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Recent studies have shown the benefits of multiangular remote sensing technig
characterizing vegetation reflection properti€¢be sudy of spectral anisotropy @
understory vegetatioanablesmethods foimprovedplant speciesdentification,and
provides valuable input data for radiation scattering models of forékis thesig
presents the applied methods and results of a research effort carried out g
growing season of 2017 for the temporal spectral characterization of two
economicldy most important wild berry species in Finland: lingonbeNagcinium
vitis-idaeg and blueberryVaccinium myrtillu$.

The spectral bidirectional reflectance factor (BRF) data on lingonberry and blu
shrub samples werellectedin a multidirectional measurement geometry using
Finnish Geodetic Institute Goniospectrometer (FIGIFIGO) in laboratory condi
Leaf reflectance and transmittance spectra on both species were collecte
SpectroCIlipTR spectral probe. The anisotropic charactiesstvere analysed in th
spectral range from 400 to 2200 nm for view angle depended®é {0 +40°),
illumination angle dependence (+40°, +55°), seasonal dynamics over the g
season (2017), and for berry and flower detection.

Both lingonberry andblueberry shrug have strong backwardand notableforward
scattering characteristicson the principal planeln the interspecies comparisg
lingonberry is brighter into all view direction in the visible and near infrar
wavelengths but darker in tlshortwave infraredIncreasing the illumination zenit
angleby 15°improvesthe spectral discrimination of the two dwarf shrsjpecieshy
inducing al2% ratio of the spectral responsésgetation indices that are commor
used in remote sensing of fore¢NDVI, NDVI705, MSI, PSRI) shodow sensitivity
to thechanges in the viemand illumination angleshe presence of lingonberries a
lingonberry flowerds indicated as a spectral peaiound 679 nnn the spectral ratig
of samples with berries or fieers to samples without berries or flowers.

It was shown that the analysis of spectral datthemeflectance anisotropy imprové
the spectral discrimination of the dwarf shrub species. The contributitie bérries
on the obtained shrub spectra whswen to be notable enough to justify further stud
by applyingunmanned aerial vehicl@JAV) platforms Future studie®n the aeria
spectral datare suggested ®valuatethe potential of berry mapping largerscale.
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Viimeaikaiset tutkimukset ovat osoittaneet monisutggektrometrian hyodyt
kasvillisuuden heijastusominaisuuksien karakterisoinnissa kaukokartoituki
Aluskasvillisuuden spektrien anisotropiatutkiminen edesauttaa kehittamag
menetelmid kaslajien tunnistamisksi ja tarjoaa validointiaineistoa metsig
sirontamalleihin TA&m& diplomityd esittdd menetelmat ja tulokSetomenkahden
taloudellisesti tarkeimmanluonnonmarjoja tuottaan varpukasu, mustikan
(Vaccinium myrtillu} ja puolukan Yaccinium vitisidaeg, spektrien temporaalises
karakterisointikampanjasta kasvukien 2017 yli.

Kaksisuuntainen heijastussuhdetelgpektriaineisto mitattiin mustikan ja puoluk
varpunaytteistd monisuuntamittausgeometriassa FIGIFIGO (Finnish Geodetic Ir]
Goniospectrometer) goniospektrometrilla laboratalmsuhteissa. Lehtieheijastus
ja lapaisyspektrit mitattiin molemmista lajeista kayttden Spectrelipnittalaitetta.
Anisotropiset ominaispiirteet analysointiin aallonpituuksien 402200 nm valilla
katselukulmariippuvuudelle -40° to +40°), valaistuskulmariippuvuudellg+r40°,
+55°), vuodenajan aiheuttamille muutoksille (kasvukausi 2017) seka ma
kukintojen tunnistamiselle.

Seka puolukka ettd mustikka osoittavat voimakasgksepain suuntautuvag
huomattavaa eteenpéin suuntautuvaa ominaissirontaa paatasassa. Vidlisess:
vertailussa puolukka on kirkkaampi kaikkiin mitattuihin katselukulmiin ndkyvan v,
ja lahtinfrapunan aallonpituuksilla, mutta tummempi lyhytaaltoisen infrapy
alueella. Valaistuskulman zeniitin kasvattaminen 15° parantaa lajien spe
erotettavuutta aiheuttamalla 12 %eron lajien heijastusvasteisiin. Yleisesti mets
kaukokartoituksessa kaytetyt kasvillisuusindeksit (NDVI, NDVI705, MSI, P9
osoittavat matalaa herkkyytta katsefa valaistuskulman muutoksilleNaytteesss
olevat polukanmarjat jakukat erottuvatspektrissdiikkina 679 nm:n kohdalla, ku
tarkastellaan marjallistenja kukallisten naytteiden suhdetta marjattomija
kukattomiin.

Spektriaineiston  heijasteanisotropian  analysoinnin  naytettin  edesauttd
varpukavien erotettavuutta. Marjojen vahva kontribuutio varpunaytteista mitatt
spektreihin osoitettiin niin selkeasti, ettd jatkotutkimuksia UAV (unmanned 4
vehicle) -alustalla voidaan pitaa perusteltuina. Ihadaksilla kerattyd aineisto
ehdotetaan &ytettdvan marjojen laajemman kartoituksen potentiaalin selvittamis

Avainsanat: BRF, heijastussuhdetekijd, kaukokartoitus, FIGIFIGO, anisotropia
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1 Introduction

1.1 Motivation

The Earth isaliving planet with large part ofits total land arezovered in dynamic
greenvegetation This vegetation producesonstantlyoxygen and moisture into the
atmosphere while reducing the amounts of harmful atmospheric sulsstancle as
carbon dioxide.Due to human activity the average temperature in Finland has increased
more than 2.3C from the time®f industrial revolution 1] and ispredictedto continue
itsclimb at least until 20607). Theresultingrediction of snow coveduringthewinters
and thelengthemng of thesummersaffect strongly on the animal and plant Idéke
which either adapts, moves, or perishesile new species move further nosthith an
increasing strain on the existing nature. While most of the effects of climate drauege
undeniablynegative impacts on lifen the northern hemispher@ew business and
recreationapossibilities mayarise from tenporally longer growing seasons thiatluce
higher yielddrom crops, treesandother producing plants.

1.2 Research o bjective

This thesis gives a detailelbscription ofa spectralresearcleffort carried out over the
growing period of 2017The collected remote sensiggound truthdata represesthe
reflectance characteristics dfvo dwarf shrubspecies, free of environmental and
atmospherispectraleffects.The spectralanisotroly characteristics of natural state wild
lingonberry {accinum vitisidaeg and blueberry\{accinium myrtillu¥ were analysed
from spectral bidirectional reflectance fact®RF) measurements. Thmeasurements
weremadein a multidirectional measurement geometry under two distlhohination
directions. The appd illuminationanglesrepresensolar elevatioaduring the summer
monthsin the southern Finlandatitudes, andhus extends the usage of the data in
multitemporal application®Ancillary data in form of singleleaf scatteringspectravere
collectedto enablea componenwise analysisof the shrub samples, arad spectral
analysis otheseasonal changestheleavesFurthermore, the collected spectral data is
made available for others to utilize in future studidse instruments used to carry out
themeasurements were Finnish Geodetic Institute Field Goniospectrometer (FIGIFIGO)
provided by Finnish Geospatial Research Institute (FGHd &pectroClipTR
manufactured by OceanOptiaed providedy Aalto University.

The goalof this study was to find awers to the followinghreeresearch questions
and to evaluate the significance and usefulness of the results for future studies:

1 Are there characteristic spectral anisotropy differences between blueberry and
lingonberryshrub®

1 What are the seasonalastges in BRF of blueberry and lingonberry considering the
different phenological stages?



1 Can thedwarf shrubflowers and berries be detected from measured spectra using
FIGIFIGO measuremerfts Does collectingsingle leaf reflectance spectravith
SpectroClipTR improvethis?

As of today,l am not aware of presiding studyn any forest understory specibathas
addressd a set of research questions @amprehensiveas the one presented here.
Therefore, the data presented in this thesis are considered valuable for future studies in
e.g. improving and validatingradiation scattering models édress, as ground truth
reference data fdiuture remote sensing berry detectiapplications andas nput data

for statistical models fgpredicting annual berry yield

1.3 Species overview and exploitation in Finland

Lingonberry and blueberrare both Vaccinium genus dwarf shrubs belonging to
Ericaceae(heath) family(Figurel). Both species havewide geographical distribution
in Finlandwith annualestimatederry yieldsof 244 million kg for lingonberry and 168
million kg for blueberry{3]. Somewhat broadersimates for annuaberryyields range
from 180 to 200 million kg for lingonberry (with 500 million kg a possibility) and 1560
250 million kg for blueberry4]. The picking percentages vary betwee¥ and 10%,
leaving the bulk of the vyield in the foresuncapitalized.Of the picked berries,
approximatelythree fourthgyo directly to private use arbte rest arsold asprocessed
product such agms, juices and beveragé&$. A small percentage is also exported from
Finland, with the most comma@roductbeing frozen blueberrig$].

Both species grown dry boreal forests usually dominated by pines, allowing lots of
light to reach the forest floor. Lingonberry is a brée@ved evergreen species, usually
5to 30 cm (up to 50 cm) tall keeping its thigkxy leaves in normal conditions over the
winter months. Blueberry grows typically 15 to 50 cm (up to 70 cm) tall and is a
deciduous species dropping its leaves in the autumn. Lingonberry has 8 to 30 mm long
oval shaped leaves with downward curling edgesen daxial (upper)side and light
greenabaxial (lower)side Lingonberry leaves are thick and &titlistributed radially
around the plant stem. Blueberry leaves are 8 to 25 mm long, saw edged and more almond
shaped. Compared to lingonberry leavdaeberry leaves are thinner, translucent and
more flexible. The distributiorof blueberry leavess more spases within a complex
branched blueberry stem structure. [6]

Lingonberry bears clustered flowerBom mid-summer to late JulyThe clusters
contain ypically 5 to 10 white-pink coloured 5 mm long flower8lueberrybears berry
shaped, individually distributed reddislowers from early summer to midummer
Lingonberries are produced from flowers in late August or early September and
blueberries in late July or early August. Both spdidesriescontain afleshy juicy pulp
indicating a large relative water content. Theizes of the berriesn both speciesary
typically between %0 8 mm. Lingonbeiies arebright redin colour while blueberries are
indigo-coloured. Blueberries have a noticedblesewaxy layer(a bloom)on top of the
berry skinthat protects the berry from insects and reduces the lossistingo

Lingonberresand blueberesarebothhighly regarded for their health benefits which
have been thoroughly studied. Berries contain vitamins, fibres, minerals, and flavonoid
compounds such as antioxidants with known antibacterial activity asgusitive health
effects. [7]



Figure 1. A collection of photographs showing (a) lingonberry shrubs, (b) picked
lingonberries, (c) blueberry shrubs, and (d) picked blueberries.



2 Background

2.1 Optical properties of vegetation

Through evolution humaneyes have developed a sensitivity an electromagnetic
radiation of varying intensity, contained within 400 nm wide bandin the
electromagnetic radiatiospectrum referred to awisible spectrum A passive remote
sensing instrumentsapable of recoding the incident energy in the same wavelengths as
our eyes but with an extended range into shae infrared region can be considered as
an extension of oumnatural vision. In many casésis much more intuitive tamake
interpretations froman image acquiredsing anoptical imagng instrumenthanfrom

one acquired using.g. imaging radailhe advantage$or observing théarthin optical
rangearise from ke characteristidistribution ofs ol ar ener gy i n the ¢
spectrumthe spectral response of the vegetatmthe incident solar radiatigmndthe

fact thatin the optical spectral range sensitigad accurateensos arerelatively cheap

to manufacture.

Due to thespectral baracteristics othe solar radiation spectrum and tspectral
absorptonand cattering characteristics of the Ez¢
sea level sets roughly between wavelengths 400 and 700Timmugh evolutional
iterations green leaved vegetation has developed means for exploiting energy
through a process called photosynthesis Photosynthesisis a conversion of
electromagneti@nergyinto chemical energfrom which the eneproductis glucose, a
simple sugaused by theplantto powergrowth. Photosynthesis is enablég electron
excitation ofchlorophyllmolecules ipns of thepigment3 by the energy in thencident
radiation.The chlorophyll pigments absorb efficiently red and blue colour light which
throughlight dependent anthdependent chemical processes produytecose for the
plantwhile slitting water moleculesto hydrogen anaxygen [8]

Three wellknown optical interaction properties betwebaincident electromagnetic
radiation field andthe matter lay the basis for optical remote sensing data analysis:
reflection, transmission and absorpti@). These optical properties can thetermined
by applyingspectraremote sensing measuremetashniquedor obsening theamount
of radiationscatterecor transmittednto the direction othe sensorinstumens have
physical constrainsthat limit the measurements of these quantities tgpatally only
reflectance data is collected, and only from nadir videsumptionof these properties
are neededas input for radiative transfer model$Vith suitable instrumentationit is
possible to obtain well approximated information on the reflectanisetropydescrbing
the optical properties of the scattering bodyhese data can be used to improve the
models.

Passiveremote sensingsystems typically measursolar radiation after several
interactions within the medium and the target of interBsis study limits its scope to
electromagneticspectrumbetween the visible and shavave infrared wavelengths
wherethe measured energy is scattdrgldt originatingfrom an artificial sourcemitating
the Sundés irradiance spectrum



As theincident enegy contained in the electromagnetic radiation fieddches plant
leaf, the leaf as a systepcan eitherpartly or completelyintercept the radiationThe
fractionof the incident radiatiothat does not interact with the leaf is transmitted through.
Law of conservation of mergy states that the total energy is preserVads the total
interactioncan be dscribed as a sum of tfeactions of the totahteraction agn Equation
1[8]:

h h P o ® I T ooh @)
or in Equation 2:
o 1 Tt ph (2)

where is the incidentadiant flux [W]reaching the leaf is the absorbedraction r
the reflectedraction, andUis the transmittedraction. Eachfractionhas a characteristic
directional and spectradependenceThis spectraldependence is the core property
exploited inall remote sensingA graphical representation tife spectralfractioningof
the incident radiatiorsishown irFigure2.
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Figure 2. Three possible pectral interactions of green leaf to incident shortwave
radiation: reflectance (red), transmittance (blue), and absorptance (green) as a function of
wavelengthThe data are examples of those measured from lingonberry leaves.

