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Abstract

A detailed sensitivity analysis investigating the effect of woody elements introduced into the Discrete Anisotropic Radiative Transfer (DAF
model on the nadir bidirectional reflectance factor (BRF) for a simulated Norway spruce canopy was performed at a very high spatial resolt
(modelling resolution 0.2 m, output pixel size 0.4 m). We used such a high resolution to be able to parameterize DART in an appropriate way
subsequently to gain detailed understanding of the influence of woody elements contributing to the radiative transfer within heterogen
canopies. Three scenarios were studied by modelling the Norway spruce canopy as being composed of i) leaves, ii) leaves, trunks and first
branches, and finally iii) leaves, trunks, first order branches and small woody twigs simulated using mixed cells (i.e. cells approximatec
composition of leaves and/or twigs turbid medium, and large woody constituents). The simulation of each scenario was performed for 10 diffe
canopy closures (CC=505%, in steps of 5%), 25 leaf area index (LAI=316.0 nf m 2, in steps of 0.5 fim ?), and in four spectral bands
(centred at 559, 671, 727, and 783 nm, with a FWHM of 10 nm). The influence of woody elements was evaluated separately for both, sunlit
shaded parts of the simulated forest canopy, respectively. The DART results were verified by quantifying the simulated nadir BRF of each sce
with measured Airborne Imaging Spectroradiometer (AISA) Eagle data (pixel size of 0.4 m). These imaging spectrometer data were acquired
the same Norway spruce stand that was used to parameterise the DART model.

The Norway spruce canopy modelled using the DART model consisted of foliage as well as foliage including robust woody constituents |
trunks and branches). All results showed similar nadir BRF for the simulated wavelengths. The incorporation of small woody parts in DA
caused the canopy reflectance to decrease about 4% in the near-infrared (NIR), 2% in the red edge (RE) and less than 1% in the green bar
canopy BRF of the red band increased by about 2%. Subsequently, the sensitivity on accounting for woody elements for two spectral veget
indices, the normalized difference vegetation index (NDVI) and the angular vegetation index (AVI), was evaluated. Finally, we conclude on
importance of including woody elements in radiative transfer based approaches and discuss the applicability of the vegetation indices as w
the physically based inversion approaches to retrieve the forest canopy LAl at very high spatial resolution.
© 2007 Elsevier Inc. All rights reserved.

Keywords:Woody elements; Radiative transfer; DART; Norway spruce canopy; High spatial resolution; LAI; AISA

1. Introduction

Leaf areaindex (LAI) is a basic structural vegetation parameter
_ _ _ __mainly controlled by canopy biophysical and morphological
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+31 317 474724: fax: +31 317 419000. photosynthesis and consequently to the @xation and the net
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2001; Turner et al., 2003, 2005A number of studies have largely included in forest RT modelling. Some of the existing RT
successfully demonstrated the effect of physiological vegetatianodels consider trunks and branches as solid geometrical objects,
characteristics on climate stadti{fmann & Jackson, 2000; Zeng for instance the 4-Scale RT modé&hen & Leblanc, 1997;
& Neelin, 2000; Zhang et al., 20p1In this respect, LAl is Leblanc et al., 1999but in general the clumps of small woody
acknowledged to be one of the key input parameter for many ecparticles, irregularly dispersed within the forest canopies, are
physiological and climate models describing land surfaceggnored Mynenietal. (1997nodelled the trunks and branches as
processesAfora, 2002; Kucharik et al., 20p0The retrieval of  dark objects with a red reflectance equalling to 3.79% and a near-
biochemical and biophysical canopy properties, based adnfrared reflectance equalling to 10.02%. However, according to
radiative transfer methods, represents a universal method tloair field measurements of the hemispheridiméctional reflec-
can be applied to both, airborne and satellite imagengbérger, tance (HDRF)Nartonchik et al., 2000the Norway spruce bark
2004; Fang & Liang, 2005; Koetz et al., 2005; Myneni et al.,may reflect as much as 2P5% between 600700 nm and even
2002; Schaepman et al., 200Quasi operational LAl products 40..50% between 8Q®00 nm, resulting in a significantly higher
are, therefore, made available very early and achieve currentipntribution of the woody parts than previously reported. Thus,
significant interest from the scientific communitigsyazikhin  detailed knowledge of the effect of woody elements on the forest
et al., 1998; Myneni et al., 1997; Shabanov et al., 2003, 200%anopy reflectance is essential for designing a refined method
Tian et al., 2002a)bHowever, the retrieval models developed forretrieving the forest structural parameters (e.g. LAI).
coarse spatial resolution spaceborne sensors are not directly apThe main objective of this study is to investigate the influence
plicable to airborne imaging spectrometers with very high spatiaf woody elements (trunks, branches, and tiny twigs) at nadir top
resolution Gascon et al., 2004 of canopy (TOC) reflectance of a Norway spruce stand at very
LAI represents a biophysical structural parameter describirigigh spatial resolution. The TOC reflectance expressed as bi-
amount of the forest canopy foliage biomaséoifteith &  directional reflectance factor (BRF) will be simulated using a 3D
Unsworth, 1990 The structural heterogeneity of a Norway spruceDiscrete Anisotropic Radiative Transfer (DART) modehg-
(Picea abiegl.) Karst.) canopy foliage is typically increasing with tellu-Etchegorry et al., 1996In order to validate reliability of
increasing age of the stand due to senescence and the influencéhef DART images modelled within this study, the forest canopy
environmental stress agenth(i & McDowell, 2002; Remphrey reflectance of all scenarios is compared against atmospherically
& Davidson, 1992 When the tree crowns become older, irregulaicorrected hyperspectral images captured by the AISA Eagle
structures within the canopy emerge due to the variation in solairborne sensor. Finally, the sensitivity of two vegetation indices
irradiation caused by shadowing effects of the neighbouring treése. Normalized Difference Vegetation Indgx NDVI, and
and due to the effect of environmental multiple stré@sglér,  Angular Vegetation Index AVI) and the impact of woody
1998. The foliage distribution (i.e. leaf density and clumping)elements therein are discussed as well as their influence on the
within a spruce crown is usually a result of such a morphologicaktrieval of the leaf area index (LAI).
transformation, starting with specific defoliation processes often
followed by systematic regenerati@r(ber, 1994; Nicolinietal., 2. Materials and methods
200]). These physiological processes cause a unique three-
dimensional (3D) pattern, resulting in a significant spatially2.1. Test site
heterogeneous distribution of the leaves and/or shoots (needle sets
of one generation)ghii et al., 2002 In particular the proportion of The study test site is a montane Norway spruce stand located
woody elements (e.g. trunks, branches, and small twigs) is largat the Bily Kriz experimental research site in the Moravian
during the defoliation stage resulting in a decrease of LAI. Currer8ilesian Beskydy Mountain&ig. 1), in the eastern part of the
research on Norway spruce eco-physiological processes demon-

