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Abstract

Anisotropic reflectance behaviour of to@al surfaces affects all remotely sensed imagery and should
therefore be included in the interpretation of remote sensing data. Reflectamisotopy is a
wavelength dependeneffect and is caused by thdlumination and viewinggeometry and the
characteristics of the observeslirface In this thesis, anisotropieflectance behaviour of lawn grass
and watercress was investigated by comparing rartjular reflectance measurements, obtainey

a laboratory goniometer, to simulations of the sl@hfcanopy radiative transfer model. The
influence of leafangle distribution vegetation cover and illumination geometoy the reflectance
anisotropy oflawn grass and watercress targetsms assessedComparable results between the
measurements and simations would indicate the usefulness of the combination of the gomitem
facility and the SL-@odelfor the research of biophysical and biochemical paramebn reflectance
anisotropy. Most of lhe results of the goniometer measurements are in agreemeittt the physical
mechanismsthat cause reflectance anisotropgnd previously published researctn reflectance
anisotropy However, some unexpected results were obtained due to the inhomogeariysparse
coverageof the vegetation targetsThe soileaf-canopy modelwas able to simulate some of the
measuredanisotropic reflectancesffects after normalization of the datahowever,the modelwas
not able to accurately reproduce the measured spectighaturesof the lawn grass and watercress
targets as masured in the laboratory. Therefore, the SinGdel cannot be used in combination with
the set-up ofthe laboratorygoniometer, as applied fortie measurementperformed for this thesis,
to investigate the influence of biophysical and biochemical parametereflectance anisotropy.

Keywords: reflectance anisotropy; bidirectional reflectance distribution function biconical
reflectance factor bidirectional reflectance factgr multi-angular measurements; laboratory
goniometer, radiative transfermodelling
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INTRODUCTION

M bé¢wh5!/ ¢Lhb

Natural surfacegxhibitanisotropicreflectancebehaviour, which means thahe distrbution and the
intensity of theradiancethat is reflected by a surfacearies withdifferent illumination and viewing
geometries The mathematical description of reflectance anisotropy dalled the bidirectional
reflectance distribution dnction (BRDF)as defined byNicodemus et al.(1977. Reflectance
anisotropy affects allamotely sensd images and therefore, anisotropiaeflectanceeffects need to
be included in the interpretation of remote sensing dalde anisotropic reflectance behaviowof

surfaceds wavelength dependent and is caused by optical and structural propeitige observed
target.

There are two ways of tking at reflectance anisotropy®n the one hand, anisotropic reflectance
behaviour can be considered as a source of error, which needs to be correcteReibectance
anisotropy can cause brightness gradientsémote sensing data, which influences, for example,
land cover classificatiofBrown De Colstoun and Walthall 2Q@8 the accuracy of vegetation indices
(Verrelst et al. 2008 It is therefore important tonormalizeremote sensing data, acquired under
specific view and illuminationgeometries,to standardreflectance valuesAn example of widely
accepted product transformed to a standard reflectancés the Moderate resolution Imaging
Sectroradiometer(MODIS nadir BRDF adjted reflectance (NBAR) pradt. On the other hand,
anisotropic reflectance dateontains information about théiophysical andiochemicaktomposition

of surface targets that cannot be derived fronspectral properties along¢Barnsley et al. 1994
Several studies demonstrated the improved estimationbifphysical and lbichemical vegetation
parameterswith the use of multangular rdlectance data like leaf area index (LAYuolo et al.
2008, foliar water and dry matter conter{Schaepman et al. 20p&and foliar nitrogerconcentration
(Kneubuhler et al. 20Q8Heiskaner(2006 demonstrated that using mukangular multispectral data
instead ofmultispectral nadir or singldand multiangular data alonereduced the errors in tree
cover and tree height estimatioWhether reflectance anisotropy is considered as a source of error
or as an additional source of information, accurate knowledge about its magnitude and variability
important either way(Schopfer et al. 2007

The main goal of this thesis is tiovestigatethe effect of different parameters on thanisotropic
reflectancebehaviour of several soil and vegetation targets as observed in-amgtilarreflectance
measurements, performed by the laboratory goniometer facility of Wageningen UnivéRaiysjen
et al. 2012 and to compare the results of the measurements to simulatipasformed by the
physically based SdikafCanopy (SLC) radiative transfer mo@€erhoef and Bach 2007 The
combination of thegoniometer and the SL@nhodel could be valuable for the investigation of
vegetation parameters on thanisotropic reflectance behaviour of vegetated surfaces.

The structure of the paper is as follows: in the methodology section, the goniometer facility, the SLC
moded, the collection of the model parameters and the gmecessing of the data is described. In the
resultsand discussion section, firsésults and measurementsbtainedunder an illumination angle

of 45° will be shown and discussed, followegla comparisn to the measuremerst under a 30°
illumination angle After this,a section is devoted t@ general discussion on the measurements and
simulations, followed by a section with consions @ this thesis and recommendatisrior future
research.