2.2 Reflectance theory

Measurement efmonment with all its contributing elementalong with the directional
properties of the illumination and the senst@fine theexistingmeasuremergeomety,
and thus theneasuredeflectance quantity. The sensor measspetraradiancel [W
m2 srl nm!] whichis thespectraradiant flux]W nnv!] contained in the projectesburce
area in the beam geometry3nnto asolid angle towards specific directior{sr]. If no
interactions occur between the scatterer and sensor, radiance is always cegatdless



of the separating distand&henradiance is integrated over the hemispltleeeresulting
quantity is called spectraradiance E [W m? nm'] which can be used to characterize
the illumination sourceRadiance and irradiance can be measuiseng instruments such

as spectnadianeters The obtained measure of radiance can be further developed into
physical quantitiesuch aseflectance and reflectance factor.

Reflectance and reflectance factould be evaluated iassociatedgeometrical
domain, defined by the illumination and sensor geometries of the measurement setup.
Three basic geometries used in literature to describe the geometrical domain are
directional, conical, and hemispherickidure 3). The related reflectance quantities are
some combination athese geometrie®idirectional geometry is always a conceptual
quantity since it is definefbr infinitesimal solid anglesTherdore, thetrue measurable
reflectance quantities are always in either conical or hemispheloahins Conicat
conicalis typical laboratoryneasurements where the illumination is considered as non
ideal beam and e.g. a gospectroneter is used to deteme the angular distribution of
the scattered light. Outdoor measuremengleunder natural solar illumination have
always a hemispherical illumination geometry due to light scattering in the ambient
atmosphereBecause of thenentionedlimitations relatel to real measurementshe
measurement setupeometries are reduced to fopwssiblecases: biconicalconicat
hemisphericalhemisphericatonical, and bihemispheric4®, 10]

Bidirectional Directional-conical Directional-hemispherical

N AN AN N

Conical-directional Biconical Conical-hemispherical

AN AN D

Hemispherical-directional Hemispherical-conical Bihemispherical

(N A N £ N

Figure3. Nine geometricdomains of incident radiance (dovanrow) and reflected
radiance (ugarrow).Figure is an adaptation of a literature refergid€}

Spectral bidirectionaleflectance factoiBRFK.is defined in a givewiew directionas
the measuredpectralradiance fron a target surface tthe measured radiancef a
reference standardurface under the same illuminatiorand view conditions The
reference standardn to which the target radiance is comparedshmuldresemblea
lossless idealy diffuse perfect whitesurfacereferred to as Lambertian surfack
Lambertian surface has a constant radianceainyoview angt (Figure4). [9, 10]



Specular Isotropic Anisotropic

/ (D Y

Figure4. Radiance scatteringggmetres. Isotropicorrespondso the geometryglefiniens
asa Lambertian surfac@he radiance ito zenith angled hasa magnitude proportional
tocos.(d)

Themathematical definition of bidirectionedflectance factof9] when usingn ideal
Lambertian surface as a reference standadhn illumination from aingledirectionis
shownin Equation 3:

0 —Dhol}—P60 N -
0 f 7
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whereLarget IS the target radiance angks, iseai the radiance from an ideal Lambertian
reference pangelvith both being functions of measurement geometry and wavelength.
The directional angle®r incident and reflected radiation are definedrigure5.
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Figure5. Measurement geometdefinedin spherical coordinate systermirections of
illumination (blue) and sensor (greemsfunctions of zenith angle di andd; (red) and
relative azimuthangles- i andt ; (red) Compass pointing of-gxis can be chosen freely
but the direction should be unambiguous, e.g. narthe direction of the illumination.

Manufacturers that produdegwhite reference panels edin BRF measuremen&ém
to refine their products ® mimic the optical properties of a Lambertian surface as close
as possible. Panels like the industrial stan@&pdctralon® by Labspherased also in
the measurements tis study, have a neperfectnadir reflectance of 99%ver the
optical spectrunjll]. The deviatiorfrom ideal diffuse surfaces correctedoy adding a
correction factor in the reflectance factor equatisnin Equation4. However,further



studieson spectralon anisotropyave shown that Spectralon® reflectapemelhasas
well anangular dependey [12] which shouldbe included in the correction factdi3].
An extendedrersion ofEquation3 for calculating BRRncluding the correctiofactoris
shown in Equation 4:

0 —FPbo}—P60 1
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whereLtarget IS as previouslyLres the measuredadiance fromthe nonideal reference
panel, andRf the known reflectance factor of the paadded forcorreding BRF for
angular and spectral dependencies.

BRF is a simplified quantity since it is an average over the designated solid angles in
both illumination and viewing geometrie8. more completadescrption of a targed s
reflectance propeds anda definition for the directional reflectander all possible
illumination and view anglesiithe hemisphere given bythe bidirectional reflectance
distribution function (BRDF. Because BRDF consideardinitesimal solid angles djoth
thespectal directionalradiancdeaving the surfacendthe spectral directionaradiance
arriving on the surfaget is nota measurablgquantity as such but is replaced by BRF in
measurementsThe relation between BRF and BRDF arises from the characteristic
diffuse reflection property of the Lambertian surface, resulting the same radiance to be
reflected into all view direction8RDF of an ideal Lambertian surface is” ldnd is
defined as irfEquation 5[9]:

QA o). " 2 &1l P60l .
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wheredL; is the radiance from the surface to an infinitesimal solid angled&nthe
incident irradiance from an infinitesimal solid anglehe directional reflectances
defined by considering the level of collimation in both the incident illumination beam and
the reflected beam.

2.3 Measuring bidirectional reflectance factor

Both BRFand BRDF are clearly defines was shown iquations 3, 4, anfl Although
BRDFis notmeasurable as sudhis pursued du¢o itsnonintegratnaturewhich allows
quantiication ofpointlike reflectance with directional and spectral dependencies.

In laboratory environment, givenwaell collimated illumination beama relatively
small fieldof-view of the sensor optics, anting a nofimaging spectrometer, the
radiance measurements take place imir@ctionatconical measurement geometry
Additiondly, if the measured surface is free of radical spectral anisotropic features, the
theoretical directional measurements are averaged within the solid angle of the conical
geometry. Spectral laboratory measurement techniques that include the represented
corstrains provide therefore well approximated measurements in bidirectional geometry
domain.The hdirectional geometryvasdefined earlier irequation 3 and 413]

ObtainingBRF in outdoor environment is more challenging dutaéaliffuse sunlight
conditions However, these measurements canmagleby collectingthe radianceboth



under hemispherical illumination geometry and under hemispherical geometry with the
direct components removed by shadowing the target surface. This should be done both
for the reérence measurement and for the target measurement. The contribution of the
directional component can be later resolved by substracting the obtained spectral radiance
from each othel13]

As stated,spectral measurementsnade in field conditions under naturadolar
illumination require a lot of ancillary dateo be collectedcompared to laboratory
measuremest Data ondiffuse skyand clouds, wind, shadowingof trees and other
obscuring elements, reflections from the environmand the role the time of day play
ontheseshould beknown The conditions should be constantly monitored, and changes
noted. This is especially important if a single reference meamnt is used for
determining reflectance factors of multiple successive target measurefidhts
Additionally, having knowledge of the preceding precipitation is also important due to
strongspectralbsorptive property of wat€ig]

Calculating the bidirectional reflectance factor fronthe measured radiance is
relatively simpleas was shown i€@hager 2.2 However, favingtruly meaningful results
depend heavily on the suitability of the measurement instruimieatyiven targebnthe
information available on the prevailingmeasurement conditiorthroughout the data
collection period andon the expertise of the operatand his/her abilitieso use the
equipment and to monitor the data collection prackesthe laboratory the conditions
related to the illumination, target topography andgeometry and the radiation
environmentcan be considered staldad therefore laboratory measuremeartseasier
to control. The following assumptions should be related to &RF measurements
regardless ogéquipmeat ormeasurement environmedb]:

1. The sensor fiekbf-view is limited to 20°.
2. The white reference panel surface area covers the sensor footprint area in full

3. The irradiance falling on the sensor footpri@main constant between the white
referencestandard radiance measurement and the target radiance measurement

4. The sensor electronics have a linear response for changes in radiant flux

5. The reflectance properties of the white reference standard are known in the given
illumination and view geometry

The sensorfield-of-view is limited to ensure measurements franrelatively small
irradiated area on the targdtis enableattaining the directional nature of the radiant
flux leaving the projected source aira solid angle into the direction tife sensor.

2.4 Physical basis of multiangular observations

A basic illustrationof a single scattering model for evaluating the reflectance of two
layered vegetation structure of canopy and iso#hown inFigure6. For a given set of

view and illumination angles, tleensor sees different amount of canopy andaspértly
illuminated and partly shaded. The recorded radiant energy by the sensor is therefore
stronglydependent on the illumination and view geometries. In general, the parts of the
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canopy and underlying soil that are under direct illumination appear brighter to the
observer than the parts that ameshade From thenadir view directly above the scene
the sensohas the largest amount of soil visible du¢hicanopy gap fractiowhich has
its largestvalue at that view direction. The soil can be either illuminated or shadowed
which depend on the optical properties of the surrounding eleme@&nopy gp
fraction and related view angle dependenciestba measured radiancénas been
previously studied16] with reportedresults supporting theignificance of understory
contribution to the overall radiance from nadiew. As the view zenith angle is
increased, the amount of soil in the field of view of the sensor gradually decrease until an
angle is reached wheoaly the forestanoyy is visible to the sensofThis means thdhe
spectral responsaf a forest canopyn a natural scene has a strongpdedency on the
view zenith angle. Canopy anisotropy can be related to understory vegetation where e.g.
dwarf shrubs have their own canopy wathunderlying vegetation and soil lL

The single scattering model showrFigure6 can be used also to explain the so called
hotspot effect which occurs when the illumination and the view angle have a phase
difference of zero. In hotspot geomethe observer is located on an imaginary line
connecting the target and the illumination source, pointing the spectroradiometer directly
towards the target. In this geometry, all the scene elements in theffigkew of the
sensor are illuminated and tmecorded radiance has a sharp peak representing its
maximum value. The peak radiance is a consequence of maximum shigiloyy a
phenomenon which can be explained by considering radiation field with relatively short
wavelength incident on a larger sizmterers. This generatshadows but at the hotspot
direction these shadows are hidden by the objects themselves that generated the shadows,
thus generating fully illuminated fieldf-view. The shadowhiding is noticeable in
reflectance anisotropy measorents of relatively heterogenous surfageshe principal
planeat view zenith angles approaching the illumination direcfidre hotspot effect is
further strengthened by so called coherent backscatter effect which deals with adding of
phases of photonis a scattering medium resulting amplification of the backscattering
signal. Some natural scene elements, such as still water bodies and waxy flat leaves have
a strong anisotropic reflectance characteristic also into the forward direction, the direction
exactly opposite from the direction of the illumination on the principal plgt&:19]

Figure 6. Single scattering modedf an incident radiation field on a twdayered
vegetation structurésigure is an adaptation of a literature referdr2€}.
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2.5 Instruments for measuring BRF

Terrestrial nultiangular BRFmeasurementypically utilize atraditionalgoniometer
design In this desigrthe sensor optics are rotated around the sample both ih zewit
in azimuth directiongFigure 7). The illumination can be either natural sunlight when
measuring outsideor originate from anartificial illumination source (a lampin
laboratory measurements.

Multidirectional reflectane measurements provide empirical radiometric information
on target surface anisotropyhe spectral anisotropy can be evaludiganeasuring the
energy in the reflected fraction of the incident energy which originates from a given
direction and scattersdm the target surface towards the sensor. Over the course of past
30 years, several research institutes and companies have developed instruments for
measuring spectral multiangular BRF of different target types, in different environments
and in differentscales. Spacebornestruments such aslISR (Multi-angle Imaging
SpectroRadiometer) emo ar d N A S -Adbelite, ore CHRI® (Compact High
Resolution Imaging Spectrometer) -bno a r d European Spake Age
(Project for Onboard Autonomy) satelliteopides comparable reflectance anisotropy
information to data obtained usiadield goniospectrometesuch as FIGIFIGO. Satellite
data is used to derive global products like leaf area index (LAI) or planet albedo, while
field instruments measure groumdth reference data for calibrating satellite instruments
and validating mathematical scattering models.

I1lumination

Illuminated spot,
Sensor footprint

Azimuth angle

Figure 7. A wire-model of a traditional gectral goniometedesign The illumination
source produces a collimated beamlight towards the illuminated spot. The sensor
measursthe spectral radiandeaving the illuminated spdbwards the sensor.