strates possibility to describe mathematically distribution of the | .., 8= {‘ . . 6
canopy foliage and woody structure8zierzon et al., 2003; o 3 7 0 20 20 . Konin

. f s Leszno it . odz
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structural relations can be incorporated into radiative transfer (RT) feizig
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models, used for estimation of forest canopy bio-chemical and bio-
physical parameters. Prerequisite for such an approach is that thi
existing models can be run at a very high spatial resolution,
typically with a spatial resolution in the order of a few decimetres,
allowing a detailed modelling of all relevant forest canopy
structural features. Ceske

Destructive ground measurements on 16 Norway spruce trees
of our experimental forest stand revealed that brown woody
biomass represents about 13% and assimilating green biomas
about 87% of canopy surface. The influence of woody elements
within a forest canopy have systematically been considered H?g 1. Location of the experimental research site Bily Kriz at the Moravian
ground measurements of forest LATHen & Black, 1991; gjlesian Beskydy Mountains (East border between Czech Republic and
Jonckheere et al., 2004; Kucharik et al., 988t has not been  Slovakia).
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Fig. 2. Flowchart of the methodological approach (scenarioénly foliage elements were simulated; scenario,F\the foliage elements together with trunk and
first order branches were simulated; scenario FEWToliage elements with trunk and first order branches plus small twigs were simulated; CC=canopy closure,
LAl=leaf area index, NDVI=normalized difference vegetation index, AVlI=angular vegetation index, BRF=bidirectional reflectance factor).

Czech Republic bordering with Slovakia (18.54 °E, 49.50 °Nnadir spruce canopy BRF at the following wavelengths: 559
altitude 936 m above sea levefyatochvilova et al.,, 1999The  (green), 671 (red), 727 (red edge), and 783 nm (near-infrared).
geological bedrock of the area is sandstone originating thEhe measured spruce BRF signatures were extracted from pre-
Mezosoic era. The soil type is a humic podzol combined witlprocessed high spatial resolution images acquired by AISA
loamy sand soil. The humic horizon depth is betweer88@m  Eagle and subsequently a comparison of the DART modelled
with the gravel fraction of 3040% and clay fraction of 15  BRF and AISA measured BRF spectral signatures was carried
38%. The average annual air temperature is about 5.5 °C, tbeat. Finally, the sensitivity of two vegetation indices (NDVI,
average annual precipitation amounts to 10@M0 mm. The AVI) for LAl was investigated for three different model
snow cover is present in average 160 days per year. The forestenarios. The hypothesis of this study is that the combination
stand is made of a regularly spaced plantation of Norway sprucé a carefully parameterized DART model supported by
(Picea abieqL.) Karst.) trees established with three years olcextensive ground measurements allows quantifying the influ-
spruce seedlings in 1981. The trees of the monoculture aemce of the woody parts on TOC BRF of a tree canopy at very
currently 27 years old (in the year 2005) with an average treleigh spatial resolution.