INTRODUCTION

1.1 Background

There are hree key scattering types that influence reflectance anisotrapgtropic scatteing,
volumetric scattering and geometric scatterinigotropic scatterings assumed to be a constant and
has no angular dependence. Volumetric scattefijigcattering which takes place side a medium.
Volumetric scatterings angular dependent ani$ caused bysmall interleaf gaps inside a canopy.
Geanetric scattering is caused by shadoarsd is also angular dependeri@eometric scattering can

be explained by twaffects (Kimes 1988 These effects are referred to as the gap effect and the
backshadow effect, adopting the terminology $andmeier et al(19989. For dense erectophile
canopies(canopiesthat consist of mainly verticdeaveg, the wellilluminated parts of the canopy

are located in the upper layer of the canopy, while the ddasinated parts of the canopy are
located in the lower parts of the canopy. The highest probabditya gapand thus thehighest
probability for the observation 6the lower parts of the canopig at nadir position. As the effadir
viewing angle increases, the probability of a gap decreases. When only the gap effect is present,
increasing the ofhadir viewing angle would result in an increase in the observed proportion of the
well-illuminated upper part of the canopy, which in turn resultsan increase in reflectance
independent of theazimuth direction. This effeéé most pronounced at greaterdlhnination angles,
which causes a stronger gradient between the well illuminated upper part of the canopy and the
lessilluminated lower pari{seeFigurel).

a Gap effectat asmall illumination angle b Gap effect at a large illumination angle

A

Figure 1. Gap effect onan erectophilecanopy a) For a sall illumination angle)b) For a &rge
illumination angleThe gradient indicates the intensity of the shadingages based oKimes1983.
Viewing a canopyn the direction towards the source of illumination allows for the observation of

the shadowedparts of a caopy. This is called the backshadow effeaicrkeasing theoff-nadir
viewing angle in the forward scatter direction woulkdereby result in a greater proportion of
observedshadowed elements and thus rdsin a lower observed reflectancee&auseleavesare

not completely norransparent, a proportion of the imening radiance is transmitted, resultimnga
reduction of the impact of the backshadow effect. Therefore, at extreme viewing angles, the gap
effect dominates the backshadow effe(@@andmeier et al. 1998aThe combination of the lowest
reflectancearound thenadir position due to the gap effect, and the lowest reflectance in the forward
scatter direction due to the backshadow effesults in aninimum reflecaince for dense vegetated
canopies close to nadslightly in the forward directior(Sandmeier et al. 1998aThe maximum
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reflectance is typically found in theabkward scatter direction where the observation and
illumination angle precisely coincide and is called thedpmit effect. The gap effect and backshadow
effect are less likely to occur at planophile canopiesnfpiesthat consist of mainly horizontal
leaveg. The top layer of a planophile canopy covers the shadowed, underlying layers, which are
therefore not observed. As a result, planophile canopéasibit strongerisotropic reflectance
behaviour andhave a lesspronounced hotspot. In generalleavesdisplay specular reflectance
behaviour(Grant 1987. Therefore, planophile canopieshave a forward scattering component, due

to the horizontal orientation of thdeaves The scattering properties of the underlying soil have a
strong influence on the reflectancanisotropy of gparsely vegetated surfacedhe anisotropic
reflectance behaviour of soils is related to physical properties like soil roughness and soil moisture
content, and biochemical properties like organic matter content and mineral conténhich sil
roughnesshas the strongest effeain thereflectance anisotropyWang et al. 2012 In general, sadl
showa strong amount of backscattering and a weakmount of forward scattering. This is dte

the low transmittance of soil particlesvhich cause a strongcontrastin illuminated and shaded
parts of the soiin the forward and backward scattering direction, respecti@ckson et al. 1990
Kimes 1983 Increasing illumination angdeesults in an increasecbntrastbetween illuminated and
shadowed parts of the soil and thus in stronger reflectance anisotropic effiéicisre2). Due to the
contribution of the underlying soilsparsely vegetated surfaces display strobgckscattering
behaviour This backscattering diminishes as the surface besonwre densely vegetatedit large
off-nadir viewing angles, the proportion of observed soil decreases and the observation will
therefore look similar to a densely vegetatsdrface(Kimes 1983

a Soil shadowing at a small illumination angle b Soil shadowing at a large illumination angle

58 »

Figure2. Shadow effeston bare soil as a result of illumination angi¢ For amall illumination angle;
b) For a &rge illumination anglelmages basedn Kimeg1983.

The proportion oftransmittance, absorbance and reflectance is wavelerghendent(Lillesand et

al. 200§. In the visible part of the spectrum, especially in the blue and the red pagtativelylarge
proportion of the incoming radiance is absorbed, and a smalteportion is transmitted ankbr
reflected. This results in a strong contrast between shadowed and illuminated parts of a canopy. In
the near infrared(NIR) absorbanceby leavesis relatively small, which resslin multiple scattering
inside a canopy. Mtiple scatteringin the NIRcan be considered as volumetric scattering and
reduces the contrast between shadowed and illuminated parts of the canopy, resulting in a reduction
of anisotropic effects.