2.5.1 Field and laboratory gonio spectro meters

I n addition to FGI s FI GI FI GO, sever al o]
developed by other research institutes. Possibly the most faRiGUSIGO preceding

field capable system isidid-Goniometer System (FIGOS) built at the University of

Zurich in 1994 FIGOS representsa traditional goniometer viewing geometry and
structuredesign. Arigid support structuréas a2 m radiushalf-arc (zenith arcpoing

over the sample areanablingthe sensorpositioning in zenith directianin azimutha



12

horizontally orientedull-circle (azimuth railjallowsthe rotationaround the pivot poin
at the centre of the local spherical coordinate sysidma.operation is serautomated
a motor diven sledcarryingthe sensooptics movesin zenith direction while manual
labour is requiredor azimuthal rotation of the instrume21]

Another famais goniometer was introduced in 1994 by Join Research Center of the
Commission of the European UnidBuropean Optical Goniometric Facility (EG@)
fully automated laboratory goniometer. As a stationary system EGO has a mor&robust
m radiusstructurecompared to FIGOSThe goniometers contained inside a special
black walled laboratory22]

The first automated field goniometer wag thandmeier Field Goniometer (SE@)
laptop controlled version of FIGQ$8onstructed foNASA in 1999.In SFG any sems
position within the hemisphere can be achieved automati¢ddignispherical BRDF is
achievable in 10 minutes with 1%nd 30 angular resolutions in zenith and azimuth
direction respectivelylrhestructuraldimension®f SFG matchhose othe FIGOS [23]

The Portable Apparatus for Rapid Acquisition of Bidirectional Observation of the
Land and Atmosphere 11l (PARABOLA llbepresents a different approach in measuring
surface anisotropy: it applies a viewing geometry directed outwards from a fixed position
at the centre of a local spherical coordinate system. This is opposite to the traditional way
where the viewing is froma fixed radius inward tthe origin of the coordinate system.
PARABOLA lll is a custom instrument built by Sensit Technologies Inc. in 198&.
goniometergeometry enablesangular measurement of both incident hemispherical
irradiance and the radianieaving the surfaceThe instrument has beagsed to collected
reference data fathe spaceborn®lISR instrumentDue to its viewing geometry and
varying location of the fielaf-view of thesensor, theneasurabléarget types are limited
to homogenous surfacg24]

Automated Spectr&Goniometer (ASG) is compacfully automatd goniometer for
field measurementeveloped atheUniversity of California, Santa Barbara in 2003. The
instrument waslevelopedor snowand other smooth surface reflectance measurements
in hemisphericalirectional geometry The system is considerably lightdq kg)
compared to FIGOS (250 kglue to innovative automated procesaed mechanical
design.Compared traditional goniometers, tfuge-optics have a small hemispherical
radius around the targef 0.65 m.[25]

Another @mpact goniometer was developed at the University of Lethbridge in 2006.
University of Lethbridge Goniometer System (ULGS) is a manually opegatédmeter
for field and bboratory us. One of the driving design objective$ the projectwas to
develop a compact goniometer with traditiostalicturg(half-arc and fulicircle) but with
a low price point. The affordability was to allow more users to access amguiate
sensing measurements for resolving BRDF related probl@gjs. [

A new innovative way of utilizing an industrial robot for BRDF measurements was
realized at Wageningen University on 2012. This design is w fabotic laboratory
goniometer system fomeasuring anisotropic reflectanaed emittanceof small size
samples of patches of grass or.sbile hemispherical viewing geometry is accomplished
by implementing a skaxis robotarm carrying both a spectrometer with associated fore
opticsalong witha thermal camera. The advantage of a fully automatic robot system is
speed, angular resolution and directional accur@dy. [

One of the most advanced recently published spectral goni@retee Goniometer
of the Rochester Institute of Technolegyo (GRIT-T). GRIT-T works both in laboratory
and in field conditionsimplemening a setup oflual spectrometersone for measuring
the upwelling radiance and a second spectrometernfeasuringthe downwelling
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radiance. The goniometer has high directionaueaxy, is fully automatized and has
innovative technologyo reduce the wandering of the measurement, $potnitigating
selfshadowing of the sensor, atwenableself-leveling by utilizing inclinometers and
related actuator$28]

2.5.2 Airborne multiangular spectroscopy

The advance ofaial remote sensing techniques comes from the altitude and movement
of the platform. Several applications from environmental monitoring to natural disaster
responsesystemsdependon the access tonulti- or hypespectral dataThis data is
required to havhigh spatiabnd temporalesolution andlargeenougHocal geographical
coverageAddition to direct use, aeriallgollected spectralata have been also used to
test, validate, and calibrate spaceborne ins¢nisbefore and after launcithe designs

of the systems varyeppending on whether the airborne systems are designed to produce
multi- or hyperspectral datand if the data collection madeonly from nadir view or by
applying multiangular data acquisih.

AIrMISR (Airborne Multi-angle Imaging SpectroRadiometer) was an aerial
instrument designed to produce multiangular spectral data by utilizing a single camera on
a controllable gimbal mount. The imaging spectrometer produced data in four spectral
band and at nine view angles matching those of MIBIR spaceborne counterpart of
AIrMISR. AirMISR was applied foproviding reference datéor MISR for sensitivity
analysis andalibration On the reference data acquisition missionSASA fixed-wind
pressurized aircraft ER was flown at high altitude of 20 000 m matching the path of the
satellite carrying the MISR instrument. By having data collected in the same atmospheric
conditionsand illumination condition®irMISR data acted as a comparativéerence
for MISR. [29]

OSIRIS, isa multirviewing multispectrainstrument used in BRDF studigem aerial
platforms. Like AirMISR, also OSIRIS concept is based ospacebornd?OLDER
(POLarization and Directi on a IntAloggwdhithet h e
wide field-of-view spectralmaging capabilitiesOSIRIS hasa polarizing wheeht -60°,
0°, and +60. Polarizing wheel is used to study the polarization properties of surfaces,
such as sno\3Q]. [31]

AIrMISP (Airborne Multirangle SpetroPolarimeter Imager) is a similar gimbal
oriented system as AiIrMISR butn additional capabilityof doing polarimetric
measurementd he instrumensensormas eight spectral bandsthe optical regionhat
record the radianceith a pushbroomacquisition techniquenstantaneouslyneasuring
theresponse froracross directional row of pixels and utilizing thlengtrackmovement
of theplatformto generate an imagéhe research purpose of AirMISP is in atmospheric
sciences, such as determmisizes of aerosol particles and optical depaz]

Unmannedaerial vehicles (UAVS) havan exciting potentiaio provide cost efficient
localized aerial reflectance data with high temporal resolwiah minimal delayThe
prices ofcapableUAVs arealreadyat consumer level and are being widely utilized in
scientific studies for evaluating vegetation anisofr3]. Larger customized UAVesan
carry more load and thus have improved control of stability, provide more accurate
angular and location inforrtian, and in general carry heavier equipment, such as larger
batteries or instruments such as laser scarumdrgperspectral camerf34].

The concept of using a normal camera as a multiangular instrument is basiekd on
angle lensvith aperspective cdinge towards the edges of the imafggethe UAV is fown

E 8
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overthe target area, the images acquired can be processed feanguitar single target
reflectance datdmaging hyperspectral spectrometeassimilarly producemultiangular
datasets but with eagtixel associated with its own hyperspectral data. This forms so
called datacubes of the scerj85|.

2.5.3 Spaceborne multiangular spectroscopy

Only a few spaceborne instrumeriiave beendesigned to produce multiangular
reflectancelata as their main functiobue tothelarge distance to the target, the varying
view geometry can bachievedin different ways. Oneapproach is to hava multiple
angularly adjusted pushbroom camersisch as in MISReach of which constantly
measurethe radiance from the whole swath width and utilizes the satellite movement
along the orbital track for generating an im§8f}j. A second approach is to have a single
nadir pointing cameran board pointable satellitsuch ashe CHRIS, where the satellite
orientationcan beaccuratelycontrolled,anda chosen target imaged from several zenith
angleqd37]. A third method is to have a wigagleimaging radiometer likthePOLDER
where themageperspective changssifficientlytowardsheedges of the image enable
collection of multiangular dat§38]. It should be noted that duto differences in
implemented technologies and purpose in data product usagaydtiewidth, spatial
resolutionand spectral resolution of theatellite gnsors differ greatly; the spatial
resolutionfor nadirCHRISimage is 18nfor 36 m) MISR image250m and for POLDER
imageseveral kilometres

Because of the relatively large spatial resolution, spectral mixing is always a problem
with satellite eartlobservation datand typically reference data in form gfound truth
are neededfor calibraion of the satellite instrumentor validaing the data, and for
improving theinterpretation made from thdata. Togethemwith instruments omoderate
and high spatial resolution, like MODIS (Moderate Resolution Imaging
Spectroradiometegn-board Terraatellite, otMSI (MultiSpectral Instrumentn-board
ESAO6s Sesatdllite glebhl products such as hemispherical albedo andateaf
index can be derivedmaking spaceborne earth observation instruments vital for
understanding environmental phenomena at global level.



15
3 Materials and Methods

3.1 Study area

Theprimarystudy aralocatedn Masda, Kirkkonummi, Finland ¢oordinate® 0 . 1 6 1 e N,
2 4 . 5)408 thepremises of Finnish Geospatial Research Insti(ktgure 8). The
vegetaibn grewon topof a partly exposed bedrock withsparse tree trunk densiaynd

low understory The total planar area of theedrockwas approximated to be 1446

with elevationfrom sea level peaking at 34 Altogether hreedata collectiorsiteswere
selectedn the southand southwesftacing slopes of the bedrock to haepresentative
collection of samples.
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Figure8. An orthophoto of the primary study area in Masala. The three sample collection

sites and FGI headquarters are indicated by the red stamp icons. The orthophoto was
generated through photogrammetric processirggweérahadir photographs taken on 24
May20%6 wusing FGI 6s drone. The i mage process
The four smaller photographsthe bottoms shothe typical tree species and dwarf shrub
populationdound atthe data collection sites.
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Before the sample collection, each sieg(re8) was evaluated for the dwarf shrub
species population density, for suitability considering available resources for sample
digging andtransportation, and foissues related to land management permissions.
Typical boreal forest tree species and trunk density variation followed the soil thickness
on top the bedrock which was thinner and drier at higher elevation. The forest type of the
three sites was visuallyategorized using literature examples [39, 40] as@ilt, a class
of dryish land forest with periodically moist soil from which water is removed rapidly
after precipitation. At lower elevation the thicker soil layer supported mainiehired
deciduoustrees such as birche8dtula penduly aspens Ropulus tremulg and
evergreen tree species such as Norway spriRiesd abiey and Scots pinesP(nus
sylvestri3. In the higher elevation most of the sparsely growing trees were pines with a
small numberof junipers and young birches around the data collection sites. Similar
variation was noted on the understory species. At lower elevation plants such as ferns and
tree saplings flourished under deciduous canopy cover while at higher elevation mosses,
lichen and dwarf shrubs were more common around pines.

A secondstudy areausedfor measuringsingle leaf optical properties located at thal
University campus iOtaniemi,Espoo, Finlandd oor di nat es 6pDTh&#91eN,
samplecollection site was a small forest area approximately 500 m from the spectral
laboratorywhere the leaves were measurtlde forest type differed from that located at
Masala having more moist soil wittense populations dérns and grasses, antbre
shadwed forest floor due to densesinopy coveconsistingmainly of sprucegFigure
9). The largest contributing factors to the differences wegs tt u d y clasenesaoa s
water body (<100 m), topographical flatness and low elevatfei@ m) from the sea
surface Both dwarf shrub speciewere foundwithin 20 m distance from the given
coordinatesBlueberry population was considered abundant relative to the lingonberry
which was more difficult tdocate. Following the same categorizing as previously,
Otaniemi study area was categorized as mesic, a vegetated area where the underlying soil
is adequatenoist throughout.

Figure9. Two photographs taken from the secondary study iar&aniemi showing the
abundance of forest floor vegetation, the dominating tree specidsa population of
blueberry shrubs. Both phust weretaken on 14 August 2017.
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3.2 Samples

3.2.1 Collection methods and d escription

Altogether20 naturalsampleplots were measured foBRF anisotropy with FIGIFIGO
betweerDOY (day of year) 144May 24") and DOY 272 $egember 29" 2017 (Figure

10). The measured samplesciuded9 lingonberry shrubsand 11 blueberrghrubs

Additionally, berry samples were measured on DOY 230 and 258, lingonberry
flowers on DOY 165, ankkaf level reflectance and transmittance detaecollected on
DOY 226 and DOY 26Dbn both specie®All samplesvere considered to represehée

natural phenological stageypical to those specieat the time of measuremeand

therefore to qualify agninput datafor the multitemporal analysis.
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< Blueberry (FIGIFIGO) OLingonberry (FIGIFIGO) @ Blueberry (SpectroClip-TR) OLingonberry (SpectroClip-TR)

A Blueberry berries (FIGIFIGO) A Lingonberry berries (FIGIFIGO) M Lingonberry flowers (FIGIFIGO)

Figure10. Timeline showingthe day of year for eachmeasurement ancbrresponding
daily precipitatiorsum The $iownprecipitationdatais from an external sour¢d1l].

The BRF shrub samples were colled@dmeasurements by diggitige samples from
the forest floorusing a metal shovel and by transporting the sasnpte the spectral
laboratory using a plastic sldBeforesample cokction each candidaggot was visually
evaluatedin naturefor samplesuitability to laboratory measurements usiagset of
guestions that acted asselection criterion:
1 Is the dwarf shrub species present in the sample?plots
i Isthe phenological stage of the shrubs in line with the expected
1 Is the dwarf shrub species the dominating species isatimple pld?
1 Is the spatial distribution of the shrubs within the plot suitable for measuréments

1 Is digging and transporting tharaple possible using the methods available

1 Considering the surrounding environmaastthe level 6 damagecaused byhe
sampledigging acceptabfe
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If a candidate sample met the giventeria the sample was moved into the laboratory
On average thmeasuredamples had the following dimension€.7mx 0.6 m x0.4 m
(Figurell), where the first dimension is the crdssck dimension relative to the principal
plane in the laboratory measurement geomettile second one the alotrgck
dimensions otheprincipal plane, and the thirdnethe height of the sample from ground
upto the top of the canopgcluding the underlying soil. All samples haddfito 15 cm
layerof soil and on average 30 cm tall dwarf shrubs population ongspltingan overall
height between 40 to 45 cnsome degree of downward sloping was noticed towards the
outer edgesThis wascaused by thehovelmouldng the bottom side thinner at the edges
compared to the centre of the sample

Figure 11. Horizontal dmensionsdisplayed on an average sizevaidf shrub sample
measuredh this study.

All samplesvereremoved from the ground adg withthick rooted layer of soil. Any
roots that reached deeper into the ground were cut using cutties tip of the shovel
The samples werthen placedonto a plastic sled for transportatida the laboratory.
Becausehedatacollection sitesverelocated orelevated bedrogkvith steep slopeand
bouldersmakingthe surfacdopographicallyuneven specialcare was taken in keeping
thestructure of thsamplesas natural as possibiieiring transportation with the sled.

At the laboratory entrangcbeforethe sample was moved insidine sample was lifted
from the sled onto a dagkywoodsupport planevhich servedas a sample holder during
thefollowing BRF measurements. The plywood plaang with the sample waken
carried nsidethe laboratory facilitieand placednto the illumination spot anithesensor
footprint

The duration of theBRF samplecollection fom the beginning otligging to the
beginning of the first measurement was on average 36 mimute®ccasionaVariations
dueto technical problems, typically related to teeability of thecontrol software. The
measurements themselves took on average 4 h per sample to cangletere mostly
madebetween 10 AM an@ PM local time. All samples wereeturned to thie original
collection locationsfter measurements.

On twoseparate datedturingtheresearch effortancillaryspectraimeasuremestwere
madefor collectingsingle leaf reflectance and transmittaegaof the two dwarf shrub
species. Ta leaf sampleswere acquired from a forest next tioe Aalto university
facilities in Espoo.The universityfacilitatedthe spectralaboratoryand the equipment
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for the measurementSue to challenges related to the transportation oiedneeddwarf
shrubs imanaturalstate to the laboratorgninnovativeapproachwasused:atall plastic
box with a 10 cm thick layer of moisturized sak the bottonwas used as a temporary
habitatfor the dwarf shrubs which wepdaced with full rootsnto the boximmediately
aftercollection. The box washentransported to theearbylaboratoryandplaced inside

a pre-cooled refrigerator (dark, temperature €3 to limit the physiological changes.
The leaf measurements were conducted betv@eaM and 4 PM local time and all
togetrer 117 leaves were measured.