height of 10.6 m, and average diameter at breast height (DBH)

of 12.8 cm. Further, the Bily Kriz research siayelka et al., 2.3. The DART model

2003 is also part of the MODIS ASCII Subset projeCtak

Ridge National Laboratory Distributed Active Archive Center, The DART model simulates radiative transfer in complex 3D
20058, as well as part of the FLUXNET Global Networ®dgk  scenes, i.e. urban and natural Earth landscapes possibly with the
Ridge National Laboratory Distributed Active Archive Centertopography and the atmosphere present. It uses several
20053 having a flux tower equipped with the typical eddy simulation approaches (e.g. ray tracing, exact kernel and/or
covariance system measuring the exchanges of carbon dioxidiscrete ordinate techniques) covering the whole solar reflective
(CO,), water vapour, and energy between the forest stand and

the atmosphere.

. Table 1
2.2. MethOd()lOglcal concept De;t;:ription of the three DART modelled scenarios
The overall methodological concept of the study is illustrated/a™e ©f scenario  Building units (canopy elements)

in Fig. 2 The DART model was parameterized based on detailefd» Foliage Cells of uniform turbid medium (leaves)

field observations in order to simulate the spectral response bf/» Foliage, Cells & ygogn turbid medium (leaves)

the 27 years old Norway spruce stand. Three scenarios,WOOd ]9 paque surfaces of geometrical objects (trunks and
irst order brancheé$

summarized infable 1 were applied: ipscenario F, the  pwT, Foliage,  Cells of uniform turbid medium (leaves or tiny twiys

canopy is only represented by Foliage (leaf elementaycié- Wood, Twigs Opaque surfaces of geometrical objects (trunks and

nario FW , the canopy is represented by Foliage and robust first order branches)

Woody parts, i.e. trunks and first order branches (main branches Mixed cells of turbid media and opaque surféces

growing directly from the trunk), and iiycenario FWT, the * Branches growing directly from the trunk.

canopy is represented by Foliage, robust Woody parts, and tin)z Branches smaller than 1 cm in diameter.
Mixed cells can be composed as following combinations: i) diverse mixed

Twigs, i.e. Sma”_ branches with a diameter smaller than 1 Cnﬂjrbid media (leaves+tiny twigs), or ii) uniform or mixed turbid media with
DART modelled images (DM [) were generated for each scenarigaque surfaces (leaves +tiny twigs +first order branches, or leaves +first order
and used to evaluate the influence of the woody elements a@anches, or tiny twigs +first order branches).
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and emissive part of the electromagnetic spectrum. Since its filghd the industrial version was jointly developed by Magellium
releaseGastellu-Etchegorry et al., 199@s accuracy, range of Corporation and the Centre National d'Etudes Spatiales (CNES,
applications and graphic user interface were significantlffrance).
improved Gascon et al., 2001; Gastellu-Etchegorry et al.,
2004). The latest DART version has two functioning modes: i)2.4. Parameterization of the spruce forest stand in the DART
modeR (reflective) and ii) mod@& (thermal). ModéR simulates  model
the reflectance of direct sun and/or atmosphere radiation while
mode T simulates a scene's thermal emission, jointly with a New forest canopy structural features had to be incorporated
solar emission scenario (e.g. modelling the spectral domain 3nto a new DART model in order to allow the parameterization
4 m). In modeR, DART is able to make use of a Monte Carlo of woody elements. The purpose of this innovation was to
based simulation approach, capable of modelling very accincrease model reliability and accuracy of the woody forest
rately multiple scattering effects. The two major outputs of thepecies simulation at high spatial scales. The Norway spruce
DART model are either remotely sensed optical images as weltchitecture in DART comprises a trunk (superimposing
as a 3D radiation budget. The remotely sensed images can jberallelepipeds) with branches and a conical crown. The
modelled for any urban and natural landscape, atmospheipwn is filled with scattering elements distributed in structures
wavelength, sun/view direction, altitude and spatial resolutionf five hierarchical levels: i) trunk, ii) branches, iii) twigs, iv)
(NO.1 m). DART simulates also directional reflectance factorteaves, and v) empty space. Trunk (i) building within a crown
and brightness temperatures, albedo and also images diredlycounts for its heterogeneous structure, i.e. trunk optical and
related to the leaf mesophyll, with or without the use of a sensajeometrical parameters can vary per defined crown level (l).
transfer function. First order branches (ii) are simulated using four triangles
Any landscape can be simulated using DART as a function afentered along a pre-defined axis at specified zenith and
rectangular matrices of parallelepiped cells of any size. Thesaimuth angles. Tiny woody twigs, i.e. branches smaller than
are the building blocks for simulating infinite large scenesl cm in diameter, (iii) are represented by turbid medium cells
These scenes are usually refpee in all three spatial with specific optical properties, a pre-defined twig density (
dimensions, or partially repetitive for ensuring continuity inor the twig area index (TAI), and the twig angle distribution
the vertical dimension as well as in the infinite slopes. AnyTAD) (Centre d'Etudes Spatiales de la Biosphére, p0D%e
scene element is simulated with the help of cells that areaf volume density (iv) () or LAl within a crown vary in
composed of turbid media (e.g. a leaf, grass, twigs, air, etcyertical as well as horizontal direction following physical
plane opaque surfaces of triangles and parallelograms baseddistribution functions. Additionally, the mixed cells, containing
parametric reflectance models (e.g. soil, roads, tree trunks amixed turbid media (leaves and tiny twigs) and also the
branches of first order, buildings walls and roofs, as well ageometrical objects (trunk and main branches), can be modeled.
rivers), or a mixture of all mentioned. The scenes can be verjhe specific LAl of coniferous species is implemented as
simple (e.g. a layered turbid medium) or rather complex (e.glefined byChen and Black (1992proposing the LAI of non-
urban and natural landscapes) created directly from ancillafiat leaves to be half the total intercepting leaf area per unit
digital information such as land cover maps, spectral databasgund surface area. The TAI definition is adapted similarly as
of Earth elements, atmospheric physical and spectral vertical
profiles, etc. In addition, the operator can define specific
atmospheric quantities, accurately describing the state of the
atmosphere (e.g. atmospheric water vapour, aerosol Opticn%lmez
depth, urban pollution, etc.). The radiative transfer is tracked byt parameters for the DART scenes used to generate multispectral images for
an iterative procedure where one iteratigrs¢atters radiation all three study scenarios
tnat is interce_ptedI Tlt ftérthher iteratioh'_sl). _I n_ordfer to decrealse Sun position
the computational load, the geometric origin of rays may always — "
belong to a predefined grid of points within the sampled cells, Zenith angle = 4780