1.2 Problem definition
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Allremote sensing databut especially datacquiredat off-nadir viewing angles, or by sensors with a
largefield of view(FOV)Beisl 200}, are influenced byeflectance anisotropyUnderstanding ofhe
magnitude and variation ofreflectance anisotropy effects is essential for the interpretation of
remote sensing dataviulti-angular reflectance measurements provide an insight in the anisotropic
reflectance behaviour ofurface targets Several satellites arcapable of performing mulingular
reflectance measurements, like for examplee spaceborne Compact High Resolution Imaging
Spectrometer(CHRIS)nounted on board thePRoject for @Board Autonomy (PROBAnd the
Multi-angle Imaging Spectrometer (MISRiner et al. 1998 The problem that these sensofaceis

that they are only able to sample lemited number of directionsmaking it difficult to investigate
anisotropic reflectance effects in detail. Goniometers enable the retrieval of a large amount of
sampling directions. Field goniometers, like thield Goniometer System (FIGQSandmeier and
Itten 1999 or the Automated Spectr&oniometer (ASGPainter et al. 200Bare able to observe the
anisotropic reflectance behaviowf a specific targefrom a large humber of positions.dwever,
reflectancemeasurements in the field are influenced by changing illumination conditions due to the
movement of the surfDangel et al. 2003r changing atmospheric conditiofSchopfer et al. 2008
Besides thisreflectancemeasurements performed outside aiafluenced by diffge illumination,
which complicatesnvestigation of reflectance anisotropMulti-angular reflectance measurements
performed in a laboraory enable the observation of anisotropic reflectance behaviour under
controlled conditions. Advantges of laboratory conditions are the stable illumination conditjdhe
control over the illumination positionand the absence of atmospheric conditions and diffuse
irradiance (Sandmeier and Strahler 2000Nageningen University has built its own labonmgto
goniometer systenfor performing multiangular measurements in order to investigate reflectance
anisotropy The core of the goniometer facility is formed by iadustrial robot arm, on which a
spectroradiometeris mounted. The robot arm enables fast metval of multtangular reflectance
factorswith a high repeatabilityat atheoretically unlimitednumber ofpositions in the hemisphere.
Theresults of thegoniometer hae not been formally assessed and becaudeas other settings, like
the sensor¢ target distance and field of viewt Is important that the results of the measurements
will be compared topublished results obther goniometer systems, like for example, the results
obtained with the European Goniometer Facility (EGOBdrydmeier et a[19983.

Multi-angular measurements can be used for both the exploration of reflectance anisotropy and for
the validation of BRDF moddSandmeier and Strder 200Q. Modelling the BRDF of targets che
done using multiangular reflectance measuremenigith empirical orphysically based modelsr
through a combination of both (sereimpirical models)Relating multangular measurements to
BRDF models iateresting for theinvestigation of the effect®f specificparameterson reflectance
anisotropy The problem ofsemi)empirical modelslike the welknown kernel driven BRDF model
proposed byRoujean et al(1992), is that they do nothave a physical basind thereforedo not
directly relate tophysicalparameters(Roberts 2001 Physical radiative transfer models describe the
interactionof solar radiation with a target based on physical principiis.parameters of thes¢ype

of models relate to biophysical and biochemical parameters and can therefore be usddefor
research of specific parameters on reflectance anisotrdjmne SL@model (Verhoef and Bach 200

a physically based radiative transfer mgdehich is able to simulate directional reflectanggectra

of soil and vegetation targets. TI®.A@nodel combines a modified Hapke soil BRDF mdHelpke
1981), a robust version of the PROSPECT leaf nfddefjluemoud and Baret 1988nd a modernized
version of the 4SAlL&anopy radiative transfer modéVerhoef 1984 The SL@nodel allowsfor the
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simulation of reflectance anisotropy based on biophysical and biochemical paraniedersnt et al.
(20119 demonstrated the abilityf the SL@nodel to simulatenearnadir CHRIS data aricey were
able to estimate four biophysical and biochemical parametécreasing the number of observation
directions, results in an increasenumber of retrievable parameterf_aurent et al. 2011pand
therebydemonstrates the potential of the combination of mudthgular measurements and the SLC
model for the estimation of biophysical and biochemical parametdrss, lhowever,unknown if the
SL@nodelcanbe used in combination with muingular reflectanceneasurements, performed in a
laboratory. Ground based measurements, as performed unttantrolled laboratory conditions allow
for the accurate (norspectral) determination of biophysical and biochemicgarameters of the
measured targets. These parametecan be used as input parameters for ttg&i@nodel If
simulations by theSL@model based on these parametensould approximate the multi-angular
laboratory measurementsthe combination of the Sl-@odel and the goniometer facility could be
valuable for the investigation afffects ofvegetation parameters on reflectance anisotropye SLC
model could be used for validation of tlgpniometer measurementand viceversa.This would also
indicate that based upon inversioof the SL&nodel meaningful soil and vegetation parameters
could be retrieved.Besides this, the Skiodel could be sed to simulatemeasuremens close to, or
at the hotspot position, owother positions that cannotbe reached by the goniometer.
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1.3 Goalsand research questions