3.2.2 Measured phenological stages

The studywas timed to extend over most of the 2017 growing season in southern
Finland This ensured multitemporal data collection and tpectral data rodifferent
phenological stageef the dwarf shrubs specieStatistically the growing season in
southern Finland began on DOY 12%'(Way) and continued until DOY 291 (18
October). According to the heat sums recordedhleyFinnish Meteorological Institute
from the past three years, iB017 the growing season in southern Finland (Helsinki
region) begun somewhat later than on previous years (2014: DOY 107, 2015: DOY 98,
2016: DOY 119). When comparing to the recorded average of 1981 to 2010, in 2017 the
growing seasostarted approximately a week lat&he first samplen this studywas
measured oDOY 144 4" May) and the last oDOY 272 Q9" Segember), resulting
morethan 75% temporal extend over the growing sedgiah.

Four distinctivephenologicaktages wear separatednd were measuressapplicable:

1 Leaveson.
1 Flowers

1 Berries
 Senescence

The leaveson stage represented the dwarf shrubs after leaf development (lingonberry is
evergreen) withouanyflowers or berriesthe fowersstage and berriegagereferredto
shrubs with flowers and berries respectivelpd the senescencetageto the autumn
samples measurad the end of theresearch effortAddition to the four phenological
stages, a sbstage was measured of each sample. Thetsgjé spectraeflectance factor

was desired for determining its contributive effect on the dwarf shrub spectra and to
observe potential phenological changethmsoil laye(Tablel)
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Tablel. Measured phenological stages of each BRF samplieeb and L stand for

blueberry and lingonberry respectively. The associate running number next to the index
describes theemporalorder in whichthesamml es wer e measur ed. Samj
measured only on principal plane. Two illumination zenith angles were applied in
majority of measurements (+40+55).

Leaveson Berries Flowers Soil
Index /di[°] +40 +55 +40 +55 +40 +55 +40 +55
Blueberry
B_spring X
B1 X
B2 X X X X
B3 x(pp) x(pp) X X
B4 X X X X X X
B5 X X X X
B6 X X X X X X
B7 X X X X X X
B8 X X X X X X
B9 X X X X X X
B_autumn X X X X
Lingonberry
L1 X(pp) x(pp) X X X X
L2 X X X X
L3 X X X X X X
L4 X X X X X X
L5 X X X X
L6 X X X X X X
L7 X X X X X X
L8 X X X X X X
L9 X X X X X X

The preparation of the dwarf shrub samples for thessagle measuremenincluded
cutting away the shrubs, leaving the underlyimgterialas such.The exposed soll
consisted mainly of typical forest floor litter in form of dead tes/esand dvarf shrub
leaves, dry needles and grass, and small twigs. In minority was alive vegetation such as
mosses and seasonal grasses.

Manipulationwasalsoapplied to samples in flowers and berrgggeswhere after
the BRF measurements of their natural hegical stages, the flowers and berries were
removed, and the samples were measured agamas representatives thie leaveson
stage.This was donéor two reasons: to increase the numtiesamples irtheleaveson
stage, and to produce sample paémscomparative analysis for detecting flowers and
berries. Majority of the samples were measured using two distinct illumination zenith
angles +40eand 5 .

Addition tothe bidirectional reflectance factor measurements of the dwarf shrub and
soil sampés, and the leaf reflectance measurements, also the spectral responses of the
berries of both specieandthe flowers oflingonberrywere measured={gure12). The
measurements weremadein F Gl 6 s Sspect r aasaldusiriyg the same r vy i n
laboratory setus with thedwarf shrub sampte Both berries and flowers were picked
by hand, lingonberries and flowers from Masala study area and blueberries from a
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separate fast area in eadtantaa (coordinates 60.2d(IN, 25. 086 e E) . Lingoc
lingonberryflowers were measured within 2.®urs from the start of picking while
blueberries were picked on the previous day of the measurements, kept in a refrigerator
overnightin several small plastic boxes, and transported next day to Masala laboratory.

Figure 12. Photographs of BRF measurements of (a) lingonberry flowers, (b)
lingonberries, and (c) blueberries at Masala spectral laboratorydiheeter of the
shown samplsupport (ring shaped$ 30 cm and height 2030 mm. Two red dots are
laser pointers from FIGIFIGO optics marking the sensor footprint on the target.

3.3 Measurement methods

3.3.1 FIGIFIGO

Thebidirectional reflectance factor measuets of thewo dwarf shrubspeciesvere

carried out using the latest iterationof the Finnish Geodetic Institute Field
GoniospectrometeFIGIFIGO wasdeveloped at the FQiver the course of years from

2004 onwardg43], with further developmentdonein the consequent yeaf44]. The

instrument has been actively used since its launch and has provided validated data for
several scientificstudies. FGI6 s measur ement campaihgves i nv
includedspectralmeasurementsn materials such asnow 5], understory vegetation

including lichen, moss, and dwarf shryis], and asphalt46]. The collected data has

been used both as such thestudyof reflectance propertiesf differentsurfacesand as

ground reference for airborng AV and séellite instruments.

The experiences from the previous measurement efforts, and from the measurements
made during this study, have shown the success of the FIGIFIGO design which underlines
light weight and compact structure. The laboratory setup of F@&JIFandthe sample
illumination principle is shown ifigure13. At the basic level, the instrument is buif
of a set of changeable sensor optics set on topltihg ttarbon arm, drivable in different
zenith angles by a central motor. The motor and data collection are controlled by a
computer program from a separate laptop. The motor, the control electronics, the
spectrometer, and in field configuratibatteriesare all enclosed inside a plywood box
which additionally acts as a pivot support to compensate for the unbalancing forces from
the tilting of the arm. The sensor optics are orientatédél@tiveto the arm with a rail
system stretching outwards. Thelraystem allows the attachment of several vital
components, such as the flat diagonal mirror to reflect and direct-theelpng radiance
from the sample to a 4&ngle into the sensor optics, a stray light blocker to reduce the
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amount of light from the surrounding environment, and two laser pointers that mark the
edged of the footprint on the sample.

The sensor optics collect the radiance from the sensor footprint of approximately 9 cm
in diameter in front of the plywood case. An optical fibre cable is connected at the back
of the optics and transmits the light to a spectrometer for decompositiorealtfierent
sensors and sampling. The spectrometer used was from Analytical Spectral Devices, Inc
(ASD) FieldSpec Pro FR, measuring at wavelength range from 350 nm up to 2500 nm.

In laboratory configuration, FIGIFIGO instrument body lies on top of ragesl ring
with diameter of 2 mThe sample is placed in the centre of the ring and FIGIFIGO is
rotated in azimuth by manually turning the ring. The ring design includesitudtier
wheels for accurate movement and an optical encoder which recorisgtineovement
and relates the angular information withatcuracy [44].

During the laboratory measurements, the sample is illuminated by an artificial light
source which in this study was a OSRAM 1000W tungsten halogen lamp with sanded
surface to reduceshadowing of filament, Oriel/Newport power supply, and
Oriel/Newport lamp housing. The beam geometry of the light is collimated by using an
off-axis paraboloid mirror to collect and reflect the light to the sample area via a large flat
mirror which is adjistable both in height, position, and tilt. The adjustability of the mirror
allows setting the illumination zenith angle. FIGIFIGO includes several technical features
for laboratory and fieldise that are not described here due to relevance to the study.
These features have been reported in detail by the instrument developers in several public
reports [43, 44].

The operation of the goniometer is controltedough a GonioControl4oftware, a
custom built LabView based interface. All the various sensorutglip the system are
fed into the software which drives the arm and generates a structured data log of the
measurement, including the data on illumination geometry and metadata.
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Figure13. FIGIFIGO laboratory measuremesgtp and the applied illumination beam
geometryFigure is an adaptation oflikerature referencelf].

The illumination and viewing directions were decided after assessimtgiis&aining
geometricof the samples and FIGIFIGO structuhe.laboratorysetup the pivot point
of the tilting arm is at 14 cm from the groymdeaninghatif the sample is a solid surface
placed 14 cm from the groung inside the measurement footpritite only distortiorto
thefootprint geometry ishe elongationcaused byhetilting of the arm The elongation
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of the footprintmeanghe stretching of the longitudal diameter of the sensor footprint as
the tilting armis driven inlarger zenith anglesThis introduces an error source to the
radiance measurements as the el@seeflecting the incident radiation do not remain the
same between different zenith angles. The basic relation of the sensor zenith angle and
the footprint length is shown Bquation 6:

s 2 i ®)
9 X7 o

wherel is the footprint length in longitudinal direction, the diameter of the beam
geometry, and/coqd;) the elongation facto related error source to elongation is the
movement of the centre of the sensor footprint relative to the nadir positionh#igie

of the sample exceeds the pivot point of the arm considerably, the footprint centre travels
on the sample surface towards the sensor and vice versa. This is shélgareil4,

where the centre location at2€ensor zenith isompared tdéhe centre location af0As

a result, and as was the case with elongation, the reflecting elements of the target are not
the same at different sensor zenith angleise difference between the angledasge.

The sensor footprint can also partly, or completetpve outsidetop of the sample
canopyif the sensor zenith angle is increased extensively, resulting measurements to be
taken from the side of treampleinstead of theop.

Sensor

OptICS Gr=0° : 4_[2]

0.4—

0.1=—

0 —

Figure 14. FIGIFIGO measurement geomey the principal plane The sensor optics
are shown in two zenith angles as are the illuminating beams.

Determining the optical centre on whichawaluatethe effects ofthese error sources
is difficult in case of volumescattererssuch as thenatural dwarf shrubssamples
measured during this research effditerefore following the measurementviewing,
and sampleggeometriesshown inFigure 14, sensor zenith angleof 26° and 40°were
choseras anglsto representhe backward and forward viewing directioAs$ 26° angle,
the sensor footprint elongates less than 12%antess than 13 cm from its nadir centre,



24

and avoids completely the saliadowingof the arm structuren the hotspot direction.
Additionally, 26 represents the offadir cameras of MISR instrument.

TheBRF measurements the dwarf shrub&eremadeusing two distinct illumination
zenith angleshat correspontb thesolar zenith angleat the given latitudes from May to
August Figure 15). Typical spectral field measurementake place ina constantly
varying illumination geometryand thus having ground truth data collectedrmore than
oneillumination zenith angldurthersthe usefulness andalue of thosedata Air- and
spaceborne datcquigtions are similarly affected bthe reflectance anisotropyBeing
commonly utilizedin largescale multitemporal researchof land covers air- and
spaceborne systems are expected to benefit gronnd truth datavhich quantifieghe
spectrakeffects ofthechanging solar zenith.
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Figure15. Annual sun path from 15of March to 1%' of October ironemonthintervals

at Masala study area coordinates. Tihee standaraf the datas UTC (+0) Finland is

in UTC+2.Solar zenithgl0° and 55 on y-axis refer to the two illumination angles used
in the BRF measurements of this stuDgtaare from an externaburce f7].

Multiangular goniometer BRF measurensgmtoducelargeamount of spectral data.
The obtained datshould bevisualized forpurposes ofalidating the succes®f thedata
collection In the analysis it should be possible t@ticture the data to meet the purpose,
e.g.for assessing of the anisotropy and optical properties of the targetbilaektional
reflectance factor measurement produces a +dintensional feature vect@xceeding
the dimensions of 3Dfeature spacethus making the data as such challenging to
visualize. One wayo solve the problens by selectingonly a singlewavelengthto
visualize,and by plotting the reflectance facton that wavelengtlas a function othe
viewing and illumination angles. This produces a wavelength dependent point cloud,
referred here as a BRF surfadéhe readability of the surface figure can be further
improvedby assuming leftight-symmetry of the sample, meaning that the sample is
assumed to have symmetrical halves occupying different sides of the principamdane
thus, enabling splitting of the surface in half on the principal pl@hes. kind of semi
circle reflectance surfage given as an example Figurel6.
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Figure 16. A semicircle BRF surface plot commonly used for visualizing
multidirectional BRF data. The red dot on the BRkis mark the location of the
illumination sourceandd:-axis is on the principal plan&€he data are examgef those
measured from lingonbershrubs.

When measuringargets with considerable structural asphtial heterogeneity, the
smoothness and stability of the resulting BRF surface is determined by the optical
properties of the target, spectral properties of the sensor, sensor optics, sensor movement,
and the level of collimation of the illumination [B4

1 Sensor and sensor optics determine the spectral linearity and the evenness of the
optics field of view.

1 Sensor movement and related technical solutions determine the angular
resolution and thus the density of the point set.

1 The quality of collimatia of the illumination radiation field affects the measured
radiance if the measurement location varies between times of measurement.

If the sensor fielebf-view is smalland has high angular resolution, and if the surface
composes of is spectrally rougbasterers, or contains varying shadowe resulting
spectralBRF surfacecan have noiséke characteristicsThis characteristic noisfeom
changing shadows andhanging of contributing scattering elements in the sensor
footprint during the angular maagment was shown fFigurel6 as an example of BRF
data visualization. Although this noise can in fact be an accurate angular representation
of the surface reflectance for measured sample area, as such it might make interpretation
of the data more difficult. A smoothing function camdpplied to the measured point set
to generate a simplified model. Smoothing functions can be simple averaging functions
acting on the neighbouring points or have included more complexity, such as weighting
or assumptions of the expected anisotropy ofdhget.

In this study, all the spectra extracted from the obtained BRF datasets were smoothed
using the second ord&avitzkyGolay filter [48] with a 31nm window. The filter is
included in Matlab as a function. Savitz@play filter segmentthe data andilters the
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segments for any sudden changgsapplying polynomial fitting. The resulting spectra
are a well tracking trend of the original data with increased sigrabise ratio.

FIGIFIGO raw data was pyerocessed for BRFs using a selectiopmicessing codes
included in the FGI Reflectance Toolbox v149][ The toolbox is written for Matlab and
includes toolsdr loadingthe raw HDF5 (Hierarchical Data Format) structuradiance
datain andcalculating BRFsThe toolbox includes also variossripts forgenerating
different graphical representation$ the spectral dataGiven the correctly structured
input data, (1) the pre-processingeginsby arranging and filtering the raw dapaints
The raw dataandassociated attributedong with themetadata are loaded inktatlab.