: . 0/K\zimuthangle(from North clockwise) [°] 176.50
are directly located on the cell facets. Specular and diffuse

/Real solar noon/

. L . Spectral bands /Full-width-half-maximym
scattering as well as emissivity of the vegetation and the urba FWHM=10 nm/ N
elements are also accounted for. Since DART aims at very hi%‘. - — - -

. . Green central waveleng green [NM
accuracy, also the hot spot phenomer_wn, multlple_scatterln ed central wavelength ] 671
and Earth surfacetmosphere couplmg me_chamsms arered-edge central wavelength re  [NM] 797
accurately modelled for any sun or viewing direction as welNear-infrared central wavelength g [nm] 783

as the aforementioned atmospheric conditions. To maintafkene parameters /Representing a 25 year old

modelling consistency, Kirchoffs lawg=1 4) as well as the Norway spruce forest stand/
reciprocity law (ng= qn) are verified for simulated turbid g gize (m] 0.20

media. DART has been successfully tested and validated agaipgtizontal dimensions %y [m] 6.00, 6.00

field measurements and has also been compared with othémber of trees k3]

models within the RAMI experimentP{nty et al., 2004 Canopy closure (varied parameter) CC [%] ..8%in steps of 5/

Recently, the DART model was patented (PCT/FR 02/011815eaf area index (varied parameter) LAl 2m ? 3..15/in steps of 0.5/



Z. Malenovsky et al. / Remote Sensing of Environment 112 (2608) 1 5

° Trunk centre

Sunlit crowns

. Shaded crowns

Background 6 meters

Fig. 3. a) Vertical projection of the DART Norway spruce stand representation with canopy closure of 60% (four representative trees); b) DARJreyspate
image of three spectral band composition (NIR, red, and green band; white =sunlit background, light grey =sunlit crowns, dark grey = shadedicraleep/y!
shaded crowns and background).

the LAI, being half the total area of woody branches in & (1), (I), () and (). The leaf volume density¢(r)=0 and
diameter smaller than 1 cm/unit ground surface area. Finallyp (I) with rN (), while () is constant for [ (I) ()],
crowns are filled with empty spaces (v) (air gaps) simulatingvherer is the horizontal distance from the tree trunk. The
defoliation and clumping of the branches. The defoliation of the

canopy is spatially distributed in accordance with recent eco-

physiological knowledge of Norway spruce growing strategieslaable 3

(Gruber, 1993 Details about the canopy structural parametersyeasured parameters of the trees modelled in DART for simulation of all three
the design of woody elements, and the radiative transfer througtudy scenarios

complex forest canopies as implemented in DART are describgghe parameters /Mean parameters derived
in the literature published by ti@entre d'Etudes Spatiales de la for eight individual trees/
Biosphére (2005andMalenovsky et al. (2003)