The main goabf this thesisis to determine if the Sl-@odel is capable of simulating reflectance
anisotropy, asis measured under controlled conditionisy the laboratory goniometer facility of
Wageningen UniversityBecause it is the first time that measurements will be performed by the
goniometer facility, the measurements need to i@atedto physical mechanisms amdmparedto
published results obtainedy other laboratory gonioreters. A good comparison betweethe
physical mechanisms, thmeasured and modelled reflectanegould indicate that the goniometer
facility and theSL@nodelform a solid base for the investigation afisotropic reflectanceffects
Therefore, the influeoe of several parametersn the reflectance factors, which are measured by the
goniometer facility and are simulated by t&¢ @nodel, will be assessed. This results in the following
research questions:

1.3.1 Research question 1
Structuralvegetationparametes, like the orientation ofleavesinside a canopyaffect reflectance

anisotropy. The first goal is to determine what theffect of leaf angle distribution (LAGH on
reflectance anisotropyas measured by the goniometer facility amdsimulated by theSL@model
The first research question is therefd@mulatedas:

What is the effect oL ADon the anisotropic reflectandeehaviourof vegetation
targets as measured under controlled laboratory conditiand is the SL-@odel
able tosimulatethese efécts?

The effect of the leaf orientation on the reflectance anisotropy will be measured by performing
multi-angular reflectance measurementgth the laboratory goniometefacility of lawn grass and
watercresstargets with different leaf orientationgnd the results of these measurements will be
comparal to the resultsof simulations performed by th&8L@nodel

1.3.2 Research questioR
For sparse canopies, the underlying dodls a strong influence on the anisotropic reflectance

behaviour of vegetated surices The second goal iso determine what the effectof the soail
backgroum is on the reflectance anisotropgf vegetated surfaceas measured by the goniometer
facility and simulated by the Sin@bdel The second research question is therefore:

What is the effect of the soil background on the anisotropic reflectaebaviour
of vegetated surfaceas measured under controlled laboratory conditiamsl is
the SL@nodelable tosimulatethese effect3

This will be assessed by performingilti-angular reflectance measuremenwith the laboratory
goniometer facility ofvegetation targets with different proportions of vegetation cover, and
comparing the resultsf these measurements teimulationsperformed bythe SL&nodel.
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1.3.3 Research quesn 3
Apart from structural parametersand soil backgroundthe illumination geometryalso affects

reflectance anisotropyThe third goals to determine what the influence is of different illumination
angles on the reflectance anisotropy okgetated sufaces as measured by the laboratory
goniometer facility and simulated by the Sin@del Therefore, thethird research question is:

What is the effect of changing the illumination angle on the anisotropic
reflectance behaviour of vegetated surfacesas measred under controlled
laboratory conditionsind is the SL-@odelable tosimulatethese effect3

This will be determined by comparing the results of the measurements of the laboratory goniometer
facility of several vegetation targetperformedat different illumination angles, to simulatiarof the
SL@nodel
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In this section,the laboratory facility to perform themulti-angular reflectance measurements is
described, followed by the targets that were measured for this thesis. After thiscdhection and
the determination ofthe parametes that were used to simulate reflectance measurememi®
described.Some of these parameter settisgan be considered as results. However, since the
emphasis of this thesis is on the measurement and simulatioreftéctance anisotropythey are
considered part of the methodology. Finally a section is devoted to theppreessing of the
collected data.
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2.1 Thegoniometer facility

In order to perform anisotropic reflectance measurements, Wageningen Universityblilisa
laboratory goniometefrfacility (Roosjen et al. 20)2The core of the goniometer facility isrmed by

an indugrial robot arm, on which apectraadiometer, and optionally ahermal camera, can be
mounted The setup is controlled by adhtrol PC with custom built software. The robot is connected
through Ethernet and the spectrometer througWi-Fi see Figure 3. Information about the
measurements, configuration settings, calibration parameters and the measurement reselts
stored in a directory on theddtrol PC.

NEC Thermal

imager
- aire Control PC
Fire

T

\

ASD
Fieldspec3
Spectrometer

Robot control

°

\ Robot

Figure3. Schematic overview of the componeotshe goniometer facilitand their connection to the
Control PCSource imagdaRoosjen et a(2012).

