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ABSTRACT

This paper presentsresultsfrom analyzing hyperspectral
BRDF dataof grasslawn and watercress. The intensity of
thehotspotasa functionof wavelengthis determinedrom fit-
ting an empirical (or ratherphenomenolgical) modelto the
data. The modelconsistsof alambertian bowlshape hotspot
and forward scatteringcomponent. An analytical, theoreti-
cally derived relation betweenthe hotspotintensity and the
lambertiancomponents given. The intensity of the multi-
ple scatteredadiationobtainedfrom this relationcan be ex-
plainedqualitatively with the surfacestructure®f thesamples.

INTRODUCTION
The Bidirectional Reflectanceistribution Function(BRDF)
describeghe dependencef surfacereflectanceon incidence
and viewing anglesas a function of wavelength. With hy-
perspectralBRDF data, the dependenceof the BRDF on
the 'brightness’ of the surface at the respectie wavelength
can be studiedeffectively on a vegetationcanoyy, sincethe
spectralalbedoof vegetationvariesconsiderably(e. g. from
0.026 to 0.43 between500 nm and 1000 nm for a grass
sample). The spectral signature affects the shapeof the
BRDF, becauseamultiple scatteringincreasesiramaticallyat
high albedos. This paperfocuseson the decreaseof the
hotspotrelative to the albedoas multiple scatteringncreases.

DESCRIPTIONOFDATA SETS
Data from an erectophile grass (Lolium perenng and a
planophile watercresgLepidium sativun) surface were ac-
guiredundercontrolledlaboratoryconditionsat the European
GoniometricFacility (EGO) of the Joint ResearchCenterin
Ispra/ltaly[1]. The angularresolutionof the BRDF datais
5° and15° in zenithandazimuthdirection,respectiely. The
datais available from our website. In addition, a field data
setof the samegrassspeciess analyzedmeasuredvith the
FIGOSfield goniometemwith a resolutionof 15° and30° in
zenithandazimuth,respectiely [2]. All dataweretakenun-
dera sourcezenithangleof 35° with zenithanglesof reflec-
tion 6, rangingfrom 0° to 75° usinga GER-3700spectrora-

diometerwith 323 channelsbetween500 nm and 1000 nm.

EMPIRICAL BRDF MODEL
Four basicBRDF componentareidentified andfitted to the
datawith anempiricalfunction: 1) hotspot2) forward scatter
ing 3) bowlshapeand4) lambertiancomponent.

Theforwardscatteringcomponents adoptedrom a specu-
lar term successfullyusedin similar studies[3] (see[4] for a
detailedexplanationof the speculaterm). Thebowl shapes
modeledasa simplelinearfunctionof the zenithangles.

To modelthe hotspot,we chosea simple exponentialfunc-
tion e~?29 which hasa shapevery similar to a function pro-
posedy B. Hapke[5] (g is therelative anglebetweenviewing
andillumination direction). Our function hasthe advantage
of approachingeroin the forward scatteringdirectionmuch
fastethanHapke's function,which malkesit easietto separate
the hotspotfrom the forward scatteringtermin the inversion
step. Sincethe decreasef reflectancegrom the hotspotto-
wardslargerviewing zenithangless smallerthanthedecrease
towardsnadir, we multiplied the hotspotterm with an expo-
nentialfunctione®*(%:-¢-)* alsousedin theforwardscattering
component.

TheresultingBRF modelhasthefollowing form:

BRF =7-BRDF =a¢+ay-(0; +6,) +
as - ebl'(oi'or)2 . e_b2'g + as - eb3'(01"97‘)2 . eb4'¢2

1)
whereq is therelative angleto the speculadirection,see[4].
The coeficientsa; dependon wavelength,the coeficientss;
arefixed for eachsample. The underlyingassumptionis that
the shapeof the hotspotand the forward scatteringterm are
primarily determinedy the geometryof the canoyy, whereas
theintensityof thesetwo termscanvary with wavelengthdue
to the changeof reflectancevith wavelength.

The coeficientshave thefollowing physicalmeaning:
aop = lambertiancomponen{diffusescattering)
a1 = intensityof thebowlshape
as = intensityof thehotspot
ag = intensityof the speculapeak
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b, = width of thehotspot
For anexplanationof by, b3 andb, see[4].
Basedon theassumptiorthatthe surfaceconsistof surface
patchesof onereflectanceonly (so the backgrounddoesnot
influencethe BRDF), we deriveda physical(notempirical)re-
lation betweery andas:
7510?

€ (=K ++/K? - 47kKy)  with @)
27k

Ko=ao(z —c) +aink(l —c), Ki=ao(2mk —c)+x

a9 =

wherez €[0,1] is the areal proportion of shadeved surface
patchesat angleswherethe BRDF equalsag (diffuselimit),
ke[0,1] is the probability that scatteredight will hit another
surfacepatch,andc is ageometryfactor(closeto 1). z, k and
¢ arewavelengthindependenguantities.Thederivationof (2)
andtheassumptionsnadewill be presentedh alaterpublica-
tion.

MODEL INVERSION
We useda numericalroutinefrom the software packagePV-
WAVE' basedntheleast-squares-gi@tionto fit the parame-
tersof equationl to the BRDF data. Allowing all parameters
to float freely did not yield reasonableesults. Sowe adopted
astepby stepprocedure.

