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ABSTRACT

This paperpresentsresults from analyzinghyperspectral
BRDF dataof grasslawn and watercress.The intensity of
thehotspotasa functionof wavelengthis determinedfrom fit-
ting an empirical (or ratherphenomenological) model to the
data.Themodelconsistsof a lambertian,bowlshape,hotspot
and forward scatteringcomponent. An analytical, theoreti-
cally derived relation betweenthe hotspotintensity and the
lambertiancomponentis given. The intensity of the multi-
ple scatteredradiationobtainedfrom this relationcanbe ex-
plainedqualitativelywith thesurfacestructuresof thesamples.

INTRODUCTION
The BidirectionalReflectanceDistribution Function(BRDF)
describesthe dependenceof 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 respective wavelength
can be studiedeffectively on a vegetationcanopy, sincethe
spectralalbedoof vegetationvariesconsiderably(e. g. from
0.026 to 0.43 between500 nm and 1000 nm for a grass
sample). The spectral signatureaffects the shapeof the
BRDF, becausemultiple scatteringincreasesdramaticallyat
high albedos. This paper focuseson the decreaseof the
hotspotrelative to thealbedoasmultiple scatteringincreases.

DESCRIPTIONOFDATA SETS
Data from an erectophile grass (Lolium perenne) and a
planophilewatercress(Lepidium sativum) surface were ac-
quiredundercontrolledlaboratoryconditionsat theEuropean
GoniometricFacility (EGO) of the Joint ResearchCenterin
Ispra/Italy [1]. The angularresolutionof the BRDF datais���

and � ���
in zenithandazimuthdirection,respectively. The

datais available from our website. In addition, a field data
setof the samegrassspeciesis analyzed,measuredwith the
FIGOSfield goniometerwith a resolutionof � � �

and 	�
 �
in

zenithandazimuth,respectively [2]. All dataweretakenun-
dera sourcezenithangleof 	 ���

with zenithanglesof reflec-
tion ��
 rangingfrom 
 �

to � ���
usinga GER-3700spectrora-

diometerwith 323 channelsbetween500 nm and 1000 nm.

EMPIRICAL BRDFMODEL
Four basicBRDF componentsareidentifiedandfitted to the
datawith anempiricalfunction: 1) hotspot2) forwardscatter-
ing 3) bowlshapeand4) lambertiancomponent.

Theforwardscatteringcomponentis adoptedfrom a specu-
lar termsuccessfullyusedin similar studies[3] (see[4] for a
detailedexplanationof thespecularterm). Thebowl shapeis
modeledasa simplelinearfunctionof thezenithangles.

To modelthehotspot,we chosea simpleexponentialfunc-
tion ��������� � which hasa shapevery similar to a functionpro-
posedby B. Hapke[5] ( � is therelativeanglebetweenviewing
and illumination direction). Our function hasthe advantage
of approachingzeroin the forwardscatteringdirectionmuch
fasterthanHapke’s function,whichmakesit easierto separate
the hotspotfrom the forward scatteringterm in the inversion
step. Sincethe decreaseof reflectancefrom the hotspotto-
wardslargerviewing zenithanglesis smallerthanthedecrease
towardsnadir, we multiplied the hotspotterm with an expo-
nentialfunction ��������� �"!�� �"#�$ � alsousedin theforwardscattering
component.

Theresulting%'&)( modelhasthefollowing form:

%*&)(,+.-0/1%'&)23(,+547698:4 � /�;<��=>8?��
A@B8
4 � /A� ������� �"!C� �D#"$ � /1� �E���F� � 8:4 � /A� ��GF���H�D!C� �"#�$ � /I� �KJ�� L � (1)

whereM is therelativeangleto thespeculardirection,see[4].
The coefficients 4�= dependon wavelength,the coefficients NF=
arefixed for eachsample.Theunderlyingassumptionis that
the shapeof the hotspotand the forward scatteringterm are
primarily determinedby thegeometryof thecanopy, whereas
theintensityof thesetwo termscanvary with wavelengthdue
to thechangeof reflectancewith wavelength.

Thecoefficientshavethefollowing physicalmeaning:
476 = lambertiancomponent(diffusescattering)
4 � = intensityof thebowlshape
4 � = intensityof thehotspot
4 � = intensityof thespecularpeak
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N � = width of thehotspot
For anexplanationof N ��P N � and NRQ see[4].

Basedontheassumptionthatthesurfaceconsistsof surface
patchesof onereflectanceonly (so the backgrounddoesnot
influencetheBRDF),wederivedaphysical(notempirical)re-
lationbetween476 and 4 � :
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where _edgf 
 P ��h is the arealproportionof shadowed surface
patchesat angleswherethe BRDF equals4 6 (diffuse limit),
U9dgf 
 P ��h is the probability thatscatteredlight will hit another
surfacepatch,andc is a geometryfactor(closeto 1). _ P U and
` arewavelengthindependentquantities.Thederivationof (2)
andtheassumptionsmadewill bepresentedin a laterpublica-
tion.

MODEL INVERSION
We useda numericalroutinefrom thesoftwarepackage’PV-
WAVE’ basedon theleast-squares-deviationto fit theparame-
tersof equation1 to theBRDF data.Allowing all parameters
to float freely did not yield reasonableresults.Sowe adopted
astepby stepprocedure.