2.1.1 ASD FieldSpecSectroradiometer

The followingsection is based upon the ASD technical guigeHatchell (1999. The spectral

reflectance measurementare performed usingan ASD FieldSpec »&troradiometer (Analytical
Spectral Devices, Boulder, CO, US#)m here on, théSDspectroradiometerwill be referred to as
spectrometer Thespectrometerhas a spectral range of 35®500nm. During the measuremest a

lens was attached to thepectrometerwith aninstantaneous field of view KOV of 8°. The duration
of one measurementor the wholespectralregion takes 0.1 secon@ablel gives an overview of the
sampling interval and spectral resolution of tepectrometerand Hgure 4 shows how they are
defined

Tablel. The Sampling interval and spectral resolution ofgpectrometerfor the region 356 1000
nm and 100@; 2500nm.

350¢ 1000 nm 1000¢ 2500 nm
Sampling Interval 1.4 nm 2nm
Spectral Resolution 3nm 10 nm
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Sampling Interval

| Spectral
{  Resolution |
.-

Spectrometer offset corrected raw DN

50% of peak height
/ -

Wavelength

Fgure 4. Definition of the sampling interval and the spectral resolution of shectrometer The
spectral resolution is defined as the fwidth-half-maximum (FWHM) of the instrumerdgsponse to a
monochromatic sourcesource image-atchell(1999.

The spectrometer consiss of three separatespectrometers:a visible and nearnifrared (VNIR
spectrometerand two short wave mfrared SWIR spectrometers, called SWIR 1 and SWIRH&

VNIR spectrometer uses a fixed gratimdnich disperses light onto a fixed array of 512 individual
detection elements Kigure 5a). The SWIR 1 and e an up-anddown rotating grating which
disperses the light onto a fixed detectdfigure 5b). The detectorsecord a signalfor each of the

1060 unique positions that the grating can take. The difference between the SWIR 1 and the SWIR 2
is that the SWIR 2 is manufactured foeasurements ithe longer wavelength region.

a VNIR spectrometer b SWIR spectrometer s
i "White Light' Undispersed "White Light'
Undispersed "White Light Scanning SWIR1 P g

Fixed WNIR Grating

Hgure 5. Spectrometes of the ASDa) The VNIR spectrometer of the ASD. A fixed grating Disperses
incoming radiancever a fixed array of detectordy) The S8VIR 1 and SWIR 2 spectrometerghaf

ASD A rotating grating disperses incoming radiance at a fixed detecBmurce image Hatchell
(1999.

Fixed
Array

q‘“ﬂ??: Fixed SWIR1
\ Detector

[ind |

Once the element and encoder positions are assigned, the positions wherathgtions should
occur between the VNIR, SWIRand SWIR 2 spectrometers, calledicgs, are determined. The
splice positionshetween the VNIR and SWIR 1 occurs around 1000 nm and the splice positions
between SWIR 1 and SWIR 2 around 1800 Tine spectrometerchoosesseveralreferences of
reflectance standards with centiigeaks at known wavelengthbat are distributed over the 50 ¢

2500 nm region. Each of these reference points is paired with the known detector (VNIR) or position
of the grating (SWIR 1 and SWIR 2). Biccapline interpolatioris applied to pair up the remaining
detectors or grating positions and an output ieated every 1 nnin the region 35 2499 nm
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2.1.2 Kawasaki FROE

The core of thegoniometer facilityis formed bya Kawasaki FS10&dustrialrobot arm (Fgure6). The
robot arm hassix degrees of freedonand is able to set thepectrometerat an infinite number of
positions around a small target. The robstvery fast (8.8 n¥ linear speed) and hashigh position
repeatability (x 0.1 mm)As another advantagehe robot arm is fully programmable.

Fgure 6. Kawasaki FS10E robot aBourcamage Kawasaki Robotics Ifeétoduct Specification

2.1.3 QuartzTungstenHalogenlamp
As a light source, a 1000 watt Quartz Tungsten Halogen (QTH) lamp i§Hgsed 7a). The QTH

lamps are popular due tits smooth spectral curve in the visible and néafrared part of the
spectrum andts stableoutput (Hgure 7b).

a QTH lamp b Spectral irradiance

R 025
. 0.20

0.15
0.10 7z

]
o
[A w2
l -
‘ ~
. t : "
8 @ » 8
0.0001

=IE 0.2 0.5 1.0 1.5 2 2.5
- WAVELENGTH (um)

SPECTRAL IRRADIANCE AT 0.5m
(Wm™ nm")
o
2
 B—

0.001 f

{

FHgure 7. The illumination sourcesed in the laboratory satp a) The QTH lamph) the spectral
irradiance of the QTHmp. Sourcémages Newport Corporationsyww.newport.com

To ensure a constant power of the lamp it was connected radiometer power supplyHgure 7),
which supplied a constant 1000 watt. Thght was focussed at the targgtpwever, the light beam
was not collimated.

