedwith the approximatefunction (eq.9.26)fitted

to DAEDALUS data(DAE.) andmodelpredictions(mod.),correspondingto the dottedresp.solid line in
fig. 9.11. Thefirst columngivesthecenterwavelength,thesecondandthird columnshow thewavelength
rangeof therespectiveDAEDALUS channelwherethesensitivity isatleast50%of themaximumsensitivity.
We estimatethe error of the albedoof Nuremberg (DAEDALUS data)to be about15 % (mainly due to
calibration(Rothkirchet al. 1998) andmodeluncertainties).The last two columnsshow the albedoof the
smallscalesurfacesusedfor modeling:man-madesurface(m.m.) andgrass.

reduced.
For 0 % vegetation,the rise in backscatterdirection in the DAEDALUS datais strongerthan the rise

predictedby themodel,especiallyfor 660nm. Theagreementbetweendataandmodelcouldbe improved
by assumingthat someman-madesurfacesshow a hotspoton the microstructurelevel, like the samples
’Asphalt’ and’Sandedroof paper’in chapter5. Unfortunately, thesamplesweremeasuredin thebackscatter
directiononly with theSE590sensor, whichcoversonly thewavelengthrangeup to 925nm.

9.9 Approximate Analytical Function

Thecodingof theabovemodelis straightforward,but tedious(theprogramcodeisavailablebyemailrequest4

to theauthor). Furthermorethecomputingtime is quitehigh dueto theneedfor superpositionof different
streetheadings(section9.4.6)(computingtime perBRF valueon a SunUltra II 296MHz: 5 seconds).This
is why we will giveasimple,analyticalapproximationto ourmodel.

It canbeseenin fig. 9.7 thatthebasiccharacteristicsof themodeledBRDF arethehotspot,thespecular
peakandtherisewith largezenithangles.We will modelthese3 componentsseparatelyandfit their inten-
sities(andoneadditionalparameter)to the exactmodelevaluatedwith theparametersa, b, andc given in
fig. 9.7 for 3 differentamountsof vegetation.Thusthe approximatefunctioncan only be usedif theaver-
age streetstructure is not expectedto deviatestrongly fromtheassumedvaluesof a, b andc. For differing
amountsof vegetationtheresultingparametersgivenin table9.4canbeinterpolated.

Thehotspotwill bemodeledby thehotspotfunctionderivedby (Hapke 1993):� � @ ¼ � � ~ �� �=� � « @ � Õ ]:^ 8 � � «� � (9.24)

where � is the relative anglebetweenviewing and illumination direction, seeeq. 9.20. @ determinesthe
angularwidth of thehotspotpeak.This functionwasdevelopedto describethehotspotof soilsor powders
basedon shadow hiding. We omitteda factor � ádâWã � ä ¶ �©� ádâWã � ä � ��� ��� from theoriginal formulabecausethis

4meister@simbios.gsfc.nasa.gov, or nimeister0@netzero.com
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factoronly appliesto reflectancesthat arederived from radiative transfertheory.
� � @ ¼ � � equals1 for the

hotspotdirection( � ~ Ã ) anddecreasesmonotonouslywith � .

Thespecularpeakwill bemodeledby

{ w �¨���� given in eq.5.1. The’GeometricAttenuationFactor’ _ in
this formulamodelstheeffectsof shadowing andmasking.This is similar to whatis achievedby thehotspot
function

� � @ ¼ � � . We will replace_ by
� � @ ¼ � � becauseshadowing andmaskingis dominatedby thestreet

structure.The Fresnelreflectance+ ��² ~ � òóîÄù ¼ � ~ Ã òó � will be approximatedby Ã ò �Ä� Õ � v | � Ã ò÷ð�Æ Õ ä �$ ä �� )
(all anglesin radians).Thewidth of thespecularpeakfor roof surfacesis larger thanfor thestreetandwall
surfaces,( � ���.�#B ~ Ã ò Ã  àSÎ~ � ~ Ã ò Ã ùÄÆ seesection9.6.2). For large zenithangles,thewidth is dominated
by � �����#B

, becausestreetand wall surfacesare mostly shadowed or hiddenfrom view. For viewing and
illumination closeto nadir, bothpeaksareequallystrong(becauseN ~ P ~ Ã òóÆ ). Thereforewe multiply the
peakswith Ã ò � ø Õ � Ã òóÆ � Ã òóÆ Õ ã 678 � ��� ä ¶ � ä � � «� ��� and Ã òóÆ Õ ádâWã � ��� ä ¶ � ä � � «� � (0.14is theratioof thespecular
peakalbedos,seeeq.9.23,thezenithanglesareaveragedin orderto obey thereciprocityprinciple).Wecall
theresultingspecularpeak

{ w �¨��� � !#�������~Ï� :{ w �¨��� � !#��������Ï� ~ Ð � k I ������ w ���.��� w � � Õ � � ' ���� Õ � � � ã 678 � ���9Ñ�� �� � Õ� � �CÒ�Ó�Ô~ÔÍÕ�� ¤ � Ð � ádâWã � ���9Ñ�� �� Õ � � �CÒJ� ¤ � Ð � Õ Ã ò �Ä� Õ � � ' ¹ Ê � � Ð� � � Ð� (9.25)

Therisewith largezenithanglesis producedby theverticalareasof thestreetstructure.In eq.9.8 it was
shown that

ádâWã	ä M �¶ canbereplacedby
ã 678 ä ¶ for Ö ¶ ~ Ã � . As in eq.9.18

ádâWã	ä M �¶ is dividedby
ádâWã	ä ¶

, this is
equivalentto multiplying by

]:^ 8 ä ¶ . Thesameargumentis valid for
ádâWã_ä M �� , thuswe will approximatethis

componentby
]:^ 8 ä ¶ Õ ]:^ 8 ä � .