(2) The data are convertéato a structure where the measured spectra, white references,
possible diffuse measurements, info, and the record log are grouped individually.
Measured spectrare stored in sulgroups with tinng and measurement geometry
information.(3) Thedark currents substracted from each measured spectlieadyin
theimporting phasof thespectratatato remove the effect dheelectric curreninduced

by thermal fluctuations, @hysicalpropertyof photoelectric sensor¢4) The operator

then chooses measurement specific environmental parameters, such as the type of light
sourceand sensooptics (5) A manual filtering is suggested by the software in which the
operator can remowapecific measuraentsfrom the data set. This is to allow the user to
remove the data collected directly inside the -skHdowing geometry(6) Linear
interpolation is applied for the white reference spectra to obtain reference values for each
time of measuremenBecaus the white reference panel asnonideal Lambertian
surface, the measure radiance from the reference panel is correcwuedtnh and
illumination direction dependenes by applying a correction spectrum to each
measuremen{7) Reflectance factors athencalculated for each measurement location

by dividing the measured radiance with the interpolated value of the white reférbace
resulting spectral reflectance factor with associated directional dependencies and
correction term was previously shown in Cha@@rasEquation 4.

3.3.2 SpectroClip-TR

SpectroCIlipTR (Figure17) was chosen ag method for collecting leaf reflectance and
transmittance data of the two dwarf shageciesLeaflevel spectrameasurements lack
the 3D-structure and therefore the withtanopy scattering, thuspresentig purely the
surface andhternal scattering properties of the le@bmbiningthe leaf reflectance data
with the BRF data collected from the shrubdifference phenological stagesd of soi)
enabled estimation of the contributive effectsrmfividual scattering elementkeaves,
berries, flowers, and soillhe SpectroClipTR instrument along withthe associated
equipment and spectral laboratdagilitieswere provided by Aalto Universitwhere the
instrument hd been thoroughly tested amdlidated for operabilityn severalpreceding
research effortgs0, 51, 52].

SpectroCIlipTR is a double integrating sphere from Ocean Optics. When coupled with
an external light source and a spectrometer, Spectrkd&ipan be used for measuring
nondegructively both the reflectance and the transmittance spectra from the same spot
on the leaf. The sample is held firmly betweka two integrating spheres by a spring
loaded clip system that minimises undulation of the leaf surface at the sample port.
Additionally, the firm grip and material choices reduce the amount of stray light from
entering the spheres from the surrounding environment. Both spheres integrate the radiant
flux from the sample, thus providing a reflectance and transmittapeetra ina
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directionathemispherical measuremeggometry where th&argetis illuminatedfrom a

direction close to the normal of the leaf surfdogegrating spheres provide an enclosed
measurement environment where the illuminatonditions can be standardiz&ince
conditions inside the sphere are stable, and therefore same between each measurement,
any recorded differences in the spectral responses can be assumed to be caused solely by
the differences in the optical properties of the samples. The optical tamdusal
properties can be further analysed for biophysical information, used in parametrization of
radiative transfer models, or as a reference data as such fancisatellitamagery.

It should be noted that this quantity is different from bidicel reflectance factor and
therefore not directly comparable with FIGIFIGO measurements as such. The utilised 20
W light source was as well manufactured by Ocean Ojpinck anASD FieldSpec4
StandareRes was used as a spectrometer.

(b)

Optics from
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" spectrometer
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Figure 17. SpectroClipTR, a double integratingsphere probe for measuring leaf
reflectance and transmittance specti@. A photograph showing the instrument in
measurement configuration with jaws open, and (b) a concept diagram ofoke dou
integrating sphere probEigure(b) is an adaptation of a literature referencg.[5

3.3.3 Measurement protocols

The process ofollecting empirical evidence for scientific studsksould include taking
care ofthetraceabilityof measuremennethods Thiscan be doney applyinga tailored
measurement protocofor each measurement methadd by following the protocsl
with minimum deviation throughout theresearch effort(Table 2). Consecutive
measurements atgpically required to bentercomparableand enable validation and
error analysisThus, applying aneasurement protocensures that the data which are
compared were obtained in the same way and in the same conditions.

The protocolghat werefollowed in the measurements of this research ethiiered
between the devicatue todifferences in desigand size Also, it siould be noted that
the measurable quantities are different: FIGIFIGO measured reflectance factor whereas
SpectroCIlipTR is a doublantegrating spherprobe for measuring reflectan@nd
transmittanceBoth protocols included similar lamp and spectrometarm-up times
which werdgimedfrom so calleccold-stat to the beginning of the first measureméitte
warmup timesranged frond0 to 60 minutesvhich wereconsidered adequate to achieve
the operation temperature ofdlequipmentequired for normalizethermal conditions.
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In FIGIFIGO measurement protocdlgble2) the same sample was measured using
two illumination zenith anglesH40°, +55°), resulting in repeating the protocol twice for
each measured phenological stage and soil saAgdemingstahlity of theillumination
and the scattering environmenthe laboratory environmerite white referencepectra
was measurednly in the begining and at the endf @ach sample measuremenhe
basic structure of the protocol is represented previously in relation with studies using
FIGIFIGO [13]. Spectralo® pane| manufactured byabsphere Inc with dimensions 25
X 25 cm was used as a refemnpanel in FIGIFIGO measurements to record reference
radiance from nadir view. The parnislmade of a PTFE (Polytetrafluoroethylene) with
surface reflectance properties resembling those of an idea Lambertian surface over the
optical spectrum. Fulfillingre diffuseprerequisiteset for the reference panel in the BRF
definition, Spectralo® panels are commonly usedspectraBRF measurements. Before
each optimization and reference measurement, the white reference panel was centred
inside the sensor footpt using the laser dot from FIGIFIG@nd carefully levelled
using an integrated bubble level on the panel structure. Because BRF is calculated as the
ratio of radiance from the surface to radiance from the reference panel, it is important to
have the redrence panel clean and levelled to avoid erroneous result. Impurities were
removed from the panel surface several times during the, stattyby cleaning the panel
with sand paper under running water as instructed by the manufacturer, and by applying
presurised air to the panel between measurements.

SpectroClipTR measurement protocol followedogeof previous studies involving
the same probébD,51] . The protocol Fnmeaslremerd whiclisemp t y
directly linked to the physics of integnagj spheres. Physical background of double
integrating spheres and theoretical calculations of reflectance and transmittance spectra
from the measurements have been reported and validated previously by @&hef$hg
derivations of reflectance and traritance from the raw data were applied as such in
Matlab. SpectroCligfTR was used to collect reflectance and transmittance spectra from
both sides of the leaves. d¢e data areeeded talescribe the optical propertie$ the
leaves. Additionallythe obt&ned data can be usediaput for physicallybased canopy
radiation budget equationghich modelthe scattering othe photons withinthe canopy
structure [3]. In this study the obtained reflectance spectra are used to resolve
contributions of differenscattering elements in the dwarf shrubs. For SpectrékBipa
round, uncalibrated 10®whi refedencepamel wad isedmet er
Similarly, asduringthe FIGIFIGO measurements, the surface of the panel was prepared
followingthe manufacur er 6 s i nstructions and was kept
by applying pressurized air to remove any loose impurities.
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Table2. Laboratory measurement protocols for FIGIFIGO and Spectrd@ippplied
in thespectral measurements throughout this study.

FIGIFIGO SpectroClip-TR
Spectrometer on (warup > 40 min) Spectrometer on (warup > 40 min)
Lamp on (warrrup > 30 min) Lamp on (warrrup > 30 min)
illumination zenithangle adjustmen#(0 e Optimization

Sensor zenith angle limitsset(0 e t o + | White reference for reflectance sphere
Sensor relative azi mu|Darkecurrent

Optimization on white reference panel White reference for empty reference sphere
Dark current White reference for empty transmittance sphere
White reference meas Transmittance for adaxial leaf sample (#1)
Target radiance meds. Reflectance for adaxial leaf sample

Sensor incremental turn&z i mu t*h (1| Reflectance for abaxial leaf sample
Transmittance for abaxial leaf sample
Target radiance meas. (180° relative azimuth) | Transmittance for adaxial leaf sample (#2)

White reference Reflectance for adaxial leaf sample

[lluminationzenithangle adjustmer(t 5)5 e Reflectance for abaxial leaf sample
Sensor zenith angle limits set(0 ¢ t o + | Transmittance for abaxial leaf sample

Sensor relative azi mu| Transmittance for adaxial leaf sample (#3)

Optimizationon white reference panel Reflectance for adaxial leaf sample

White reference meas. Reflectance for abaxial leaf sample

Target radiance meds. Transmittance for abaxial leaf sample

Sensor incrementdl tu *Onewhite reference for threensecutive leaf meas

Target radiance meas. (180° relative azimuth)

White reference
*Repeat up to 180e r e

3.4 Data analysis methods

The maincomputing environment, used in both jm®cessing of the data and in the
analysis, was Matlab version 2017the BRF was calculated from the r&AGIFIGO
data using tools included in FGI Reflectance Tool®inilarly, SpectroCIlipTR raw
data was pr@rocessed in Matlako reflectance and transmittance

Individual gectia, obtainedof both FIGIFIGO and SpectroCHpPR measurements,
weresmoothedisingsecond ordeBavitzkyGolay filter with a 31nm windowo improve
analysis and interpretatiofIGIFIGO BRF single sample nadir speatwere as well
averaged in analysis when applicable for improving the representativeadssspectra
of each relative azimuth orientatiom the sensor (typically 13 spectraere averaged
into a single spectrunThe averagin@®f the FIGIFIGOBRF spectra wrejustified due
to known fractioning of the total footprint betweehe individualfield-of-views of the
three spectrometer sens#gl]: visible neasinfrared ¥NIR, 350 to 1000 nm)short
wave infrared 1 (SWR1, 1000 to 1800 nm), arshortwave infrared 2 (SWIR2,800 to
2500 nm)[54].

The analysigor thespectral anisotropgharacteristics eredone for both dwarf shrub
species by evaluatintpe obtainedBRFs as a function of three variables: wavelength,
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view angle, and illumination anglalthough both spectrometers (ASD FieldSpec Pro FR
with FIGIFIGO and ASD FielSpec 4 Standarides with SpectroCl{T R) arecapable of
measuring radianaa 350 to 2500 nm spectral range, the spectral analysiss study
was limited to 400 nm to 2200 nrhhis was don& excludethe noisy spectral ranges on
both end, a result ofow value ofirradiance upon the target surfat¢hose wavelengths
and thus a decreased sigi@hoise ratio,and to standardize the ranbetween the
methods

The first part of the analysisoncentrateson the spectralimultiangular BRF
observation®n the principal planéfhe measureBRF spectraf leaveson samplesre
comparedn 3D-feature spacas suchAlthough spectralr@isotropy ca beapproximated
straightfrom the BRFsurface plotsit is convenient to have a single numigeantifying
the anisotropy of the target surfadeveraged spectralnésotropy index (AND$) was
applied to provide gingle numbefor quantifying species arogropy. ANIX is defined
separately for each wavelength (or band) as the ratio of maximum and minimum
reflectance factors obtained on the principal plane (or other azimuth pEtpeYhe
formula forcalculating ANIX isas inEquation 9:

1. )8 —=Hh (9)

whereRmaximun(8) andRminimum(®) are the spectral maxaand mininareflectance factors
obtained orthe principal plane. ANIXswere calculated for each leaves sample®f
both specieand further averaged to perfointerspecies comparison of anisotropy.
View angle dependens®f the BRFS werefurther analysed from four distinct view
zenithangles on the principal plane. Thiag of fouranglegunderlined)match those of
MISR gacéorne instrument: 26°, 0°, -26°, and-40°, where the positive angles indicate
thesensorenith angles into the directiontbieillumination (backward) andthenegative
angles the sensor zenith angéegay fromthe direction of thellumination (forward)
Applying sensor zenith anglés the measurements that correspond to those of e.g. MISR
wasconsideredo extend theisage of data as ground reference in future applications.
View angle dependence arglatedanisotropywasas well analysed in multispectral
dimensions with chosen weelengths matching those of Senti2elsatellite MSI
instrument Table 3). Due to largevariationsobservedn the spectral BRF brightness,
anisotropy factor (ANIF) was introduced enable relative comparison of anisotesn
different wavelengthANIF is defined as the ratio @ givenspectral BRF tohe BRF in
that same wavelength that is obtained froadirview [55, 56], as shown irEquation 10:

" 2 &HPbol}PbolL 5
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where BRFadir is the bidirectional reflectance factobtainedof the target from nadir
view angle.Linear interpolation was applied to tB&RF data of both species over the
view anges betweerd0° and +32. This was done to enable averaging of the measured
sample specr due to angular mismatch in zenith direction between goniometer
measurements.
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Table3. Sentinel2 MSI instrument bands and spatial resolutions

Sentinel2(A) bands Central wavelength (nm)  Bandwidth (nm)  Spatial resolution (m)
Bandl (coastal aerosols) 443.9 27 60
Ban® (blue) 496.6 98 10
Band3 (green) 5600 45 10
Band4 (red) 664.5 38 10
Bandb (vegetation, re@dge) 703.9 19 20
Bandb (vegetation, reédge) 740.2 18 20
Band/ (vegetation, re@dge) 782.5 28 20
Band (NIR) 835.1 145 10
Banda (vegetation, reddge) 864.8 33 20
Band (water vapour) 9450 26 60
BandLO (cirrus clouds) 1373.5 75 60
Bandll (SWIR) 1613.7 143 20
Bandl2 (SWIR) 2202.4 242 20

Limiting the spectral BRF anisotropy analysis of heterogenous surfaces on the
principal planas supportedy results olseverapreviousstudieq9,17,21] These studies
have shown the most radical changes in BRF occurring in the view angles approaching
theillumination direction(backward directionpr the direction opposite to thdorward
direction)

Due to importance and wide use of vegetainoiicesin earth observatioriour indices
were analysed for their dependencies on the chosen view anglendtion angle, and
for phenological changes induced by the growing season. The vegetation indices were
Normalized Difference Vegetation Index (NDVI), REdge Normalized Difference
Vegetation Index (NDVI705), Moisture Stress Index (MSijhd Plant Senescee
Reflectance Index (PSRIfhe mathematical formulas for obtaining each index is shown
in Table4.