First, we fitted parameter4 � for the bowlshapecomponent
for eachwavelengthtakinginto accountonly BRDFmeasure-
mentsin the crossprinciple plane(relative azimuth i = j�
 �

)
wheretheeffectsof thehotspotandtheforwardscatteringterm
areassumedto be smallest. Then, we estimatedparameters
N = (the shape-determiningparametersof the hotspotandfor-
ward scatteringterm) from BRDF measurementsin the prin-
cipal plane( i,+k
 �ml �1n�
 �

, respectively), taking into account
the effect of parameter4 � . For the forward scatteringterm,
somefreedomremainsin the choiceof N � and NFQ . This term
was designedto fit to a specularpeakwith a distinct maxi-
mum, but our dataonly shows a rise andno decline(if there
is a maximum,it mustbe at �m
aop� � �

). The parametersN �
and N � couldbedeterminedwell, becausethehotspotpeak(at
��=q+r��
s+k	 ���

) is well within the rangeof measuredangles
( � 
 +tf 
 �vu u u � ��� h ). For thefield measurementof grass,thesame
coefficients N = wereusedasfor thelaboratorymeasurementof
grassbecausetheangularresolutionof thefield measurement
wasmuchcoarser.

In thefinal step,wefittedtheparameters4 6 P 4 � and 4 � to all
datapoints.

RESULTSAND DISCUSSION
Theagreementbetweenmeasurementsandfitted function(1)
is satisfying,themeanrelative deviation is only a few %, see
table1. Theassumptionthattheshapeof thehotspotdoesnot
changewith wavelengthwas confirmedclearly for the grass
laboratorysample.Thecoefficients NF= aregivenin table1. N �
equals1.5 for all samples. N � for cressis greaterthan N � for
grass,this meansthat cresshasa sharperhotspot. The coef-
ficients 4 = areshown in Fig. 1. All 3 samplesshow therising
edgecharacteristicfor vegetationat about700 nm, seeplots

A-C (neglectingBRDF effects,the coefficient 4�6 is approxi-
matelyproportionalto thealbedo).

Thebowlshapecomponentdescribedby 4 � for grassis very
different from cress(plots D-F). 4 � variesonly by a factor
of about2 for cress(cresshasalmostno bowlshapeat NIR),
whereasfor grass,4 � goesto zerofor small 4�6 . Thus, 4 � for
grassis roughly proportionalto 476 for 4�6[wr
 u 	 . For wave-
lengthslargerthan800nm, we suspectthatthe inversionrou-
tine did not distinguishwell between4 � and 4 � for cress,re-
sulting in the negative valuesfor 4 � . However, the impactof
4 � relative to 4 6 is negligible for cressfor 4 6 ox
 u 	 .

Coefficient 4 � (plots J-L) tendsto zero for small 4 6 and
reachesa maximumat about 476y+z
 u�T��

for grass.We don’t
know whetherthis spectralbehaviour is consistentwith the
assumptionthat 4 � canbe interpretedasa specularpeak. If
theFresnelReflectanceof thescatteringsurfacewasconstant
(which is propablynot the casehere), 4 � would be constant.
4 � for cressis abouta factorof 10smallerthan 4 � for grass.

If therewasno multiple scattering(MS), we would expect
the relationof 4 � (the hotspotintensity)and 476 to be linear.
Obviously, this relationis not linear(plotsG-I). Thereasonis,
that as 4 6 increases,the intensityof MS increasestoo. MS
reducesthehotspotbecausetheshadowedcomponentsof the
canopy are lessdark sincethey are illuminated by the MS.
Thus, for large valuesof 4 6 (correspondingto high albedos)
4 � risesmuchslower thanfor smallvaluesof 476 .

For small 4�6 and 4 � , (2) canbetransformedto _[{ |�}| }D~ | � .
_ wasestimatedfrom |�}| }"~ | � , anexactdeterminationwasnot
possibledueto the ambiguousbehaviour of |�}| }�~ | � for small
476 . U and ` of (2) werefitted to all valuesof 476 and 4 � . As
canbeseenfrom thesolid linesin plotsG-I, (2) describesthe
relationof 476 and 4 � very well. Notethat(2) coversvaluesof4 6 from 0.014to 0.306for grass(lab.) and0.019to 0.561for
cress,which is a differenceof morethana factorof 20.

Thecoefficient U is proportionalto themultiplescatteredra-
diation. Thedifferenceof thecoefficient U for grassandcress
canbeexplainedby thecanopy structure:cressis aplanophile
canopy, not allowing muchMS, whereasgrassis erectophile
with a lot of possibilitiesfor MS. U for the laboratorymea-
surementof grassis lower than U for thefield measurementof
grass.This is consistentwith the above explanation,because
thegrassin thelaboratorymeasurementhaslongerbladesand
is thereforenot aserectophileas the field grasssample,and
thusproduceslessMS. Coefficient ` for the grasslaboratory
sampledeviatessignificantlyfrom 1, this may indicateprob-
lemswith theapplicationof (2) to thissample.

CONCLUSIONS
We describedtheBRDF of grassandcressby anempirical

function, consistingof a lambertiancomponent,a hotspot,a
bowlshapeanda forwardscatteringterm. We deriveda phys-
ical relationbetweenthe intensityof thehotspot( 4 � ) andthe
lambertiancomponent( 4 6 ). Thisrelationis capableof describ-
ing therelationof 4 6 and 4 � for grassandcressverywell.
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Fig.1: Wavelengthdependentcoefficients(rhombs)of (1) for the3 samplesasa functionof wavelength(plotsA-C)
and 4 6 , respectively(plotsD-L). Thesolid linesin plotsG-I denoterelation(2) using U P ` and _ fromtable1.

Sample N � [rad� Q ] N � [rad� �
] N � [rad� Q ] NRQ [rad� �

] U ` x d (red) d (NIR)

Grass(Lab.) 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 1.5 2.5 4.0 0.95 0.25 1.01 0.4 0.041 0.036

Table1: Wavelengthindependentcoefficientsandmeanrelativedeviation ��;K�b+ ���� =H� �F� ��� ���E� measured! � ���E� modeled! ����E� measured! @ .