Summarizing,theapproximatefunctionhas4 parameters(� � ¼�� � ¼�� = and @ ):{ ç �������~Ï� ~ � � Õ � � @ ¼ � �¬�³� � Õ { w �¨��� � !#�������~Ï� � @ ¼ ä ¶ ¼ ä � ¼�¡���� = Õ ]:^ 8 ä ¶ Õ ]:^ 8 ä � (9.26)

Theparametersweredeterminedusinga least-squaresfitting procedurefrom theprogrammingpackage
IDL. A comparisonbetweenthis approximatefunctionandtheexactmodelcanbeseenin fig. 9.13,where
theBRF valuesof theexactmodelareplottedagainsttheBRF valuesof theapproximatefunction for 505
differentcombinationsof angles.TheBRFvalueswerecalculatedfor zenithangles

ä ¶
and

ä � from Ã � to ð Ã �
( ��Ã � grid) andrelative azimuthangles from Ã � to � à Ã � (  Ã � grid). Theagreementbetweenapproximate
function andexact model is excellentfor zenithanglesup to õ Ã � , the averagedeviation is 4.3 % for these
angles,themaximumdeviation is 19% (for zenithanglesupto ð Ã � theaveragedeviation increasesto 6.1%,
with a maximumdeviation of 54 %). Thesenumbersaresimilar for differentwavelengthsresp.amountsof
vegetation.

The approximatemodel is shown in fig. 9.11asa dashedline, the respective coefficientsaregiven in
table9.4.

In caseauserwantsto adjusttheapproximatemodelto hisown urbanBRDFdata,wesuggestto choose
onesetof parametersof table9.4, selectingthe mostappropriateamountof vegetationandwavelength ß
(660 nm for ß Ý ð ÃÄÃ nm, 830 nm for the NIR, 2160nm for ß ü 1000nm). Thenparameters� � ¼�� � and� = shouldbemultiplied with onecommonfactorto fit thedata.Fitting all 4 parametersindependentlyfrom
eachothermayleadto ’over-fitted’ parametersif theangularsamplingof theBRDFdatais poor(see(Lucht
& Lewis 2000)). Adjustingonly onecommonfactormakesit possiblefor a userto evaluatetheBRDF even
if theurbanareawasonly measuredat onecombinationof angles.This BRDF cane.g.beusedfor albedo
determination.For analbedodeterminationwith theapproximatefunction,we suggestto setall theBRDF
valueswith zenithanglesü à Ã � to their respective valueat

à Ã � .
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Figure9.13:Scatterplotof BRFvaluesof exactmodel(28% vegetation,streetstructureparameters:N ~ O ~Ã òóÆ , wavelength: ß ~ õÄõ Ã nm) ( ® -axis)versusapproximatemodel( � -axis) from eq.9.26usingparameters
from table9.4,evaluatedat

ä ¶ ¼ ä � Q | Ã � ¼ ð Ã � } ¼� Q | Ã � ¼ � à Ã � } .
Wavelength Parameter 0 % veg. 28 % veg. 48 % veg.
660nm � � | ã 0 ��� } 0.0603 0.0491 0.0413� � | ã 0���� } 0.345 0.261 0.198� = Õ ��ÃÄÃ | ã 0 ��� } 0.120 0.124 0.127@ 0.483 0.443 0.401
830nm � � | ã 0 ��� } 0.0739 0.1167 0.1476� � | ã 0���� } 0.348 0.287 0.237� = Õ ��ÃÄÃ | ã 0 ��� } 0.152 0.456 0.674@ 0.481 0.451 0.438
2160nm � � | ã 0 ��� } 0.0782 0.0725 0.0688� � | ã 0���� } 0.348 0.281 0.229� = Õ ��ÃÄÃ | ã 0 ��� } 0.163 0.228 0.276@ 0.480 0.441 0.407

Table9.4: Parametersof the approximateanalyticalfunction of eq.9.26,fitted to the urbanBRDF model
datashown in fig. 9.11. Parameter� = is given multiplied by 100. Parametersdescribingthe DAEDALUS
datacanbeobtainedby multiplying parameters� � , � � and � = by theratio of thealbedoof theDAEDALUS
dataandthemodeledalbedogiven in table9.3. BRF valuescanbeobtainedby multiplying parameters� � ,� � and� = by ª (BRF �~ ª Õ BRDF).
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9.10 SampleApplications