First, we fitted parameter; for the bowlshapecomponent
for eachwavelengthtakinginto accounionly BRDF measure-
mentsin the crossprinciple plane(relatve azimuthy = 90°)
wheretheeffectsof thehotspotandtheforwardscatteringerm
areassumedo be smallest. Then, we estimatedparameters
b; (the shape-determiningarameter®f the hotspotand for-
ward scatteringterm) from BRDF measurement the prin-
cipal plane(¢ = 0°/180°, respectiely), taking into account
the effect of parametem;. For the forward scatteringterm,
somefreedomremainsin the choiceof b3 andbs. Thisterm
was designedo fit to a specularpeakwith a distinct maxi-
mum, but our dataonly shavs a rise andno decline(if there
is @ maximum,it mustbe atd,, > 75°). The parameter$,
andb, couldbedeterminedvell, becaus¢he hotspotpeak(at
0; = 0, = 35°) is well within the rangeof measuredngles
(6, = [0°...75°]). Forthefield measuremerudf grassthesame
coeficientsb; wereusedasfor the laboratorymeasuremeruf
grassbecausghe angularresolutionof the field measurement
wasmuchcoarser

In thefinal step,wefittedthe parameterag, a; andas to all
datapoints.

RESULTS AND DISCUSSION
The agreemenbetweemmeasurementandfitted function (1)
is satisfying,the meanrelative deviation is only afew %, see
tablel. Theassumptiorthatthe shapeof the hotspotdoesnot
changewith wavelengthwas confirmedclearly for the grass
laboratorysample.The coeficientsb; aregivenin tablel. b,
equalsl.5for all samples.b, for cressis greaterthanb, for
grass,this meansthat cresshasa sharperotspot. The coef-
ficientsa; areshavn in Fig. 1. All 3 samplesshow therising
edgecharacteristidor vegetationat about700 nm, seeplots

A-C (ngglectingBRDF effects, the coeficient aq is approxi-
matelyproportionalto the albedo).

Thebowlshapecomponentlescribedy a, for grasss very
differentfrom cress(plots D-F). a; variesonly by a factor
of about?2 for cress(cresshasalmostno bowlshapeat NIR),
whereador grass,a; goesto zerofor smallag. Thus,a; for
grassis roughly proportionalto ag for ag < 0.3. For wave-
lengthslargerthan800 nm, we suspecthatthe inversionrou-
tine did not distinguishwell betweeru; andas for cress,re-
sultingin the negative valuesfor a;. However, the impactof
ay relativeto aq is negligible for cressfor ag > 0.3.

Coeficient a3 (plots J-L) tendsto zero for small ay and
reachesa maximumat aboutay = 0.25 for grass. We don't
know whetherthis spectralbehaiour is consistentwith the
assumptiorthat as canbe interpretedas a speculampeak. If
the FresnelReflectancef the scatteringsurfacewasconstant
(which is propablynot the casehere),asz would be constant.
ag for cresss aboutafactorof 10 smallerthanag for grass.

If therewasno multiple scattering(MS), we would expect
the relationof as (the hotspotintensity)anda, to be linear
Obviously, thisrelationis notlinear(plotsG-l). Thereasoris,
thatas ag increasesthe intensity of MS increasegoo. MS
reduceghe hotspotbecausahe shadaved component®f the
canoyy are lessdark sincethey areilluminated by the MS.
Thus, for large valuesof ay (correspondindo high albedos)
as risesmuchslowerthanfor smallvaluesof ag.

For smallay andas, (2) canbetransformedo x ~ ﬁ
2 wasestimatedrom aota an exactdeterminatiorwas not
possibledueto the ambiguoushehaiour of T‘IO—Z for small
ag. k andc of (2) werefitted to all valuesof ag andas. As
canbe seenfrom the solid linesin plots G-I, (2) describeshe
relationof ag andas verywell. Notethat(2) coversvaluesof
ag from 0.014to 0.306for grass(lab.) and0.019to 0.561for
cresswhichis a differenceof morethanafactorof 20.

Thecoeficientk is proportionako themultiple scattereda-
diation. The differenceof the coeficient k for grassandcress
canbeexplainedby the canojy structure:cresss aplanophile
canoyy, not allowing muchMS, whereaggrassis erectophile
with a lot of possibilitiesfor MS. & for the laboratorymea-
suremenbf grassis lowerthank for thefield measuremertf
grass.This is consistentvith the above explanation,because
thegrassn thelaboratorymeasuremertaslongerbladesand
is thereforenot as erectophileasthe field grasssample,and
thus producedessMS. Coeficient ¢ for the grasslaboratory
sampledeviatessignificantlyfrom 1, this may indicateprob-
lemswith the applicationof (2) to this sample.

CONCLUSIONS
We describedhe BRDF of grassandcressby anempirical
function, consistingof a lambertiancomponenta hotspot,a
bowlshapeanda forward scatteringerm. We deriveda phys-
ical relationbetweenrthe intensity of the hotspot(az) andthe
lambertiarcomponen(ag). Thisrelationis capableof describ-
ing therelationof ay andas for grassandcressvery well.
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Fig.1: V\avelengcthjependend:oeficients(rhombs)of Q) fz)r the3 samplesasa functionof waveler?gtl(plotsA—C)
andag, respectivelyplotsD-L). Thesolid linesin plots G-I denoterelation(2) usingk, c andz fromtable 1.

| Sample [ b[rad™"] [ bo[rad '] [bs[rad*] [ bsfrad®] [k [c¢ [x [d (red)[ d (NIR) |

GrasgLab) || 1.5 1.72 4.0 0.95 0.43| 0.73] 0.1 | 0.063 | 0.035
Grass(Field) | 1.5 1.72 4.0 0.95 0.55|0.99| 0.1 ] 0.052 | 0.034
Cress 15 2.5 4.0 0.95 0.25| 1.01| 0.4 | 0.041 | 0.036
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Table 1: Wavelengttindependentoeficientsand meanrelativedeviationd (d = % doimi N B RFTeased .