- R Trunk height below crown [m] 0.38 (0.13)
Detailed parameterization of the DART model was based oftunk height within crown [m] 8.08 (0.76)
field measurements of the Norway spruce stand at the Bily KriZrunk diameter below crown [m] 0.17 (0.02)
research site in September 2004. Ancillary allometric and ecéelative trunk diameter within crown [relative] . 041 |(0-03)
H H H rown e onical
phyS|oIog|c§1I data (_)f the tree crowns were coIIec_ted_ during gmwn E’eﬁght - 10.08 (0.76)
field campaign carried out at the same research site in SUMMEL . - 1 oiom radius m] 1.60 (0.24)
1997 okorny & Marek, 200D Summary of the DART  Living crown bottom radius [m] 1.54 (0.24)
parameters used for the three scenario simulations is given Gmown top radius [m] 0.00
Table 2 A repetitive 3D rectangular matrix with a basic cell Total tfeel hefightl ALA Hl ;2-?75; (0.88)
; erage leaf angle °
resolution of 0.2 m reprgsenteld' the for.est stand. The tgt?’ean%h/ig area?n dex TAl [fm? 0082 (0.017)
amoun_t of trees a_nd their position within the scene varieQ e age twig angle ATA  [] 35
according to the simulated canopy closure (CC) category iRumber of crown levels 10
following way: three trees for the CC of 50% and 55%, fourRelative height of one tree level [relative] 0.09
trees for the CC of 60%-(g. 3a) and 65%, five trees for the CC  parameter of horizontal leaf distr. [relative] 0.0
of 70%, 75% and 80%, six trees for the CC of 85%, seven treeéoirrz”r;eettzrr ‘;ff E‘;rr'ég’;ttz'l 'Ieeg:c 3‘;2 Eg:gﬂz:} 8'2‘3‘
for the QC of 90%, and eight trees for the CC Qf 95%. The basiclﬁarameter of horizontal leaf distr. [relative] 1.00
allometric parameters (e.g. tree and crown height, bottom crovyparameter of horizontal hole distr. ~ a [relative] 0.15
radius, etc.) reflect the current growing stage of the observetharameter of horizontal hole distr. b [relative]  1.00
forest standTable 3. For each within crown level |, the LAl Percentage of full leaf cells within crown [%] 48.00

horizontal distribution is characterized by four parameterszalues in parenthesis stand for standard deviation (SD).
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horizontal distribution of holes is defined by two parameters: first order branches, defined for each distinct vertical crown
() and b(l), where total defoliation (i.e. 100% empty cells) islevel, consisted of 46 branches. Small woody twigs, treated as
defined for distances ofbp and rNb, and the specific uniform turbid cells of fine wood or cells mixed with foliage
proportion of leaffempty cells is defined for [a(l) b(l)]. and first order branch triangles, were specified in a radius of
The horizontal distribution of needles was derived from th®.2 m around the first order branches. The ellipsoidal twig angle
analysis of 24 sample branches cut off from the bottom, middldistribution (TAD) is equal to the average shoot angle, which
and top part of the eight sample tree crowns. This analysis alseas measured to be on average 35° for the whole canopy.
provided information on branch foliage clumping, i.e. spatial The optical properties, i.e. integrated hemispherical
distribution of empty spaces (air gaps) among shoots (so callelirectional reflectance and transmittance, of the canopy
random mosaic defoliation), and also location of the 100%lements (leaves and bark of the woody parts) and background
defoliated zones (so called inner crown defoliatiddyidlin  elements (litter and bare sovijere obtained from laboratory

et al., 200). The vertical distribution of green biomass (appaineasurements. These were parfed under artificial illumi-
rent leaf volume densityy) is parameterized by crown foliage nation in an integrating sphere LI-1800-12 (Li-Cor, Inc.,
destructive measurements carried out on 16 trees of the sairiacoln, NE, USA) (i-Cor, 1983 coupled with a laboratory/
age during summer 1997. The leaf angle distribution (LAD) wasield spectroradiometer ASD FieldSpec Pro FR (Analytical
defined as ellipsoidalQampbell, 199)) computed from the Spectral Devices, ASD InclSA) in September 2004. The
crown level specific average leaf angle (ALA) of 25° for twoneedle samples of last three gextions from the sunlit crown
upper crown levels, 30° for two middle upper crown levels, 35part (3rd branch whorl from the top) and the shaded crown part
for two middle lower crown levels, and 40° for last four bottom(7th branch whorl from the top, inside a crown) were collected
crown levels. ALA values were derived through a combinatiorirom ten selected trees of the experimental forest stand. The
of the needle angular distribution within the shoot and shoateedle optical properties were measured according to the
angular distribution within the crown. Trunks were defined asmproved methodology proposed Daughtry et al. (1989)

the superimposition of parallelepipeds with different height andnd revised later byliddleton et al. (1997andMesarch et al.
side size for each vertical crown level |. The thickness of th€1999) The laboratory spectral mgurements range between
trunk within crown is computed based on the trunk diameter ol850 and 2500 nm in steps of 1 nm. Determination of the needle
of crown (e.g. DBH) multiplied by a relative trunk diameteroptical properties representegifor each distinct crown level
specific for each vertical crown levellligble 3. Two whorls of  is based on a percentage distition of the needle age classes