We usedthe approximatefunction to investigatethedependenceof thewidth of the hotspot(parameter@ )
onwavelength.Thewidth of thehotspotdecreaseswith increasingamountof vegetation,becausevegetation
hasan intrinsic hotspot(seeeq.9.19) thataddsto thehotspotcausedby thestreetstructure,whereasman-
madesurfacesaremodeledby aLambertianplusspecularcomponent(eq.5.1). Althoughthewidth depends
strongly on the amountof vegetationpresentin the scene,it staysremarkablyconstantover wavelength,
varyingin theranges[0.48,0.50],[0.42,0.47]and[0.36,0.46]for proportionsof vegetationof 0 %, 28 % and
48%respectively for wavelengthsfrom490nmto 2160nm. Thischaracteristicwasnotclearapriori, because
thehotspotof thevegetationdependsstronglyon wavelength(Sandmeier& Itten 1999). This featuremight
be useful asan additionalclassificationfeaturefor urbanareas,becausemany (probablymost)vegetated
surfacesshow awavelengthdependenceof thehotspot(thehotspotis usuallylesssharpfor NIR wavelengths,
becausetheamountof multiplescatteringincreases).(Sandmeier& Deering1999) introducedthenormalized
differenceanisotropy index

  Y ) � :  Y ) ��� ä ¶ � ~ )  on � ����� � ä ¶ �p¨ )  qn �x×�Ø � � ä ¶ �)  on � ����� � ä ¶ ��� )  qn � ×�Ø � � ä ¶ � ¼ (9.27)

where )  qn � ����� � ä ¶ � is definedasthe ratio of maximumBRF valuedivided by minimum BRF value,see
(Sandmeier& Itten 1998). Using 660 nm asred wavelengthand830 nm asNIR wavelength,we obtain
valuesof NDAX = -0.03,-0.03and-0.09from theDAEDALUS datafor the3 differentdatasets0 %, 28 %
and48 % vegetationrespectively. EvaluatingtheurbanBRDF modelat

ä ¶ ~ ø Ã � and
ä � ÿ õ Ã � we obtain

NDAX = -0.01,-0.02and0.0 for the3 differentdatasetsrespectively. We computedNDAX = 0.3 for grass,
which is significantlyhigher. (Sandmeier& Deering1999) investigated6 differentvegetationcover types,
5 of themhave a NDAX of 0.3or greater, only one(clearmuskeg (fen)) hasa NDAX lower than0.1. Thus
theNDAX is a goodindex to supporttheclassificationof urbanareas,(i.e. to differentiateurbanareasfrom
otherlandcover classes).This is especiallyimportantfor suburbanareaslike theonewe investigatedin the
Nuremberg area(48 % vegetation),wheretheNDVI is 0.39(varyingbetween0.33and0.44,dependingon
viewing angle)andaclassificationbasedonspectralinformationalonemaybecomedifficult.

We alsousedthe approximatefunction to calculatethe albedoby integrating eq. 9.26 over the upper
hemisphere.Thealbedosaregivenin table9.3for anincidenceangleof

ä ¶ ~ ø Ã � , for 3 amountsof vegetation
(0 %, 28 % and48 %) at thewavelengthsof theDAEDALUS (channel1 at 440 nm andchannel8 at 960
nm arenot coveredby the wavelengthrangeof the sensorsusedto determinethe small scaleBRDF, see
sections9.6.2).Theapproximatefunctionwasfitted to themodeleddata(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 dependenceof the albedoon

ä ¶
is not

strong,it is usuallyhighestfor nadir, dependingon wavelengthandtheamountof vegetation.For
ä ¶ ~ õ Ã �

thealbedois on averageabout10% lower thanfor nadirillumination.
In general,thealbedosderivedfrom themodelarelower thanthealbedosderivedfrom theDAEDALUS

datafor wavelengthsß Ý 700 nm, higher in the NIR and lower for ß ü 1000nm. As discussedabove,
this is dueto our choiceof samplesto modelthesmallscaleBRDF. Weregardthealbedosderivedfrom the
DAEDALUS dataasmorerepresentative of urbanalbedobecauseour choiceof sampleswasrestrictedto
sampleswith aknown BRDF.

Wealsoprovidethealbedosof theman-madesurfaceandthegrasssamplein thelasttwocolumnsof table
9.3. They arehigherthanthe albedosof the urbanareas,becausethe urbanstructureproducesshadowing
andthusreducesthealbedo.
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Summary

Thisstudyinvestigatesthebidirectionalreflectanceof man-made,roughsurfaces.Theresultsarerelevantfor
theremotesensingof urbanareasandcomputervision. New insightis obtainedon theshapeof thespecular
peakof roughsurfaces.

In a measurementcampaignat the EuropeanGoniometricFacility EGO, the BidirectionalReflectance
Distribution FunctionBRDF wasmeasuredfor severalman-madesurfacestypical of urbanareas(e.g.roof
tiles,asphalt).TheEGOconsistsof two rotatablequarterarcs,wheredifferentsensorsor light sourcescanbe
attached.Thesystemis programmable,whichallowstheeffectivemeasurementof a largenumberof angular
combinationsin a reasonableamountof time.

We evaluatedthedominanterror sourcesfor laboratoryBRDF measurementsof man-madesurfacesat
the EGO. The averagetotal error per wavelengthof a singleBRDF measurementvarieswith wavelength
from 4 % to up to 14 %, dependingon thespectralsignatureof thesample.