2.1.4 Spectralon

Spectralon, a sinterk polytetrafluoroethylenematerial, is commonly used referenceaterial for
optical sensorsof remote sensing system@Bruegge et al. 2001 Spectralonpanels are valued
because theyapproach Lambertiameflectanceat measurements near nadir position in both the
visible and neainfrared part of the spectrumand because they are thermally stakleabsphere
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2012). Forthe laboratory measurementswhich areperformedin this thesisa Spectralon panel is
used as a reference material.

2.1.5 Laboratory

To be ableto neglect thecontribution of diffuse irradianceon the measurementsand in oder to
avoid scatteringit is important that the laboratory in which the measurements are performed allows
for complete darknesgSandmeier and Strahler 2000Therefore the laboratory (the wallsfloors
and ceiling), as well as the equipment (the sensor, the goniometer, the control units and other
instruments),were covered byhighly absorbindlack materialthe walls were covereavith panels
that were pained with black latex $igmatex mat RA2450)and the floors and ceiling were covered
with black PVC foil. Both thmintedwall panels andhe PVC foil have a reflectance of less théh 4
in both the visible, the neainfrared andthe shortwaveinfrared, seerigure8a. Figure8b and Figure

8c show the laboratory before and after covering the walls, ceiling, floor and othepewgrit with
black materials, respectively.

a Spectral response of the black foil and latex b Laboratory during c Laboratory during

construction measurements
10 4

— PVC foil
Latex paint

%)

Reflectance (%

9
8
7
&
5
4
3
2
1
o

-
500 750 1000 1250 1500 1750 2000 2250 2500 . e
Wavelength (nm) 7 ¢ [
K 3

Figure 8. Darkening the laboratorya) The spectral responsaf the PVC foil and the latex paint
between 350 and 2500 nirb) the laboratorybefore covering the instruments with black materials;

the laboratory during measurements: the walls, ceiling, floor, robot and other equipment are covered
by black panels and PVC fdihe difference in noise level at higher wavelengths is due to the fact that
the latex paint was measured with a contact peobwhile the foil was measured using the
goniometer setup, as described in this secti@ource photograph&oosjen et a(2012).
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2.2 Measurement positions

Measurements of thesoil and vegetation targets were performed at illumination angle of 30° and

45°. The light sourcewas mountedon a pole and thereforethe distance between thdight source
and the targets varied with an illumination angle of 3dd 45. The neasurements wer@erformed

coveringa hemisphereup to aview zenith angleMZA of 60°off-nadirat a sensor, target distance of
40cm Hgure9).

Fgure 9. Shematic cross section of the measurementigeat an illumination angle of 30and 45.
The measuremestvere performed coveringhe hemispheraup toa VZA of 606ff-nadir.

Fgure 10 shows the measurement positions from a tojgw perspectiveMeasurements covéng
the hemspherewere taken at a low resolutio(Sandmeier et al. 1998ba measurement every 30°

azimuth and every 15° zenith. Over the prirdiplane measurements were taken every 5° zenith.

Around the hotspot some additional measurements were takéuring the programming of the
measuremenpositions, K S LJ2 & A (i A 2 Y =l0(was'forgbttemancbot nheglsBred.

Fgure 10. Measurement positions from a tepew perspectivat: a) an illumination angle of 30 b)
an illumination angle of 45%iCMenotes the position of thieot-spot

¢CKS WNRdAziSQ |t 2y3 KgrafrneditamNdnze yidichaaigf awlsting anhg” a
shifting of the fibre optic cablesf the spectrometer because shifting and twistingan cause
alteration of the transmission capacity of the fibre optic cabl€smbes etal. 20073. The nadir
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position was measured several times during a measurement sequence, to determine if the reflected
signal had changed due to vegetation stress caused bgtthagirradiance of the light source

2.3 Protocol

This section describes thpeotocol which was applied during the experiments.

2.3.1 Dark current

Darkcurrent, or darkdrift, is systematic noise caused by the electronics and deteadbrthe
spectrometer The darkcurrent can be determined by viewing a black, near zero reflectarrgeta

or by closing a shutter ahe spectrometer. In this way, no illumination energy is able to hit the
detectors and theeby, themagnitude of the darcurrent can be measure(Hatchell 1999 For the
measurements in this thesis the shutter was closed in order to determineldhlecurrent. Because
the darkcurrent isonly stable withina short periodof time, adark-current measurement was take
before eachmeasurementssequenceof a target The darlkcurrent measurement wastored and
later on subtracted from the measurements.