Optical properties of Norway spruce needles Optical properties of woody and
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Fig. 4. Measured optical properties (hemispheritiatctional reflectance and transmittance) of the surfaces used to parameterize the DART simulations: a) ranges of
the Norway spruce needle optical properties defined from base to top of the crown, b) optical properties of woody elements (bark of stem, bragshasdnd t
background (litter and bare soil).
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and an appropriate ratio of the sunlit and shaded needlesder to match the AISA Eagle image resolution. The very high
within seven vertical crown zoneBi(. 4a). The reflectance spatial resolution allowed the selection of pure spruce canopy
properties of the trunks within the scene are computed as tlpéxels, avoiding potential disturbing effects of sunlit as well as
average of five bark HDRF measurements. It was unfeasible td shaded background of litter and soil. Therefore, sunlit and
measure optical properties of the tiny twig bark due to the toshaded pixels of the tree crowns were delineated from the
small cylindrical shape of fine twigs. Therefore, the barkDART simulated nadir BRF images and an average reflectance
optical properties of first order branches are assumed to loé these pixels was separately extracted. The sunlit crown parts
similar to the twig bark properties (cKig. 4b). Due to the are in this study defined as the spruce canopy surface being
absence of the vegetation understory the HDRF of th&solated directly by the sun, i.e. the crown turbid cells
background is specified by an equal proportion of litterinteracting with direct solar irradiation. The sunlit crown pixels
(senescent needles) andéaoil reflectance given iRig. 4b.  were easily distinguishable by means of high BRF intensity
Because the used integrating sphere LI-1800-12 was n@mhainly in the NIR). The area of the shaded crown is defined by
designed to measure speculad aiffuse reflectance sepa- the crown turbid cells not interacting with direct solar
rately, the optical properseof all the modelled elements irradiation, i.e. the spruce canopy surfaces at the dark side of
represent an integration of both values, and subsequently haxbwns or shaded by the tree crowns in their neighbourhood.
to be assumed and defined in DART as being of lambertiaBince spatial resolution of the DART leaf turbid cell was set to

nature. 0.2x0.2 m, an aggregated image (pixel size of 0.4 m) composed
of sunlit pixels may contain a minor ineffective fraction of
2.5. DART modelled images shaded leaf turbid cells. Finally, we have defined the overall

canopy reflectance as mean BRF of all sunlit and shaded spruce

In total 250 simulations per scenario were performed for foucrown pixels. The effect of the woody elements on the BRF, as
spectral bands, each using DART 2005. These simulations anell as on the vegetation indices, was evaluated from the DMI
the result of all possible combinations of CC between 50 andf the three scenarios separately for the sunlit and shaded crown
95% (in steps of 5%) and LAl from 3.0to 15.6m 2 (insteps  parts, and also for the overall spruce canopy.
of 0.5 nf m ?). The ranges of the CC and LAl were set
according to the minimal and maximal values measured withi.6. AISA Eagle airborne image data
the spruce stand at Bily Kriz research site. The diffuse
hemispherical irradiation was not simulated within the scenes, Several flight lines above the montane Norway spruce forest
resulting the DART to simulate spectral images representing tgtands of the Bily Kriz experimental research site were acquired
of canopy bidirectional reflectance factor (BRF). BRF isusing the Airborne Imaging Spectroradiometer (AISA) Eagle
defined as being a function of the solar illumination directiorpushbroom VNIR airborne scanner (Spectral Imaging, SPECIM
(s o, surface reflection direction { ), and spectral Ltd., Finland) starting 11:50 a.m. (GMT) on September 18th
wavelength (Schaepman-Strub et al., 200BART modelled 2004 Fig. 5. 64 spectral bands with a Full-Width-Half-
images at 0.2 m spatial resolution (é&m. 3b) were aggregated Maximum (FWHM) of about 10 nm and a spatial resolution
by means of a bilinear resampling to a pixel size of 0.4 m irof 0.4 m were acquired in the spectral range from 398.39