Measurementswith a luxmetershowedthat thelampfootprint is quitehomogeneousfor nadir illumina-
tion, but for larger incidenceanglesthereis a riseof the intensitywhenapproachingthe lamp. This results
in an error for the radiometermeasurements,becausethepositionof thecenterof theFOV of thedetector
SE590dependson viewing angle. For sampleswith a constantreflectancespectrum,this is the dominant
error source. We deducedthe errorsasa function of incidenceandviewing zenithanglesby comparing
measurementswith nadirviewing for differentazimuthsaswell asmeasurementswith anincidenceangleofÆ Ã � for azimuthsof ù Ã � and Wð Ã � , assumingrotationalsymmetryof thesamples.Theerroranalysiscouldbe
improvedif measurementswith nadirilluminationanddifferentazimuthswereavailable.

Comparingmeasurementswith exactly thesameillumination andviewing geometry, we determinedthe
lampconstancy to 0.3 % andthedetectornoiseof theSE590to 0.2 % of themaximumvalue. Thesecond
error sourcebecomesdominantfor sampleswith a large variationin their reflectedspectrum.This means
thattheilluminationsourceshouldbechosen- wheneverpossible- in suchawaythatits maximumintensity
multiplied by the sensorsensitivity is emittedat thosewavelengthswherethe reflectanceof the sampleis
low. For theexperimentalsetupusedin thisstudy, thismaximumis between650and750nm. Themeasured
intensitiesbecomevery low for wavelengthsfar away from this maximum.Demandingtheinstrumenterror
to belowerthan2 % leadsin ourcaseto theexclusionof wavelengthslowerthan425nmandhigherthan975
nm for theSE590.Thuswe presenteda generalprocedureto determinetheappropriatewavelengthrangeof
thehyperspectralspectroradiometerSE590,which dependsnot only on instrumentcharacteristics,but also
on theilluminationsourceandthesamplesused.

Theerrorsof datafrom thedetectorASDFieldspecaredominatedby darkcurrentnoise.Webelieve that
the instrumentwassetto its mostsensitive mode.We determinedtheerror from darkcurrentto 20 counts,
which leadsto anaveragemeasurementerrorof 4.9 % for thesamplesusedin this study. Both sensorsare
affectedby problemsin theirupperwavelengthrangeif themeasuredintensityis very high.
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Twomethodsfor calculatingtheirradiancearediscussed.Bothrely onmeasurementsof areferencepanel
(in our caseSpectralon).Thefirst methodassumesthat theirradiancechangeswith viewing angle(possibly
dueto e.g.illumination inhomogeneities).Every measurementof thesampleis dividedby themeasurement
of thereferencepanelwith thesameanglesandmultiplied by theBRDF of thereferencepanel.Thesecond
methodassumesthat the irradiancechangesonly with illumination angleandintegratesall thereflectedra-
diancesfor eachillumination angle.Dividing by thealbedoof thereferencepanelyieldstheirradiance.The
majoradvantageof thesecondmethodis thatonly thealbedo,not theBRDF of thereferencepanelneedsto
beknown. Wechosethesecondmethodandshow thattheresultsarein betteragreementwith thereciprocity
principlethantheresultsfrom thefirst method.

TheBRDF modelof (Torrance& Sparrow 1967) (TS model)wascomparedto measurementsof several
man-madesurfaceswith very differentroughnesses.Themodelcandescribethemeasurementsqualitatively
very well, althoughthe fits do not always passa ? � test. Surfaceswith a very large roughnessshow an
increasein backscatterdirectionthatcanbewell describedby theBRDFmodelfrom (Oren& Nayar1995).
Shapeand intensity of the specularpeakvary lessthan 10 % for wavelengthsfrom 450 nm to 700 nm,
whereasthediffusecomponentvariesstrongly.

It is notpossibleto determinetheindex of refraction² andtheindex of absorption� usingtheTSmodel
for thesurfacesstudiedhere,becausetheparameterfor thespecularintensityin theTSmodelallowsdifferent
combinationsof ² and � to yield very similarFresnelreflectancescurves.

We discoveredanimportantfeatureof thespecularpeakof roughsurfaces:we found that the width of
the specularpeakperpendicular to the principal planedecreasesstrongly with increasingillumination
zenith angle,in the data aswell asin the model.

An analysisof theTS modelshows that the decreaseis approximately proportional to the cosineof
the illumination angle

ä ¶
, thedeviationsincreasewith increasingsurfaceroughness.TheproportionalitytoádâWã	ä ¶

of thewidth perpendicularto theprincipalplaneis accompaniedby an increasein reflectancein in-
tensityin theprincipalplanethatis � « ádâWã�ä ¶ strongerthantheincreasefor aperfectlysmoothsurface.Thus,
thesetwo proportionalitiescancelin thecalculationof thespecularalbedo.

Topographydatais available for 8 of the samples.The vertical resolutionis 0.16 w m, the horizontal
resolutionis 1 w m for 3-D-profilesof 1 mm Å 1 mm and1.24 w m for 2-D-profilesof 10 mm length. We
derived the averagesurfaceinclination from the topographydataand comparedit to the averagesurface
inclinationderivedfrom BRDF measurements.TheBRDF modelspredictmuchsmoothersurfacesthanthe
measuredtopographydataby factorsfrom 4 to 10. After smoothingover 20 w m, the deviationsbecome
smallerthan50%.