NDVI is well known and widely used index for naahzing reflectance factors
obtained inNIR and redange wavelengths. These ranges represent parts of the spectrum
where healthy vegetation induceggh absorption and high reflection peatige to
chlorophyll absorption and lgae ®itérnal scattering propertie&pplications vary from
land cover mapping téemporalestimation of leafirea indexAlthough NDVI is a
vegetation indext can be used for mapping urban structures as well as,watevand
ice.The index range is normaéd betweerl and +1, withypical dense green vegetation
produeng NDVI higher tharD.8.[57]

NDVI705 utilizesthe wavelengths along the redge andhasthushigher sensitivity
to changes in reflectancdeduced bygreen leaf pigmentgchlorophyll) compared to
NDVI. Rededge isa term used to describ& spectral region in green vegetation
reflectance spectrum, where chlorophyllin (80 nm)and | eaf 6s i nterna
NIR (730 nm) together result intohagh spectral contrastommonly utilized m remote
sensing of vegetatioGreen leaf pigment content is connected to canopy properties such
as canopy gap fraction and the level of senescéineeindex range is the same as with
NDVI. [58]

MSI is used teevaluatethe stress conditions the leavesnduced bythe changes in
the watercontent MSl is the ratio of reflectancebtained from a wavelength with high
sensitivity to presence of water to reflectance obtained from wavelength with low
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sensitivity to presence of watéys the water content inease the reflectance of the water
absorption peakirops while the reflectange NIR is nearly unaffected. Applications of
MSI range fromdrought estimationso detecting vegetated areas that are under fire
hazard Temporal increase iNISI indicates smallewater contenandtypically elevated
level of stressMSI for vegetatiorand vegetated soils range from 0.5 t¢6D)]

PSRI is an index sensitive to the changeshiiorophyll andcarotene pigments arisl
used in temporal studies of vegetatimsenesence the chlorophyll degradation induces
an increase of reflectance in red while carotenes affecting mostly the blue band retain
their absorption properties. PSRI has been also noticed to be sensitive to fruit ripening.
[61]

Table4. Spectral indices used in the analysis. The wavelergibisgedwere matched to
the centre wavelengths &entinel2 spectral bands

Index Formula (nm) Sentinel2 MSI bands Reference

NDVI (NIR,835- redess) / (NIR,835+ redess) (Band8- Band4) /(Band8 + Band4) [57]
(red-edger40- red-edgerod) / :

NDVI705 (red-edger4o+ red-edgerod) (Band6- Band5) / (Band6 + Band5) [58]

MSI SWIR 1614/ NIR,835 Band11 / Band8 [59, 60]

PSRI (redees- bluea49?) / rededgeros (Band4- Band2) /Band5 [61, 62]

The effect ofthe change in thdlumination directionto the obtained nadir view
reflectance factor from the shrubss analysedby applying two distinct illumination
angles (#0°, +55°). Both angles represegtowing seasonasar zenithsat the given
latitudesof the study areaslhe spectra in this analysis represent the average of nine
leaveson samplesof both specieseach being anaverage of 13 azimuthal nadir
measurementdllumination direction analysisvasapplied to he same four vegetation
indices introduced previouslyvith a hypothesis ofsome ofthe indicesbeing more
affected by the variation in the illumination zenith angle than otidis.informationis
useful in multitemporastudies of vegetation where thala zenith may not be the same
between the acquisition times.

The effects of seasonality artle relatedspectral changes the measured radiance
were studied through vegetation index analyBine four indiceselected in the analysis
were the same irdduced earlielThe seasonalitgf the dwarf shrubs wastudiedto see
if a particular phenological stage enabterereliable specieglentification, andf some
of the indicesact asetter indicators deaf growing, flowering, berrying and senescence
than othersEachpresented index data pointdalculated froman averagespectrum of
13 nadirBRF measurementsobtainedunder illumination zenith angle of +40The
samples were measuredthsy werefound in the naturand thus presented one of the
four phenological stage$he measuredamplesare shown inmableb.
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Table5. Phenological stages of the BRF shrub samples measured and éuf@alyse
temporal spectral changes.

Blueberry Stage Lingonberry Stage
B_spring Leaveson

B1 Leaveson | L1 Flowering
B2 Leaveson | L2 Leaveson
B3 Leaveson | L3 Flowering
B4 Flowering | L4 Flowering
B5 Leaveson | L5 Leaveson
B6 Berrying L6 Berrying
B7 Berrying L7 Berrying
B8 Berrying | L8 Berrying
B9 Berrying L9 Berrying
B_autumn Leaveson

The final spectral analysis concentrated on providifigrmationon the contribution
of berriesand flowers orthe overall spectralhe analysiswas dongrom sensomnadir
view angle from whereberries and flowersvere expected to be most visible due to
maximum canopy gaps. The nadir view was further justified with a previousittig
forest reflectance where the contribution of theerstory wagvaluatedn multiangular
measurement geometgnd where it was shown thiae largest contribution is observed
from closenadir view [16].
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4 Results and discussion

Changing theview angle of the observer relative ttee target can have either a large,
small, or no effect on how the target appdarthe observerfTheinduceddifferencesin

the appearance deperah the optical propertieand the 3Bstructureof a target the
spectral irradiance, theelative illuminaton direction and geometry, arttie view
direction. The adiancefrom the target surface into the direction of the observer is a
function of both the view and illumination angles, afithe wavelength. This change
radiancewas expectetb berelevar to this stug sincebothlingonberry and blueberry

have been previously noted to have a specular component into the forward scattering
direction and a strong hotspot component into the direction of the illuminatign [

4.1 View angle dependence

4.1.1 Overview

An overview photo series is shown kigure 18, illustrating the change in the visual
appearance of a dwarf shrub sample as the view angle is tilted. The phetosdlbow

the sensor tilting into the direction of the illumination induces brightening of the sample.
This is due to decrease in gap fraction, and increase of sHadog and coherent
backscatter effects1f]. At the hotspot measurement geometry at °+40e self
shadowing of the sensor prevents collecting meaningful data from the target. Tilting away
from the nadir view into the forward direction introduces a darkening backshadow effect
at gentle forward zenith angles betweénd-20°. At these angkethe sensor sees parts

of the canopy that are shadowed by the foliage itsB]f [Blting the sensor to its extreme
forward angle {40°) introduces a strengthening of the specular component, brightening
the leaves to appear nearly white in colod] [5

[umination direction

Figure 18. A multidirectional photo seriesllustrating change in the appearance of a
lingonberry shrub sample as the view angle zenith is changed. The illumination i§,at +40
from the righthand side of the photos to the lefthe photographs were taken with a
smartphone camera which was held manually next to the FIGIFIGO sensor optics at the
given angl es. P htlee shadgwofahe teredrh@dsng theecantera appeard

in the photos.
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Spectral contour plots iRigure19 show visualizations of the spectral data included in
the view angle dependence analysis. The analysed data were obtained froroeaves
shrubsamples on the principal plabetween DOY152 and DOY 256.

Samples of both species show brightening into the illumination direction and a discreet
brightening into the forward directiofigure19). This is most noticeable in the contour
plots in green (560 nm), NIR (700 nm to 1400 nm), and SWIR (1700 nm). The reflectance
factor peak iobtained from both species in 1070 nm into Amsckscattering direction.

The brght peak averages to 0.65 units for lingonberry, and 0.54 units for blueberry. In
the average lingonberry produces a 20% brighter BRF peak compared to blueberry in
both backward and forward scattering directions.

The observed sharp contrast between ¢lde(660 nm) wavelength and the beginning
of NIR (750 nm) regions typical for healthy green vegetati@frigure19). The spectral
contrast is causedylihe absorption properties of chlorophyll within the leaves, and the
|l eavesd internal reflection properties. (
especially in red, while in NIR the high reflectivity is caused by the internal scattering of
longerwavel ength radiat i ong3].finraccemoply stractusestibe c el |
spectral contrast between the BRFs obtained in VIS and NIR are further amplified by the
induced shadows and the natural multiple scattering environment within the canopy, and
between the foliage and the soil. These introduce spectral changes in the optical
interactions which are observed in measured spectra. Radiation in the VIS range is
strongly affected by the multiple scattering environment which increases the probability
of erergy absorption. On the other hand, the absorption in NIR is low, and thus rather
than being absorbed, the radiation is scattered diffusely within and away from the canopy.
[64]

In Figurel9, the red edge in 700 nm, and the two water absorption peaks in 1400 nm
and 1850 nm can be identified by taking a note of the visual densification of the drawn
contour lines. The contour line densification indicateapid change in reflectance factor.
Samples such as lingonberry L3, L4, L9, and blueberry B1, B8, and B9, show an increase
in NIR reflectance from nadir viewndicating an increase in gap fraction and thus an
increased contribution from illuminated umiyeng soil [16]. On the other hand, samples
such as lingonberry L2, and blueberry B2 and B7, show a decrease in reflectance factor
from nadir view indicating presence of deepening shadows. When comparing the BRF
contour plots in photographs taken fromleaample from nadir (se®ppendix A), the
presence of shadows and illuminated soil in the sensor footprint supports the observations
made of the reflectance factors.

Differences in the 3D structures and leaf orientations can be identified in the BRF data
as the sources of betwespecies and betweeaample variations, both into the backward
and forward scattering directions. An example of a structural dependence is shown in
Figurel9with blueberry sample B6, where an extended backshadowing results the sensor
to measure radiance from a shadowed shrub in all forward viewing directions on the
principal plane. The result is a spectrally relatively flat BRRFace. BRF obtained from
blueberry sample B2 on the other hand shows a strong forward scattering component,
indicating a more evenly distributed canopy cover.

Similar observations on the spectral variations on the heterogenous surface BRFs of
lingonbery and blueberry have been previously reported [17]. When measuring a
heterogenous volume, even a small change in the measurement location has been shown
to have a large impact on the measured radiance [17]. The spectral heterogeneity from a
given view ange is a sum of contributions from all the scattering elemerisded in
the shrub sampl&he hophysical properties and orientatgof the leaves, 3D structure
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of the shrub, canopy gap fraction, the underlying soil and vegetation, leaf and soill
moisture, and thellumination angleall contribute to the overall radiancEhe spectral
variability between tree leaves of a same species sharing the same phenological stage
have been shown to be relatively smal),[65, 66]. Thus, for shrub samples measured
during the summer months, the withzanopy optical dynamics are speculate less
effected by the variations in the optical propertesdividual leavesand more by the
orientation, distribution and the genesarubstructure
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4.1.2 Anisotropy index

To numerically compare the spectral anisotropies of blueberry and lingonberry as
species, aaveraged spectral anisotropy indices (AYIere calculatedAs given in the
description of ANIX in Chapter 3.4, the indextige spectral ratio adhe maximum at
minimum reflectance factors obtained on the principal pl&igi(e20). Spectral ANIX
provides an intuitive single spectral quantity of the spexésotropies, and thus enables
comparative analysi$§|.

The averaged anisotropy indices of the dwarf shrub soils shokigune20.a share a
similar spectral curvaturend are closely matched throughout the spectrum. The soil
indices stay mostly between ANIX 1.6 and 2, with low spectral variability and small
difference between the maximum and minimum. These spectral characteristics have been
noted earlier to indicateisotropic scattering from newegetated surfaces [55, 56].
However, the solils in this study measured a great majority of the spectral BRF maxima
into the backward scattering direction at sensor zenith angle t63238°, while the
minima were scattered with a large angular distribution betw#eand-40° (not shown)

This indicates #ow spectralsensitivity to changes in the view andbeit alsoBRF view

angle anisotropy towards the illumination soufee shown soil ANIX profiles deate

from ANIX of a concrete slab which was presented in the given literature referé&hce [5
This is becausesoils in generalconsists of spectrally rough elementgh complex
scattering properties, has spatially varying moisture content, and beraak@mount

of moss and grass was noted growing on the sarf§)l&he soil roughnedsas an impact
through introducing shadowed areas and by increasing multiple scattering compared to
solid flat surface§8]. Thesmall amount of vegetation was speculdtehave contributed

on the measured radiane@th a result of he spectral soil ANIXs to follow the profiles

of the shrub ANIXs, only at lower index.

Compared tdhe indices of theoils, the averaged dwarf shrub ANIXSdure20.a)
are larger throughout the spectrussaretheir spectral variations'he change in index
is especially prominent when movingin the spectral domairfrom VIS into NIR
wavelengths When onsidering spectrally thenaximum and minimum BREsthe
difference is relatively largé&rhiscan be taken as an indicator of an anisotropy where the
incident radiation is scattered by the surface mostlgamedistinct directions [5].
Spectral interspees comparison of the leavea samples show that blueberry produced
41% larger index in VIS, with ANIX larger than 4 in blue wavelengths. The index profiles
obtained from blueberry and lingonberry are in line with those reported earlier on
watercres$55], and on lingonberry and blueber/7], although displaying somewhat
larger index. Thedifferences ofthe calculated ANIXto those ofthe watercress
measurements § are speculated to be caused by the interspecies differences in
biophysics and related optical properties in the leaf and canopy levels, as well as different
illumination setup. Thealifference to theANIXs of earlier measurementsadeon the
same dwarfshrub species [17] are likely a result of natural variations in the optical
properties occurring within relatively small sample populatiomhen measuring
heterogenous surfaces.

Both species produced higher ANIXs in VIS than in NIR. In visible region the
chlorgphyll and carotene pigments absorb electromagnetic radiation strongly in blue,
green, and especially in red. figure20.a, both blueberry leavem firub samples and
blueberry soil samples display a peak in the index in red wavelengths around &8@nm,

a small dip in green around 560 nm. These indicate an increase of spectral anisotropy
when chlorophyll pigment is strongly present in the sample.h@rother hand, in NIR
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where the effect ot h|l or ophyl | I's mini mal i n green
structure causes high reflectivity, ANIX is low 55

Elevated ANIXsin 1450 nm and 1940 nm are located at the water absorption regions
where the uecertaintyin the spectralratio of maxima to minima treases as seen in the
95% confidence interval plots iRigure 20.b. The 95% confidence intervaghow the
expected range of future sample ANIX around the mean value. Both soilsgactrally
levelleduncertaintiegcompared to the shrub samplegh only small deviations from the
mean values. When comparing the expected ANIX of bluebesfyrubsto that of
lingonberryshrubs blueberry shows considerably higher uncertainty up to 1500 nm. This
is an indicator that there exists a largetweersamples spectranisotropyvariationin
the measured blueberpppulationthan between the two dwarf shrykesies. The large
spectral betweesamples variation of blueberry is speculated to be because of a
combination result of varying leaf orientations in a complex 3D shrub structure, variations
of the shadowed areas increasing the spectral heterogenousesspaer transmittance
of the leaves, and variations in the gap fraction. By visually comparing the adaxial and
abaxial sides of the leaves of the two species, the thin blueberry leaves seem to transmit
more light through the leaves into the canopy s$tmec This is speculated to induce a
strong contribution of the underlying vegetation and soil in the resulting BRF spectra, and
thus increase the between samples anisotropy.