Fig. 5. Six ortho-rectified flight lines acquired by the airborne AISA Eagle imaging spectroradiometer in a multi-directional pattern withieeqbi@e! m over the
permanent experimental research site Bily Kriz (Beskydy Mts., Czech Republic; 18.54 °E, 49.50 °N, altitude 936 m above sea level; greyscalR jme@nfiN
green band composition).
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983.06 nm. The AISA images were acquired under the clear sk/7. Comparison of DART and AISA Eagle BRF's

conditions (no clouds, visibilityN30 km) implying a low

portion of diffusely scattered light compared to the direct solar The results of the DART simulations were validated with
illumination. Radiometric correction to radiance values wa8RF of the AISA image. A regular network of 14 x 3 points (at
performed using the CaliGeo software (Spectral Imaginglistances of 5 m) was established within the experimental forest
SPECIM Ltd., Finland), parameterized by the sensor specifistand Fig. 6). Precise geographic position of the points in UTM
calibration coefficients. The atmospheric correction wageographic projection (zone 34 North) was measured with a
performed in two steps. Fist we used the empirical line metholifferential Global Positioning System (DGPS) using TRIM-
(Smith & Milton, 1999 to convert at-sensor radiances toBLE 4700 and 4800 receivers (Trimble Navigation Limited,
surface reflectance (HDRF). The concept of the HDRF i&JSA) in combination with an Impulse 200 Laser Rangefinder
similar to the BRF definition except that illumination is comingand a MapStar electronic compass (Laser Technology Inc.,
from the entire upper hemisphehkégrtonchik et al., 2000For ~ USA), controlled by a Field Map data collecting system
the empirical line correction we used a set of five lambertiainstitute of Forest Ecosystem Research, IFER Ltd., Czech
calibration panels (each 2.5x2.5 m large in size, placed on thRepublic). A set of hemispherical photographs was taken at
flat ground) with a flat response curve ranging from 5% to 70%ach sampling point with a Nikon Coolpix 8700 digital camera
within the visible and NIR wavelength€levers, 1988 Their  (Nikon Corporation, Japan) equipped with a fish-eye lens
nadir reflectance (HDRF) was measured in a field with the ASFOV =180°). Hemispherical images were processed by the
FieldSpec Pro spectroradiometer during the AISA imag€AN EYE software \(Veiss, 200%to extract LAl of the spruce
acquisition. The quality control of the data revealed a brightnessmnopy for 12 matrices of 3x 3 points (10x10 m). The vector
gradient within the airborne images in across-track directiotfile containing the 12 matrices was superimposed on the geo-
mainly due to the large field of view (FOV =29.9°). Therefore, arectified AISA Eagle image as shown fig. 6 to locate the
nadir normalization method was applied to convert HDRF t@bservation points. A maximum likelihood (MLH) supervised
BRF using ATCOR-4 Richter & Schlapfer, 2002 The classification $trahler, 198pof the AISA image was used to
resultant radiometric quality of the data was verified with thealistinguish the categories of sunlit and shaded spruce canopy
reflectance of three independent calibration targets (i.e. clagnd sunlit and shaded ground within each matrix. The MLH
gravel, and homogeneous grass cover). Three spots of eadhssification of the matrices was applied to create masks of
target, clearly visible on the AISA images, were measuredunlit and shaded crown parts. Subsequently, the percentage of
during the flight with the FieldSpec Pro spectroradiometer (58unlit and shaded canopy pixels in each matrix was used to
scans per one measurement) and averaged. The size of #stimate the canopy closure (CC). CC was calculated as the
measured calibration sites extends far beyond the AISA pixeatio of the number of pixels classified as sunlit or shaded (i.e.
size, allowing for selection of pure reflectance spectraixels of overall spruce canopy) against the total number of
uncontaminated by the adjacency effects. Finally, the AlSAixel within a matrix. The combination of measured LAI and
BRF images were geo-orthorectified using the Universamage derived CC of each matrix was used as the primary key to
Transverse Mercator (UTM) geographic projection (zone 34earch through the DMI and retrieve corresponding overall
North) in combination with a digital elevation model havingcanopy BRF of each simulated scenario. Finally, the AISA
2 m vertical resolution and 0.4 m horizontal resolution. Themage derived spruce canopy BRF of four selected bands was
geo-referencing was accomplished also using ancillary datmmpared with the canopy BRF values of corresponding DART
about the aircraft position recorded during the image acquisitiomodelled images.

by the Aerocontrol 1IB system (Ingeniei@esellschaft fur

Interfaces, 1IGI GmbH, Germany) composed of an InertiaR.8. NDVI and AVI vegetation indices

Measurement Unit (IMU) combined with a Global Positioning

System (GPS). The achieved positional accuracy is about 1.2 m The vegetation indices are specifically designed to detect
(3 pixels) in the horizontal directions. changes in physical or chemical properties of the observed