Weconcludethatfor thesurfacesinvestigatedin thisstudy, whichareroughonascalecomparableto the
wavelengthof the incominglight, thewidth of thespecularpeakcannotbepredictedfrom our topography
measurementsby smoothingwith onecommonbin size. We do not know if this is dueto a lack of insight
into the physicalmechanismsgoverningthe specularreflectanceof roughsurfacesor dueto inappropriate
resolutionof the topographydata. Maybeit is wrong to look for onecommonbin sizebecauseeachsur-
facecould have its own characteristicfacetsizethatdeterminesthespatialdimensioninvolved in the light
scatteringprocess.

The topography measurementsindicate that the sizeof the surfacepatchesforming the V-cavity in
the TS/ON model is in the rangeof  Ã w m. Thisresultis supportedby thefactthatthewidth of thespecular
peakderivedfrom BRDFmeasurementsis relatively independentof wavelength.BecausetheTSandtheON
modelareindependentof thesizeof theV-cavity, this resultcannotbeobtainedfrom fitting eithermodelto
theBRDFmeasurementswithout thetopographydata.
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A BRDF model for largescaleurban areas(pixel-diameter ü 500m) hasbeendeveloped. It is de-
rivedfrom modelingBRDF effectson 3 scales:geometricalopticsis appliedto a simplifiedstreetstructure,
intermediatesizedobjectsaremodeledsimilarly. The small scaleBRDF of man-madesurfacesandvege-
tation is incorporatedaswell, basedon the EGO measurementcampaigndescribedabove andgoniometer
BRDFmeasurementsof grassby (Sandmeier& Itten1999).

The modelbasicallydependson 5 parameters:the amountof vegetation,two geometryparametersto
modeltheaveragewidth of thestreetstructuresandtheheightof buildingson thelargescaleandtwo geom-
etryparametersto modeltheintermediatescale.Thedominantfeaturesof theresultingBRDFareahotspot,
aspecularpeakanda risefor highzenithangles.

WederivedlargescaleurbanBRDFdatafrom airborneimageryfor 3 multispectraldatasetsfor a limited
setof angles.Exceptfor thealbedo,themodelagreesvery well with thedata.

A post-flightangularcalibrationmethodof theDAEDALUS scannerhadto be usedto derive thedata.
It yielded comparablecalibrationfactorsas other calibrationsstudieson DAEDALUS instruments,with
correctionsof up to 15%.

Our modelcanbe usedasinput to calculatealbedo,for atmosphericcorrectionalgorithmsandglobal
BRDFmaps.KnowledgeabouttheurbanBRDFcanimproveclassificationandchangedetectionalgorithms.
For usersdemandingspeedandeasyimplementation,ananalyticalfunctionis giventhatcapturesthedomi-
nantfeaturesvery well.

An extensive validationof themodelpresentedherewill bepossibleassoonassatellitedatawith pixel-
diametersof about1 km (like MODIS, MISR, etc.) will be available. Futureimprovementsof the urban
BRDF modelwill have to includemultiple scatteringeffects,a moreelaboratetreatmentof the vegetation
BRDF andvarying compositionsof the man-madesurfaceBRDF. Especiallyrelaxingthe assumptionthat
all theman-madesurfaceshave thesamecolor (i.e. assigningroofs,walls andstreetsdifferentalbedos)can
changetheresultingurbanBRDFconsiderably.

Theinfluenceson theurbanBRDF from theamountof dirty or wet surfacesarenot expectedto change
the shapeof the BRDF considerably, except for the specularpeakwhich will strongly increasefor wet
surfacesanddecreasefor dirty surfaces(thealbedohowever canchangestrongly).TheDAEDALUS dataof
Nuremberg containdirty surfaces,but almostno wet surfaces.Theeffect of varyingheightsof buildings is
expectedto benegligible.
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ation. Intensive discussions,supportin thedataacquisitionin Ispra,tips on softwareusage,andhelp with
severaladministrative proceduresall playedimportantrolesin thecompletionof this thesis.

Prof.HartwigSpitzerandProf.JohannBienleinprovidedvaluableguidanceandsuggestions,spendinga
considerableamountof timeon improving this thesis.

I greatlyenjoyedtheniceworkingatmosphereat IspraandthankBrianHosgood,GiovanniAndreoliand
Alois Sieberfrom JRC,Italy for their cooperation.

Dr. WolfgangLucht andProf. Alan Strahlermadeit possiblefor meto spend3 monthsin theCenterof
RemoteSensingatBostonUniversityprior to my PhDstudies,whichturnedout to beanextremelyimportant
visit for me.Thediscussionswith WolfganginspiredthelargescaleurbanBRDF modelof this thesis.