2.3.2 White reference

A white reference is usecs& 06 | & St A y Gofe td1AD% of KIAtH@ Kadiancef the light sourcds
reflected towards the sensqHatchell 1999 The white reference measurements for this thegese
performedby measuringa white Spectralompanel from nadir position, at a sensqttarget distance
of 40cm, under the same illumination conditioas the vegetation measurementiust like the dark
current measurements, avhite reference measurement wataken before each measurenent
sequence

2.3.3 Measurements

Before the measurement of a target, therlecurrent and white reference were determined. After
this, the spectrometerwas set to nait position and moved down 40 cnThe target was placed
under thespectrometeron a heightadjustable table and moved wguch thatthe top of the canopy
was at the same height as tlspectrometer Finally thespectrometerwas moved 40 cm up again and
the programmed measurementpositions over the hemisphere were measuréib increasethe
signalto-noise ratio, & each measurement positiorl5 measurements were taken and averaged
The goniometer was progammed to measure the nadir positions multiple times during a
measurement sequenceThis was done in order tdetermine whether the tagets and the
spectrometerhad remained constant diing the measurements. A measurement sequetuak just
over 16 minutes. Once the measurements of a target were completed, a white Specpraheh was
measured agairat nadir position at a sensog target distance of 40cm, in order to see if the
spectrometerhad remained constant during the measurements. If the result of this measuremen
was not satisfactory thebove describegbrotocol was repeated and the target was measured again
over the hemisphere
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2.4 Terminology

In literature, the terminology concerningulti-angular reflectance measurements is ofteased
incorrectly. The incorrect use of terminology can be a considerable source of systematic error
(SchaepmasBtrub et al. 2006 The following section gives an overview of the most commonly used
reflectance terminology aml explains the correct terminology for reflectance quantity of the
measurements that are performed for this thesis.

2.4.1 Bidirectional reflectance distribution function

The BRDF is the mathematical description of reflectance anisqtespgefined by Nicodeuns et al.

(1977. The BRDH,) describes the refleeinceof a surface as function of incidence irradianég (
from a given direction‘(, ;) andradiance () reflected into a specific directiofi,, ;) at a given

wavelength €), see equatiofl).

- K Q0 — N 1L
Qv M TL QO—h N
@
Where:
f. = Bidirectional reflectance distribution function (BRDFJ][sr
L = Radiance [W thsr* nmY]
E = Incidence irradiance [W fmm™]
2.4.2 Bidirectional reflectance factor

In practice, it is not possible to measure the BRDF directly. Therefore, angular integration of a
number ofbidirectional eflectancefactors (BRFs) is often useddpproximatethe BRDF. The BRH (

is defined as the ratio of radiance reflected by a tardgtat a specific illumination and viewing
geometry (i, i ‘n ) to the reflected radiance by an ideal (lossless) and perfectly diffuse
(Lambertian) (i.e., noabsorbing and noitransmitting (Martonchik et al. 200)) surface I at the

same viewing and illumination geometry at a given waveleggtrEquation(2).

w = 0 = 1L
R
@
Where:
R= Bidirectional reflectance factor (BR¥) [
L= Radiance [W thsr! nm*]
L.s = Radiance of a reference panel [W ar* nm™]
2.4.3 Biconicalreflectance factor

To measure a BRF, an infinite small semB@\would be required. The BRF of a target can only be
approximated by sensors with a small IFOV (of upg(B@isl 2001 The smaller the IFOV, the better
the approximation of the BRfMartonchik et al. 2000 For the measurements, which are performed
for this thesis, a sensor witnd. Ch + 2 F y x ¢ Hes thidzdh& tsedllighRsouics Bas a
conical field of illuminatiomlue to the absence of a collimatdrherefore, the correct terminology for
the measurements is the biconicedflectance factor (BCRF), or conicahical reflectanceattor
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(CCRF}Schaepmasstrub et al. 2006 The mathematical description of thaiconical reflectance
factor is shownin equation(3).
M-+ Np NLz20 N zQ z0Q

Tz 0 —hnzQ

YR QR h T
)

Where:
R= Biconical reflectance factof [
. = The solid angle of the cone
K= The projected solid angle of the cone

The measurements, which are performed for this thesis, are here after referred to as biconical
reflectance factors or BCRFs.
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2.5 Targets

40 x 40 cm plots of freshly grown lawn graslium perennel.) and watercressNasturtium
officinaleR.Br.) served as thargetsfor the multi-angularmeasurementsKigurell). The lawn grass
and watercress vegetation were chosen for their spediffD Lawn grass has an erectophile
(vertical) LAD and watercress has a planophile (horizontal\8&@Imeier et al. 1993al. awn grass
leavesare monocotyledonoudeaveswith a compact mesophyll structure and watercrésavesare
dicotyledonousleaveswith spongy parenchyma and air caviti€kacquemoud and Baret 1990
Measurements were performed on 7 and 18 days old lawn grass and watercress canopies

a 7 d/o Lawn grass b 18 d/o lawn grass c 7 d/o watercress d 18 d/o watercress

Figurell. Photographs takeat approximately nadir porsirﬁoofrz ré) 7 days old lawn gras$) 18 days
old lawn grass¢) 7 days old watercresd) 18 days old watercress.