The two noticeable jumps in the ANIX profiles Figure 20 displayed in 1000 nm,
and in smaller extent in 1800 nm, are caused by a combination error involving the three
sensors of the spectrometer, the spatial heterogenous oftliegtarget surface, and the
unevenness of the instrument opbitsld-of-view [13, 44].
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95% confidence intervals
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Distributions ofthe view angle dependent spectral minima and maxima reflectance
factors on the principal plane are showrrigure21. These were previously usedtire
calculations bthe averaged ANIXs. Both species are shown to prodngalarly largest
spectral BRF contrastear theedges of thespectrum namely between 4080m and500

nm, and1800 nm and 2200 nm. Lingonberry Higure 21.a has an angularly narrow
distribution of maxima at sensor zenith angles larger tharf #80 the backward
direction, while blueberry maxima are obtained from a wider, and thus more forward
biased range of semss zenith angles larger thar24°. Although both species have
angularly widely scattered minimablueberry shows densification of points between
sensor zenith angled5° and-40°, and aroune20° with only a few points into forward
viewing direction.

Theassociated bar graphskigure21.b showtheangulardistributionof maxima and
minima BRFsin percentaged.ingonberry haswvidely spread minimat sensor zenith
angles less thanl(®, with an elevated nadir regi@ontainingl8%, and a forward region
between-30° and-20° containing27% of the minimum points. Blueberry is shown to
have 8% of minima distribution around nadir and two forward peaks around sensor zenith
angles +22.5 and-40°, containing 24% and 26% of minima BRIFespectively. More
than 80% of the maxima spectral reflectance factors are obtained for both species at
sensor zenith angle larger th&B5°, with a distribution peak for lingonberry of 47%
maxima between sensor zenith angld6® and+35°.

A densificaton of angulaBRF minimawas observed between sensor zenith angles
5° and-30° for both specieslhe backshadowing effect, a result of foliage shadowing
itself [55] resultsapproximately 50% of the minima to be found at these viewing angles.
The maxima BR distribution is concentrated around the Asatispot geometryThis
was arexpected result for a canopy type of struct@f},|wherethe amount of shadowed
target surfacés minimalat hotspotiue to shadovihiding phenomenoifl9].
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4.1.3 View angles

The average®RF spectra of lingonberry and bluebestyow strong anisotropy into the
backwad viewing direction(Figure22) of both leaveson and soil samplesBoth soils
producea BRF ratio of 125%n NIR, when comparinghe BRFs obtained frorthesensor
zenith angleof +26° to that obtained from the nadir vieWhe soils showinterspecies
similarity in the BRF view angle dependency and sgrectrally similar Following this
observation, any observed spectral interspecies differeaseking fromshrub sample
comparison analysisre consideredo be caused by theroperties of the shrubs
themselves.

When comparing the BRFs of the leaagssamples of the two species, lingonberry is
brighter in VIS and through NIR, but weaker in SWIR after 1350(Rigure22). The
larger BRF of lingonberryn the visible wavelengths prominent in forward viewing
directions intosensor zenith angles +26° and +40°, where dkie to blueberry is more
than 170%. A dip in the lingonberry to blueberry leagasratio is noticed around the
chlorophyll absorption peak in red wavelengths. The interspebféence inthe
forward biased anisotrggsindicateadifference intheoptical properties of the two dwarf
shrubs, favouring the leaves and shrub structure of lingonberry over blueberry for
specular reflection componenf]6Leaf biophysical and physical properties, such as leaf
thickness and internal structure, glossinest@fidaxial side surfaceater angigment
content all affect the spectral anisotroy [68]. Since themeasured lingonberry and
blueberry shrub samplesare volume scatterers, the species withre horizontally
distributed glossy leaves is expected hastongeispecular component. Tls&rength of
the specular component is further increased by the minimum gap fraction in extreme
forward direction [16].

Both species show strong directional radiance into sensor zeni#265f with
lingonberryproduéng a backward to nadiBRF ratio exceedin@00%in SWIR (Figure
22). The largebackward scattering ratmf lingonberry isspeculated to be causedthg
characteristicshadowhiding properties further strengtbning the contribution ofthe
internalscattering of longer wavelengths within the leaves.

In wavelengths longer than 1350 nm however, blueberry is observed as brighter in all
evaluated view direains (Figure 22). The decreasef lingonberry BRFin the longer
wavelengths indicates an increasing effgfcthe samplavater content. The lingonberry
leaves were expected to have a highedative water contentlue to thicker leaves
compared to blueberry. In SWIR the water absorption seems to dominate over the strong
backward scattering properties of lingonberry whicddpiced high reflectance in all view
directions in VIS and NIR.
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4.1.4 Multispectral

To relate theobserved e f | e ¢ t a mieveangledemendenciéssan existingearth
observation applicatiora specific selectiomf spectral shrub sample BRFs weltetted
as a function of view angl€&igure23). Theshownanisotropy facta (ANIF) follow the
definition given inChapter 3.4.

In Figure 23.a, the change in view angle is shown to have a strong anisotropic
brightenng effect on measured spectral BRFthe low absorptance wavelengths in NIR
(740 nm and 835 nm)inigonberryBRFsshow a change of 0.2 units when the sersor
tilted from nadir into backward directiarf +32°. Similarly, blueberry displays 0.15 units
increase in BRF towards the illumination source. Both species exhibit spectrally lowest
BRF into gentle forward direction at sensor zenith angle28f, but show as well
characteristic forward scattering into far forward sensor zenith angles smalle2&han
Both species display strong anisotiegan the two SWIR wavelengths (1614 and 2202
nm) with ratios of neahotspotmaximumto minimum ANIF larger than 235%. This was
earlier speculated to be a result of an increase in wligainscattering into diréon of
illumination, with an amplifying contribution fromthe thicker leaves of lingonberry
(Figure22). Although the BRF in wavelengths 740 and 835 nm show significant increase
in BRF, the actual anisotropy at NIR band is one of the smallest. This is because NIR
reflectancéhas a high tolerare tovarying shadows in the canafhadowegarts of the
canopyintroduce amultiple scatteringenvironmentthat increases the probabilitf
chlorophyll absorbing the energy contained in the VIS wavelegfs
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In Figure 23.b, therelative strongest scattemninto the forward viewing direction
occurs inblue (497 nm), red (665 nm), and in the two SWIR bands 1614 and 2202 nm.
This is similar with both species. @nbphyll content in the leaves seems to suggest a
spectral dependence of the anisotropy into both zenith directions on the principal plane
[55].

The plotted BRFs represent spectral averages of angularly interpolated data points.
The spectral responsegrerestrained to maximum sensor zenith angle of’+3® the
illumination direction This wasdone because of the existing constrains related to the
angular resolution of the measured datalto prevent interpretatioclose tosensor self
shadowing regiomat sensor zenith angle +40
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Figure 23. Averagedleaveson samplemultispectral (a) reflectance factors and (b)
anisotropy factors on the principal plane as a function of sensor zenith angle. The
wavelengths match Sentir2MSI instrument centre wavelengths on bands 2 to 12.

4.1.5 Vegetation indices

View angle dependencies of four vegetation indiaespresentedn Figure 24. The
selectedvegetation indices were NDVI, NDVI705, MSI, and PSRIand were given
definition in Chapter 3.2. The four indicearcbe applied for evaluation of greenness of
vegetationNDVI, NDVI705) [57, 58], water content and related strébtSl) [59], and
senescence arxrry detectiofPSRI)[61].

When lluminating the sampledrom +40° zenith angleand evaluating the effect
betweensensor zenitrangles-40° ard +32°, a 3% variation inNDVI was observed
(Figure24). The highest NDVI, 0.9@vasreached for lingonberry at sensor zenith angle
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+15° High NDVI indicats highspectral contrast between NIR (835 nm) and red (665
nm), and iscommonlyrelatedto healthy greervegetation[63]. With blueberry the
highest NDVlof 0.89was determinefrom nadirview BRFs The general profiles of the
calculated NDVIs are similar between sensor zenith an@igs and +32° with both
species A pronounced decline of the index shownwith both speciesowards the
extremesensor zenith angles. Tipeesented multidirectionalDVIs are in line with
previous studies on vegetated targets involving hyperspectral goniometer measurements
[21] and satellite data 8. Interspecies comparisorh@vs a maximum of 2.6%
difference in index into gentle backwarw zenith angle of +21°Beyond the sensor
zenith angle of35° in extreme forward direction, blueberry displays a further increase in
index of 1%. According to the obtained results, theMare similarly dependent on the
view angle with both species.

The showrNDVI705 view angle dependence is more linear than that of NDVI, with
a decline into the illumination directioRigure24). Both species show higher NDVI705
into extremeforward view direction, 0.58 and 0.52 for lingonberry and blueberry
respectively, and lower index towards the illumination source, 0.52 and 0.47. The forward
to backward ratios are very similar between to two dwarf shrub species: 110% for
lingonberry and 111% for blueberry. Interspecies comparison shows that lingonberry
produces up to 12% higher NDVI705 in forward and backward directions, but less than
7% highemear nadir. Since NDVI705 utilizes BRF in 704 nm wavelengttiher than
the 665 nm used to calculate NDVI, the index is less responsihe backshadowing
effect which in NDVI inducd a strong change due to increased red absorption. This
results NDVI7® to havdower sensitivityto changes in the view zenith angle.

When comparing theangular BRFs of ndividual wavelength (Figure 23), the
measured BRFs from both speca® similarin 704 nm, while in 740 nm blueberry
produces loweBRF over theanalysedngular range. The explanation for the interspecies
differences INNDVI705 arises fromthe differences in the leaf spectra at these two
wavelengths, of which 705 nm is spectrally located at beginning of tredgeland 740
nm at the end of the reztige. As will be later shown in the results of this sti@hyapter
4.3), the leaves of lingonberry aspectrallynotablybrighter in 740 nm wavelength (up
to 30%) compared to blueberry leaves while inseparabledmfO

Both lingonberry and bluebermproduce MSIs withprofound bowl likecurvature
describing the view angle dependence within the given angular i(@&gere 24).
Moisture stress index detects changes of water content in plants by calculating the ratio
of the reflectancéactor obtained in SWIR (1614 nm) to that obtained in NIR (835 nm).
Since SWIR range hasgh sensitivitytolerance and NIR randew sensitivityto the
effects of increased moisture content, the increase in the ratio indicates decrease of water
content, and vice vers®&(]. When compared to the indices obtained from nadir, the
indices into forward view direction show 17% and 7% brighter for libgory and
blueberry respectively. In backward direction the ratios are 31% and 10%. Based on the
obtained results, lingonberry MSI is more strongly affected by the sensor zenith angle
than blueberry in the given angular range. Interspecies comparison bh@berry
produdng up to 155% MSI into the sensaenith angleof -30°. Similar ratio was
observednto the gentle backward directions between nadir and +15°. In sensor zenith
angles arounell0° and-20° the ratio is around 130%, where the decreasalaximatio
is speculated to be caused by the interspecies differences in the optical characteristic of
the leavesthe waxresidingon top of the adaxial side of lingonberry leavwes expected
induce specular reflection through altering the optical inageksarface roughnesg(.

As the sensor zenith tilts further forward, a strong backshadowing effect increases the
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effect of water absorption in SWIR, thus decreasing the MSI. Based on the similarities in
spectral responses of the soils, the calculatediMistate that lingonberry leaves have a
larger relative water content compared to blueberry leaves.

The fourth index included in the view angle dependency analysis was(Pi§Rie
24). PSRI isa vegetation index used to detect mainly senescence but also berry ripening
of green vegetation6[l]. The detection is based on evaluating the spectral effects of
chlorophylldegradatioras the season progressé&tie calculated PSRIs displapgular
tolerance with maximum change of 0.01 units betwsemsor zenith angle40° and
+28°. Approaching the illumination zenith angle, both species show an increase in the
indices, indicating a higher responsiveness into hotspeasurement geometry.
Interspecies comparison shows blueberry having a higher PSRI of 0.04, which is more
than D0%. This results from a larger difference of BRFs obtained in red and blue
wavelengths, and lower BRF in the fedge Figure23). It can be speculated, that the
red-edge located in 705 nm is darker with blueberry over the given angular range due to
higher transmittance of blueberry leaves. This would lessen the strength of the specular
component. Also, the spectral radiances measured from blueberry are lower imdred, a
especially in blue compared to lingonberfigure 23). The larger difference in BRF
between red and blue increases PSRI.
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4.2 lllumination angle dependence

Spectral measurements rafflectance anisotropy as a functionilafmination direction
provide useful information fathe analysis offield data SpectraBRF oflingonberryin
Figure25.a, shows avery limitedresponse tthe changen the illuminationzenith angle
while the response of blueberry is noticeably stronggmngonberry can behus
consideredspectrally mordolerantin this aspecof the twospeciesBlueberrydisplays
a response with an increase of reflectance fagforto 0.07 units in NIRas the
illumination zenith increaset5°. In Figure 25.b, the calculated BRF ratiaosf the two
illumination zenithanglesshow steady spectral responsd&% increasefor blueberry
betweenwavelengthgt50 nm and 1900 npand a 2%variationfor lingonberry. In VIS
range, lingonberry has a small peak in the ratio around 680 nm, not visible with the ratio
of blueberry.The brightening of lingonberry in red is spéted to be caused kan
increase in red band absorption at smaller illumination zenith angles. This t® due
shadowed parts of the canopy which have a larger spatial coverage at smaller illumination
zenith anglesdp].