I amindeptedto StefanSandmeierfor providing BRDF dataonvegetationandfruitful suggestions.
I alsothankDr. ManfredSchr̈oderandVolker Ammanfrom theGermanAerospaceEstablishmentDLR

(Oberpfaffenhofen)for their collaborationwith my workinggroupCENSIS.
Furthermore,I like to thankmy coworkers for their supportandfruitful discussions,including Ramon

Franck,NiklasRega,Reńe Monno,Dr. RafaelWiemker andDr. Martin Kollewe.
Specialthanksto my wife WengeNi andto my parentsEddaandDr. FriedrichEmil Meister, on whose

loving supportI couldalwaysrely.
I thankthe’DeutscheForschungsGemeinschaft’DFG andtheUniversityof Hamburg for their financial

support.



Chapter 12

Appendix

Contents:x ASD measurementsfor errordetermination(figures12.1to 12.3,pages145to 147)x FresnelEquations(page148)x Parametersof TS modelfrom SE590measurementsat ß ~ ø�ÄÆ nm and ß ~ ù ÃÄÃ nm (tables12.1 to
12.4,pages149to 149)x SE590BRDFmeasurementsat900nm(figures12.4to 12.11,pages150to 157)x Parametersof TSmodelfrom ASD measurements(figures12.12to 12.15,pages158to 161)x Comparisonof BRDFsderivedfrom ASD andOVID measurements(figure12.16,page162)x 3-D-topographyplotsof severalsamples(figures12.17to 12.21,pages163to 167)x MicroscaleBRDFparametersfor urbanBRDFmodel(table12.5,page168)
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Figure12.1:Dark currentmeasurementsof theASD, obtainedby completelycoveringthedetectorentrance
andtakingameasurementevery 9 seconds.Therootmeansquaredvaluesareshown in fig. 4.16,page38.
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Figure12.2:Constancy measurementsof theASD, obtainedby repeatedmeasurementsof Spectralon100%
withoutmoving thegoniometer. Theplotsshow themeasuredraw dataaftersubtractionof themedianvalue.
Seefig. 4.17,page39 for thestandarddeviation of thesemeasurements,seesection4.9.2.
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Figure12.3:Averagerelativeerrorof ASD measurementspersampleasafunctionof wavelength,seesection
4.9.2.
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FresnelEquations

TheFresnelequationsdescribethereflectionandtransmissionof anelectromagneticwaveby aplanebound-
ary. We will only give the equationsfor reflectionhere,taken from (Hapke 1993). The first mediumis
assumedto have a refractive index of ² � ~ � andanabsorptionindex of � � ~ Ã , which is a goodapprox-
imation for air. It is assumedthat the secondmediumcanbe describedby a refractive index of ² andan
absorptionindex of � . Thewave hits thesecondmediumat azenithangleof

ä Ù¶ .
Accordingto its polarization( Ù denotesthe electricvectorperpendicularto the planeof propagation,Ú

denotestheelectricvectorparallelto theplaneof propagation),the reflectioncoefficients +ÜÛ and +dÝ are
calculated.For unpolarizedlight, theFresnelreflectance+ is theaverageof thesetwo quantities. + varies
between0 and1. + ~ � Õ � +/Û � + Ý � (12.1)

+/Û ~ � ádâWã_ä Ù¶ ¨ _ � � � � _ ��� ádâWã_ä Ù¶ � _ � ��� � _ �� (12.2)

+<Ý ~ ����² � ¨ � � � ádâWã�ä Ù¶ ¨ _ � � � ���  ² � ádâWã	ä Ù¶ ¨ _ � � �����² � ¨ � � � ádâWã�ä Ù¶ � _ � � � ���  ² � ádâWã	ä Ù¶ � _ � � � (12.3)

_ � � ~ � ÕßÞ ��² � ¨ � � ¨ ã 678 � ä Ù¶ ���·à ��² � ¨ � � ¨ ã 678 � ä Ù¶ � � � ø ² � � ��á (12.4)

_ �� ~ � ÕâÞ ¨1��² � ¨ � � ¨ ã 678 � ä Ù¶ ��� à ��²��E¨ � �&¨ ã 678 � ä Ù¶ ��� � ø ²�� � � á (12.5)
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Sample ¢ � | ã 0 ��� } ¢ � | ã 0 ��� } � | ¥ ��¦ ��� } ² U i ? � « �LK
Spectralon0.5 0.155 ö 0.002 0.14 ö 0.12 0.032 ö 0.002 1.62 ö 1.0 0.026 1.0
Redroof tile 0.0161ö 0.0004 0.19 ö 0.06 0.035 ö 0.001 1.83 ö 0.5 0.043 2.1
RedAluminum 0.0144ö 0.0002 3.39 ö 0.93 0.154 ö 0.001 1.69 ö 0.27 0.041 7.1
Blueconcrete 0.0770ö 0.0004 1.09 ö 0.27 0.084 ö 0.001 1.51 ö 0.18 0.031 1.5
Redconcrete 0.0133ö 0.0002 1.16 ö 0.23 0.081 ö 0.001 1.46 ö 0.12 0.032 3.3
Spectralon1.0 0.3008ö 0.0018 0.08 ö 0.27 0.044 ö 0.005 2.30 ö 9.33 0.021 0.7

Table12.1: Parametersobtainedfrom fitting the TS model (eq. 5.1) to the SE590dataof the respective
sampleat a wavelengthof ß ~ 425 nm. The parameter� wasset to 0.25. Seechapter5 for a discussion
of theerrorsof theparameters.Theerror of thespecularalbedoU i is estimatedto be about5 %. The last
columnshows the ? � valueover thedegreesof freedom�lK .