2.5.1 Plot size
To ensure that thespectrometerwasonly measuring the target at all observation angels, the ground

instantaneous field of view (GIFOV) of #ygectrometerat all observation angles is calculatasing

the equations oDangel et al(2005. The GIFOV changes from circular at nadir position to elliptical
at off-nadir view zenith angle (VZA). Equation(4) determines the radius of the GIFOV over the
circularaxis((b): seeFigurel2b) of the ellipse at a sensettarget distance (g and anlFOV i().

A AOAJ
“4)
Where:
b = Radius over the circular axis of the ellipse [cm]
ds = Distance between the sensor and centre of the target [cm]
h = Half of the sensdFOV angle’]

The length of the long axis of the GIFQOV in the direction towards the ses §erter compared
to the length of the axis away from the sensor),(aee Figure12b. Equation(5) allows for the

calculation of the short and long axis of thé&-GV

) " OE(
An A —5—
O Et [ 1

()
Where:
as = Length over the short axis of the ellipse [cm]
a =Length over the long axis of the ellipse [cm]
* = View zenith angl€]
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With an increasing VZA, both the length of the long and short axis increase and thereby also the
surface area that is measured by thpectrometer This surface area can balculatedby equation

(6).

o A T A
(6)
Where:
A = surface area measured by the sensor[cm

Figurel2a shows the relation between the VZA and the surface area measured by the sensor. At a
VZA of 60° the surface area measured by the sensmimesttwice as big compared to the surface
area masured at nadir positiorFrigure12b shows theGIFOVsn relation to the vegetation targets

that are observedby the spectrometerat nadir position and at a VZA of60°. 60°is the gratest
observation VZAppliedin this thesisEven at a VZA of 60°, the GIFOV ofgbectrometerdoes not

reach outside the vegetation plot. This ensures that at all VZAs, oncthaltarget is observed.

a Measured surface area as a function of VZA b Ground instantaneous field of view

50

Measured surface area (cm2)
W (%] =y I
o o (=] m
| | | |
L ]
L]
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h
|
’
»
.

L e I e e e e I e e e e B e o L e
0 5 10 15 20 25 30 35 40 45 &0 55 60 &5

View zenith angle (*)

Figurel2. Relation between the VZA and tledservedsurface areaa) for an IFOV of 8anda sensor
¢ target distance of 4@m;b) a visualization of the area that is measurednadir positionand at a

VZA 0of60°. The arrow indicates the viewing directibrat results in the depicted GIFGwid the

dashed circle indicates tlieoreticalrangeof the covered area at different viewirdjrections.

2.5.2 Sowing density

The Lawn grass was sown at a density of 260 grams of seeds per square meter and the watercress at
a density of 4 grams of seeds per square mefbe seeds were distributed as evenly as possible.

2.5.3 Soil

The soil on which # lawn gass and watercress was grown hadpecific composition, based on
mull (peat dust), sand and lime, which makes it suitable for fast germination of seeds. It has an

organic méter content of 17% and containe@l6 kg/n? fertilizer (14% nitrogen, 16%hosphorus and
18% potassium).
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254 Growing conditions

The growing conditions were not optimal. Since thkoratory measurementok placein the end
of January, the lawn grass and watercr@gsre sown in the beginning of January, which is mid
winter inthe Netherlands Therefore only alimited amount of suight was availableThe vegetation
was grown insidan office, next to a window.

2.5.5 Vegetationcover

Each of the vegetation targets had a different proportion of vegetation cover, which was determined
as follows first a photograph of théndividual vegetation targets was taken approximatelynadir
position, using aNikon Coolpix S8100 digital caméFagure13a). Secondthe images werapatially
geocoded andesampled using Erdas Imagine 2011 version 11.0.4 software, based on the known
coordinates of tie ground control points (GCPs)Rigurel3b. By applying a fourth order polynomial
transformation based on 16 GGRs output image with a cell size of 1 x 1 mm was creafetburth

order polynomial transformation was applied, becaubis returned the lowestoot mean squared
error RMSEand produced a visually good result, deigurel3c. Thirdly, the vegetated pixels were
sepaated from the nonvegetatedby applying equatior{7) in the Erdas Imagineodeller (Figure

13d).

(Green > Blue) AND (Green > Red) ANBe(G> 90)
()
Where:
Green = The pixel value of a pixel in the green band
Blue = The pixel value of a pixel in the blue band
Red = The pixel value of a pixel in the red band

"90 is used as a threshold to make sure theit pixels with a higher green than red and blue pixel value are not selected.

Based on a visual assessment, the classification of vegetated pixels was found sufficiéiguBee
13d for the classification result of the 18 days old watercress.

a b Dimensions c geocoded d Classified
71 28em A
38 cm
40 cm
N

Figurel3. 18 days old watercress) a photograph taken at approximately nadir positidy);known
GCPgblack dots) that a& used for the geocoding and resamplicpthe result of the resampling
method;d) pixels that are classified as vegetation by applying equdipn

By multiplying the known pixel size of the resampled images with the number of pixels classified as
vegetation, the percentage vegetation cover was determined,Tsdge2.
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