Species separability is shownlie improved athe steeper illumination zenith angle
of +55¢ where in NIR the interspecies difference in BRF is more than 13%. Atttd0
spectral reflectance factors of lingonbeanyd blueberry leavesn shrubs are close to
identical. The drawn conficee intervals show that with lingonberry the change in the
illumination zenith angle is not spectrally separable due to consistent overlapping of
intervals. With blueberry, the separation is clearer with some 10% overlap of the intervals,
increasing the t@bility of the observation of the characteristic dependency of blueberry
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Analysis of the spectral effects of changing illumination direction was extended to four
vegetation indices(Figure 26). The maximum changeof 5.4% is observed with
lingonberry PSRI, 0.00158 units, whilest of the indices show a change between 0.3%
and 2.7%. The smallest changesre observed withhe two NDVI indiceswhich both
produced ratiotess than 1%ln interspecies comparisomree of the four indiceshow
oppositetrend directions as the illumination zenith angle is increased hyMiSl being
theonly exception with a shared positive trend.

As the illuminaton zenith angle increases, less of the and more of theanopy top
is illuminated Thisdecreases the contribution sl tothe overall radianckaving the
canopy towards the sensdrhe contribution ofthe soil has relevance as its spectral
response to incident radiation is different from green vegetéfigare22). Larger leaf
area ovethesoil inducesa decrease in the obtained reflectance factor in red wavelengths
due to increased absorption.

The four indices irFigure26 shav low sensitivityto the changing illumination zenith
angle.This is because the indices represent the spectral contrasts and not the BRFs as
such. Thus, even though the BRF of bluep&ras showno be affectedl5%by the 158
change in illumination zenith ang(&igure 25), the changen the indicesis relatively
small. For example, NDVf blueberryis affectedonly by 0.3%
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Figure26. Four vegetation indices calculated from nadir view BRF as a function of two
distinct illumination angles.
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4.3 Temporal dependence

The emporal analysis wasasednthelingonberry and blueberrghrubs in their natural
phenological stageand on leaf spectranalysed foseasonal spectrahriatiors (Figure
27). The seasonalariationswere obsaved from effects orfour different vegetation
indices calculated frormadir viewspectra These four indices were defined earlier in
Chapter 3.4.

Bluebery NDVI in Figure 27 changes 042 units between the spring sample (DOY
144) and the midummer sample (DOY 188), from 0.69 to 0.93 respectiVédlischange
in NDVI indicakesa seasonal variatiowhere theshrub greennedss densified through
growing of leaves and emerging of underlying deciduous soil veget&iioiiar change
Is not evident with lingonberry due to evergreen nature apleeies, althougit should
be noted thathe first lingonberry sample was not measured until DOY. Daing the
measurementsiadein the summe(DOY 153 up to DOY 247plueberry NDVI ranges
from 0.87to morethan 0.93while lingonberryproduces NDVI between 0.83 and 2.9
Comparing the NDVIs of the summer samples taatlt@mnsamplesmeasured between
DOY 251 to DOY 272the seasonal changes are evidenboth the BRF and the
SpectroClipTR data as a decrease of ind®bservations from SpectroClipR leaf
reflectancedata follows the temporal characteristics of the BRF data from late summer
to autumn, althoughliffering in magnitucek. This magnitude difference between shrub
and leaf NDVIs is related to tilspectral contrastresiding irthedatacollectedat different
spatial scales of the targdbifferencesof the spectral contrasteave been previously
studied [1] and it has been shown that the radiance from red and NIR bands is higher
from individual leaf surfaces than from canagiyucture with thered band refledance
factor being the relatively higher of the twithis is due to the lack of the 3D structure of
the canopy and related shadows when measuring individual |&deesmaller spectral
contrast betweeBRF inred and NIR otheleaves results a low&DVI.

The NDM of the blueberryshrubschange more tha 10% of the entire index range
of 2 units from spring to summéFigure27). As the leaves dalop,the underlyingsoil
gets covered and the leaves contribute nsbtrengly on the measured radiancehis
induces an increase in NDVI due to increbsgectral contradgtetweerreflectances from
red and NIR wavelengthé&n inverse phenological phenongers visible in the autumn
NDVI of blueberry (DOY 274)with aninduced drop in the index @.13 units. In the
autumn the leaves of deciduous plants start to lose their chlorophyll corgsattinga
change in the optical properties of the leavE® rededge loses some of its spectral
contrast due to degradation of chlorophyll content which increases the red reflectance,

whil e |l eavesoO i nt er nal dowrewhikh decedses the NIRuct ur

reflectance.

With lingonberry the variationn NDVI is shown to béess thar®.08 unitduring the
summer monthdsjgure27). Lingonberry amples measured on DOY 1%80Y 173,and
on DOY 178 ircludedflowers The flowersare speculated toaveinfluenced the NDVI
by increasing the red band reflectarened thus decreasing the spectral contrast between
red and NIR.Lingonberry flowerpetalscontain nonphotosynthetic pigmentand are
mostly whitewith a red tint in appearan¢€hapter 1.3Figure12). The white colour of
the lingonberryflowers induces a brightening of thehreeflower bearingshrub samples
in red wavelength, with relatively small brightening in NIRgsulting a reludion inthe
calculatedNDVI. Followingthe sameeasoningthe presence alonsiderable numbexf
red colouredberriesinduces a similar reduction of NDVILingonberry shrub samples
with berries were measured DOY 251 and 256The presented temporal ND¥iofiles
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agree with those from previolspectralstudies on seasonal dynamics of understory
vegetation T2], with a spectral fit taemporalNDVI of an herbrich forest type. As
described inChapter3.1, the BRF data collection area weategorized as sexeric,
indicating a dryer sothanin the compared fit [Z].

The leaf reflectancas Figure27, measuredn DOY 226 and DOY 25 displaythe
effect oftheautumnwhich decreass theNDVIs of both dwarf shrub specieBhe change
IS more pronounce with bluebermp which the degradationn leaf biology and leaf
structure causes blueberry leaf NDVIdecreasd.08) units while lingonberry leaf
NDVI decreasesnly 0016 units.In senescence the redge in the beginning NIR region
becomes darker and thus decreases the reflectance factor separation between red and NIR
[73]. Results of previous styan the spectral effect eenescence dreeleaf reflectance
[66] support thepresentedlevel of temporal change occurring in lingonberry and
blueberry leaves

NDVI705 shown inFigure27 displaya similar temporal variatioasNDVI, but with
a clearer separation of the species in the late summer measurerhenttearespecies
separation iglue tothe larger relative spectral contrasts of BRFs measured on 740 nm
and 704 nm compared to those measured on 835 nm and 66bhendecrease in the
contrast is induced by senescence, evident in the blueberry NDVI705 as the index
decreases 0.2 units between sE®measured on DOY 237 and DOY 272.

SeasonaMSI, shown inFigure 27, can be used for evaluating vegetation stress
conditions related to water contewith further applications imgriculture, indrought
predictionandin locatingfire hazardareas Higher MSI indicates smaller relative water
content Seasonal spectraériations ofblueberryinducenotablechanges in MSI similar
to those shown eaéi with NDVI and NDVI1705. In the spring sampi@OY 144,DOY
152) the contribution ofthe visible soilwhich underlieghe blueberry shrubgrodues
MSI larger than 0.84indicating a dry target surfacehe large drop itheindexat DOY
153 indicatesa significant increasén the relative water contenfThis isrelated to the
phenological stage of leaf growingducingan increase in vegetation coverage over the
soil. During the summer months, blueberry MSI is around 0.8file lingonberry
produces adwer MSIof 0.37. Since arlier it was shown that the soil responses are
similar betweeningonberry and blueberry-{gure22), the thicker leaves oingonberry
are considered the souraelower MSI as the lingonberry leaveslt potentiallymore
water.The speculation of the difference in leaf water content is further supported by the
leaf reflectance measuremgshowingan interspeciesidex differace of 0.2at DOY
226 and 0.34atDOY 261. The highest value for blueberry leaves (MSI 0.96) indicates a
water content close to zer6g].

The fourth index analysed for temporal changasPSRI| shownin Figure27. PSRI
is an index developedspecially for detectingplant senescenceyut which has been
noticedto be sensitivalso for berry ripeningAs with the three other analysed indices
bluebery shrubs showa strong changaisoin PSRIwhenmovingtemporallyfrom spring
to summer Thesenescence detected in the last sample wath increasef the index by
0.1 units.Lingonberry produces a relatively stedd$RI up to DOY 24,7after which
there isa substantial increase indexof 0.15 units. This large increase is taken as an
indicator of presence of lingonberries in the sampBRI is normalized to wavelength
of 704 nm from whichthe obtained BRF is known to increahgring plantsenescence
due todegradation of chlorophyll anithe relateddecrease oébsorption PSRIutilizes
alsothe difference ofed (665 nm) and blue (497 nm) wavegérs, both which are known
to have temporal sensitivity because of chlorophyll contentsenescence the red
absorption decreases more than blue absorption, resulting an incrahsespectral
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contrastand thusan increase in PSRThedetectiorof lingonberriess based on the same
spectrakontrasts as in leaves senescenmite stronglyelevatedBRF in red compared to
blue. The showntemporalPSRI profiles in Figure 27 agree with the given literature
reference T2] and traces most closely to theferenceprofile of a herbrich understory

type.
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Figure 27. Four vegetation indicesf blueberry and lingonberry shrubgewed from
nadir as a function of time (Day Of Year). lllumination iterangle is+40°.

The leaf reflectance and transmittanspectra obtained from SpectroCHpR
measurementsre shown irFigure28. Theassociatedatios(Figure28.c , Figure28.d)
showthe temporal change in the reflectances and transmittances measured from both
sides of the leavei the shown temporal ratioduieberryadaxialreflectance drops 80%
in green, increases to 150% in red, drmp88% at theend of thered-edge(740 nm) and
increases in longer wavelengths due to decrease in water cdimeMlS and NIR range
spectral changes include th#fects ofdecreasén chlorophyll contentaind the physical
degradatiorof the led internd structure The decrease of water contentespecially
prominent arounthe weltknown water absorption peaks 1360 nm and 1940 nnThe
changes follow similaprofiles for both sides but are noted stronger for adaidal The
transmittance data shows as well seasonal variation, most profoundly in VIS region where
both species exhib# generatlecrease in transmittanc®n exception to this can be seen
in blueberry transmittance spegtvehere the dgradationof chlorophyll content in the
leaves induces a large transmittance peak around the red wavelength (665 nm). Blueberry
shows also increasing transmittance in senescence due to decrease of moisture in the
leaves.

The spectra of lingonberry and blueberryFigure 28.a andFigure 28.b agreewith
previously measwed spectra of broadleaved tree66], with some distinct spectral
characteristic differences. The differene@h lingonberry and the tree leavexlude
for examplelingonberry leavedeing brighter in reflectance inNIR by 0.06 units
Lingonberry leavesre alsalarker inthewater absorption peakound1450 nm by 0.02
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units, indicating higher relative water contesftlingonberry leavesBlueberryleaveson

the other handare somewhat darker in reflectance in NIBut match inthe water
absorption peakd he thin blueberry leaves transmit more light through both the adaxial
and abaxial sidesThe difference inthe blueberry leatransmittance is especially
noticeable in VIS in green wavelengths where the difference to tree leaf aveda@f® is
units.
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Figure 28. Averaged leafreflectance and transmittance speadfalingonberry and
blueberry Data collected on (a)DOY 226 (14" Augus) and (b) DOY 261 (8"
Septemb@rof 2017 Calculatedtemporalratios(DOY 261/DOY 226)of (c) reflectance
and (d) transmittance.
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4.4 Berry detection and component spectra

The potential of detecting dwarf shrub flowers and berries from spectral data was
evaluated from calculated ratios of shrubs vatbducts (berries or flowersd shrubs
without productg(Figure29.d). The most notable spectral changes in the shown ratios of
all three samplesccurredaround @9 nm. The observegdeaks of 3@%for lingonberries,
and200% for lingonberry flowersvere considered clear indicators of presence of these
productslt should be noted that the abundancy of lingonberries on sampl®Q@drries

/ m?) and the relatively small number of blueberriesample B7 37 berries / m) limits

the usefulness of interspecies berry detection compaiisenwidth of theberry peaks

set to 100 nm with larger fraction of the difference exhibiting the left side of the peak
towards red wavelengths. Another considide spectral contrast is in blue wavelengths
betwee30 nmand495 nm where the lingonberry flowers are shown to prodaicatio

of 170%.

Following the detection of the berry peak spectrabnalysis is presentegn the
contributionsof the shrub comonentsto theobtainedreflectance facto(Figure29.b).

The analysis includespectral data collected of berries, leaves and soil of both species
and flowers of ligonberry. Flowers of blueberry were not measured due to low yield in
the study ared.ingonbertes, Hueberres, and lingonberry flowergoduce characteristic
reflectance spectraingonberries have a spectrally advancededde with a steep slope
startng its rise after 530 nm and continuiag steeup to 730 nmpeaking in 820 nm
with BRFof 0.66 Around 970 nm water absorption batite BRF of lingonberriesirops

0.24 unit indicating a high relative water conteBlueberries hava red-edge starting
spectrally at the same location as the leaves at 680 nm. The BRWwifiebkueberries is
0.42units,obtainedin 910 nm.This is 90 nm further along the spectrum and 0.24 units
lower comparedo lingonberriesThe following water absorptioregion aroun®70 nm
inducesa drop inBRF, similar instrength noticed previously with lingonberries.

At the berry pealkn 679 nm the averagedingonberry leaf reflectancéecreaseso
0.048unitsdue to strong spectrabsorptiorof the chlorophyll leaf pigmeriFigure29.b).

At the same spectral location, lingonbertesereflectance of 0.39The strength of the
obtained berry peak is thus speculated to be a function of demsjty.

Further spectral characteristics of the components can be identifegine29.b. The
berries of both species show strongly decreased reflectancesfiadtoe water absorption
regions around 970 nm, 1190 nm, 1450 nm, and 1940 nm. The berries can be considered
dark compared to the leaves in longer wavelengths than 1400 nm. This gives a strong
indicator that the high relative water content of berriegisaable from the spectra. The
lingonberry flower spectra follow that of lingonberries in NIR and into longer wavelength
up to 1750 nm, but differs strongly from berry spectrum in VIS range. Because of the
strong chlorophyll absorption in the plant leawe blue and red wavelengths, the white
flowers with a red tint stand out in the ratio if the spatial coverage of the flowers is
sufficiently large.
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Figure29. Lingonberry and blueberry nadir vieBRFs (a) as spectratatios of samples
with flowers or berries to samples without, gbjlasaveragedlement wise spectrin
(b) the coloured area marks a 100 nm wide band around 67@raduct amounts in (a):
L7 (700berries / m), L3 (375 flowers / ), B7 (37 berries m?).