Sample �Èã �yi | ã 0���� } � Ò | 0 ^ ¥ } ² Uli ? � « �LK
Sandedroof paper Ã ò Ã <øÞö Ã ò ÃÄÃú� Ã ò Ã ø à ö Ã ò Ã ø Ã òóÆÄùÄîûö Ã ò ÃÄÃ Æ Tòó5ö � ò à 0.032 0.6
Asphalt(Cadr.) Ã ò � øFö Ã ò ÃÄÃú� Ã ò Ã ÄÆûö Ã ò Ã à Ã òóîÄùûö Ã ò Ã  Tòóõ5ö �Ä� ò�ø 0.015 1.0

Table12.2: Parametersobtainedfrom fitting the ON model (eq. 5.8) to the SE590dataof the respective
sampleat a ß ~ 425nm. Theparameter� wassetto 0.25. Seechapter5 for a discussionof theerrors.The
errorof thespecularalbedoUli is estimatedto beabout5 % for thesample’Asphalt’. Thespecularalbedo
of thesample’Sandedroof paper’is considerablyoverestimateddueto ignoringtheblackbackground,see
page7, propablyby asmuchas30 %. Thelastcolumnshows the ? � valueover thedegreesof freedom�lK .

Sample ¢ � | ã 0 ��� } ¢ � | ã 0 ��� } � | ¥ ��¦ ��� } ² U i ? � « �lK
Spectralon0.5 0.162 ö 0.002 0.18 ö 0.19 0.031 ö 0.003 1.40 ö 0.8 0.020 0.6
Redroof tile 0.120 ö 0.001 0.17 ö 0.15 0.044 ö 0.002 1.75 ö 1.1 0.025 0.8
RedAluminum 0.143 ö 0.001 2.56 ö 2.04 0.181 ö 0.002 1.98 ö 1.2 0.034 3.3
Blueconcrete 0.090 ö 0.001 0.85 ö 0.36 0.085 ö 0.001 1.54 ö 0.32 0.025 0.6
Redconcrete 0.103 ö 0.001 0.82 ö 0.37 0.0857ö 0.002 1.57 ö 0.37 0.025 0.8
Spectralon1.0 0.300 ö 0.002 0.09 ö 0.31 0.046 ö 0.008 2.02 ö 7.04 0.017 0.5

Table12.3: Parametersobtainedfrom fitting the TS model (eq. 5.1) to the SE590dataof the respective
sampleat ß ~ 900nm. Theparameter� wassetto 0.25. Seechapter5 for a discussionof theerrorsof the
parameters.

Sample �Èã � i | ã 0d��� } � Ò | 0 ^ ¥ } ² U i ? � « �lK
Sandedroof paper Ã ò Ã ø�îûö Ã ò ÃÄÃú� Ã ò Ã ÆÄÆûö Ã ò Ã õ Ã òóõWð � ö Ã ò ÃÄÃ à Tòó5ö£TòóÆ 0.042 0.7
Asphalt(Cadr.) Ã òó � ùûö Ã ò ÃÄÃú� Ã ò Ã îÄûö Ã ò Ã Æ Ã òóî<øFö Ã ò Ã ø � ò÷ð ö£Tòóõ 0.007 0.7

Table12.4: Parametersobtainedfrom fitting the ON model (eq. 5.8) to the SE590dataof the respective
sampleat ß ~ 900nm. Theparameter� wassetto 0.25.Seechapter5 for adiscussionof theerrors.
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N/A

N/A

TS (900nm)

mmt. (900nm)

Figure12.4: TS modelfitted to BRDF measurements(mmt.) of the SE590for Spectralon0.5 at various
angles.
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N/A

N/A

TS (900nm)

mmt. (900nm)

Figure12.5:TS modelfitted to BRDFmeasurementsof theSE590for ’redroof tile’ at variousangles.
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N/A

N/A

ON (900nm)

mmt. (900nm)

Figure12.6:ON modelfittedto BRDFmeasurementsof theSE590for ’sandedroof paper’atvariousangles.
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N/A

N/A

ON (900nm)

mmt. (900nm)

Figure12.7:ON modelfitted to BRDFmeasurementsof theSE590for ’asphalt’at variousangles.
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N/A

N/A

TS (900nm)

mmt. (900nm)

Figure12.8:TS modelfitted to BRDF measurementsof theSE590for ’aluminum’ at variousangles.
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N/A

N/A

TS (900nm)

mmt. (900nm)

Figure12.9:TSmodelfitted to BRDF measurementsof theSE590for ’blue concrete’at variousangles.
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N/A

N/A

TS (900nm)

mmt. (900nm)

Figure12.10:TS modelfitted to BRDF measurementsof theSE590for ’redconcrete’at variousangles.
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N/A

N/A

TS (900nm)

mmt. (900nm)

Figure12.11:TSmodelfitted to BRDF measurementsof theSE590for Spectralon1.0atvariousangles.
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Figure12.12: Parametersof the BRDF modelsfitted to theASD measurements(1/4). ¢ � ¼ ¢ � and � denote
parametersfrom theTS model.Furthermoretheratio of ? � over thedegreesof freedom�lK andthespecular
albedoat

ä ¶ ~ î Ã � is shown.
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Figure12.13: Parametersof theBRDF modelsfitted to the ASD measurements(2/4). ¢ � ¼ ¢ � and � denote
parametersfrom theTS model.Furthermoretheratio of ? � over thedegreesof freedom�lK andthespecular
albedoat

ä ¶ ~ î Ã � is shown.
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Figure12.14: Parametersof the BRDF modelsfitted to theASD measurements(3/4). ¢ � ¼ ¢ � and � denote
parametersfrom theTS model.Furthermoretheratio of ? � over thedegreesof freedom�lK andthespecular
albedoat

ä ¶ ~ î Ã � is shown.
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Figure12.15: Parametersof theBRDF modelsfitted to the ASD measurements(4/4). ¢ � ¼ ¢ � and � denote
parametersfrom theTS model.Furthermoretheratio of ? � over thedegreesof freedom�lK andthespecular
albedoat

ä ¶ ~ î Ã � is shown.
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Figure12.16:TSmodel(solid line) fitted to BRDFmeasurementsof theASD at660nm(errorbars)andthe
empiricalfunctionof (Meister1995) (dashedline) for samples’brown slate’,’plastic’ and’walkway’.
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Figure12.17:Topographydataof thesample’redconcrete’.Thefirst of theoriginal datasets(correctedby
ameanplane)of 1000pointsx 1000pointsis shown at top left. A subsetof 20pointsx 20pointstakenfrom
thecenterof thesamplingareais shown topright. Theresultof averagingtheoriginaldatawith abin sizeof
20pointstimes20pointsis shown onbottomleft. Theresultafteraveragingfor theseconddatasetis shown
bottomright. Notethatonly for theplot top right theverticalscaleis scaledsimilarly to thehorizontalaxes.
Seechapter7 for adiscussionof thetopographymeasurements.
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Figure12.18:Topographydataof thesample’roof tile (Opal)’. Thefirst of theoriginal datasets(corrected
by a meanplane)of 1000pointsx 1000pointsis shown at top left. A subsetof 20 pointsx 20 pointstaken
from thecenterof thesamplingareais shown top right. Theresultof averagingtheoriginal datawith a bin
sizeof 20pointstimes20pointsis shown onbottomleft. Theresultafteraveragingfor theseconddatasetis
shown bottomright. Notethatonly for theplot topright theverticalscaleis scaledsimilarly to thehorizontal
axes.Seechapter7 for adiscussionof thetopographymeasurements.
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Figure12.19:Topographydataof thesample’brown slate’.Thefirst of theoriginal datasets(correctedby a
meanplane)of 1000pointsx 1000pointsis shown at top left. A subsetof 20 pointsx 20 pointstakenfrom
thecenterof thesamplingareais shown topright. Theresultof averagingtheoriginaldatawith abin sizeof
20pointstimes20pointsis shown onbottomleft. Theresultafteraveragingfor theseconddatasetis shown
bottomright. Notethatonly for theplot top right theverticalscaleis scaledsimilarly to thehorizontalaxes.
Seechapter7 for adiscussionof thetopographymeasurements.
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Figure12.20: Topographydataof thesample’red slate’. Thefirst of the original datasets(correctedby a
meanplane)of 1000pointsx 1000pointsis shown at top left. A subsetof 20 pointsx 20 pointstakenfrom
thecenterof thesamplingareais shown top right. Theresultof averagingtheoriginal datawith a bin size
of 20 pointstimes20 pointsis shown on bottomleft. The resultafter averagingfor the seconddataset is
shown bottomright. Thesecondsetwasrotatedby � à Ã � to improve thevisualization.Notethatonly for the
plot top right theverticalscaleis scaledsimilarly to thehorizontalaxes.Seechapter7 for adiscussionof the
topographymeasurements.
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Figure12.21:Topographydataof thesample’plastic’. Thefirst of theoriginaldatasets(correctedby amean
plane)of 1000pointsx 1000pointsis shown at top left. A subsetof 20 pointsx 20 pointstaken from the
centerof thesamplingareais shown top right. Theresultof averagingtheoriginaldatawith a bin sizeof 20
pointstimes20 pointsis shown on bottomleft. The resultafteraveragingfor theseconddatasetis shown
bottomright. Thesecondsetwasrotatedby � à Ã � to improve thevisualization.Note thatonly for theplot
top right the vertical scaleis scaledsimilarly to the horizontalaxes. Seechapter7 for a discussionof the
topographymeasurements.
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ß [nm] ª Õ ¢ � � � � � � � � =
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:Parametersof themicroscaleBRDF for man-madesurfacesandvegetationfor theDAEDALUS
wavelengths.Thefirst columnshows thecenterwavelengthß (cf. table9.3,page136). Thesecondcolumn
shows the diffuse albedoof the man-madesurfaces( ¢ � from eq. 5.1, page43). The remainingcolumns
show thewavelengthdependentvegetationparameters,seeeq.9.19onpage125.Thevegetationparameters
independentof wavelengtharegivenby O � ~ � òóÆ ¼ O � ~ � ò÷ð� ¼ O = ~ øúò Ã ¼ O � ~ Ã òóùÄÆ .
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