Fig. 6. BRF validation matrices, used also for the measurement of the forest stand leaf area index (LAIl), plotted over the grey-scale AISA B&ghedaki. (7
M12 stands for centres of 12 validation matrices of 3x3 points (10 x 10 m; one circle represents one sampling point).
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Fig. 7. Relation of DART nadir bidirectional reflectance factor (BRF) and LAI simulated at 559, 671, 727, and 783 nm within the Norway spruce ¢ausgayafom

i) only foliage (scenario F:.al), ii) leaves and major woody parts (scenario FWi)eand iii) leaves, trunks, branches of first order, and twigs smaller than 1 cm in
diameter (scenario FWT.l). Light grey dashed lines represent BRF of sunlit crown pixels of 10 canopy closures (C#85¢6@ith step of 5%), black dotted lines
represent BRF of shaded crown pixels of 10 canopy closures, and dark grey full lines represents BRF of 10 canopy closures of the whole spruce crowns.

objects from their reflected radiatioBannari et al., 1995  spectral data at high spatial resoluti@eécon et al., 2004
Physically based radiative transfer models offer the flexibility td'he second index, called the AdguVegetation Index (AVI),
design, test and vary spectral vegetation indices computed iatbased on a geometric concept of the angle defined between
different spatial, spectral and directional resolutiBroe &  reflectances at green, red, and near-infrared wavelength
Leblanc, 2001; Haboudane et al., 2D0&%e use two vegetation (Plummer et al., 1994

indices to demonstrate independently the sensitivity of them to

the presence of woody elements simulated in three DARRVI Y4

sgenarios at the very high spatial resolution. _The Norm_ali_zed 2p B tan 1%efue %ePPy b an 1 &rea¥green_GredPP
Difference Vegetation Index (NDVI) was designed to distin- 2 IR KredP 2 &Kred KgreerP
guish vegetation from other objects (bare soil, snow, water, p '
clouds) Rouse et al., 19731t is a traditional index based on @p

reflectance differences at visible and NIR wavelengths:
where g is the near-infrared refttance at the wavelength
Onr OredP. NIR,  red IS the red reflectance at the wavelengtky, and
NDVI Y4 ———— alb .
Anir P redP greeniS the green reflectance at the wavelengthe, The
spectral bands used for the AVI computation in this study were
where yr is the near-infrared reflectance angyis the red  selected from the available silated wavelengths as follow-
reflectance. Early research indicated a close statisticalg: greerm559 NM, q=671 nm, and \g=783 nm. This
relationship between the NDVI and the LAlofdan, 1969; angular index was designed in order to eliminate the influence
Tucker, 1979, but several more recent studies reported lownf soil background and atmospheric aerosbdlsrth, 2003.
correlation of these two variables in dense canopi@ssnacht However, the sensitivity of the index for presence of woody
etal., 1997; Lee et al., 2004; Turner et al., 1988 well as for elements in a canopy has not been previously investigated.
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3. Results The reflectance of sunlit crown parts and specified CC for
scenario F ranged between 5 and 6% in the green, around 2% in

3.1. Effect of non-photosynthetic woody elements on nadthe red, 1923% in the RE, and 285% in the NIR band. As

spruce canopy BRF expected the reflectance of shaded pixels was lower, gaining
about 1.3% in the green, 01% in the red, 512% in the RE,

In general, the DART modelled images of all three scenarioand 5.20% in the NIR. The overall canopy reflectance,
show a negative relationship between LAI and BRF of all foucomputed as being the mean of the sunlit and shaded crown
bands Fig. 7). This general trend of descending reflectance capixels, was approximately..5% in the green,.12% in the red,
be explained by a larger photon absorbance ability of the fore§t..18% in the RE, and 2®7% in the NIR band, respectively
canopy with higher foliage density composed in more leaf (c.f. Fig. 7abcd). The spectral variability between the CC steps
layers. In other words, as leaf foliage density increases, ttet all LAl classes was quite low. In scenario FW, after the
crown absorption increases and simultaneously the crowntroduction of the trunks and first order branches, the
transmittance decreases. This limits the amount of photomslationship between LAI and BRF did not change significantly
available for scattering at crown elements of lower canopyFig. 7efgh). Only nadir reflectances of sunlit crowns at 783 nm
levels and the background (soil). Final canopy BRF iglecreased about..3%. All the other cases showed only
composed of radiation reflected directly from the insolateegligible change, less than 1%. Finally, strong changes were
crown elements (radiation of specular and diffuse nature) arabserved for the FWT scenariéiq. 7ijkl). The introduction of
radiation scattered back from the lower crown parts andccurate modelling of small twigs by means of the mixed cells
background (radiation of only diffuse nature). The results inncreased the canopy spectral heterogeneity, which resulted in
Fig. 7 suggest that intensity increase of the first mentionetligher variability and irregularity within the CC spectral
canopy BRF components are smaller with growing leaf densitsesponses per LAl (mainly sunlit crown parts). The BRF of
(LAI) than the decrease of the second diffuse component.  the sunlit pixels in the green slightly decreased down 94,

Fig. 8. Detailed relationship of the canopy leaf area index (LAI) and the bidirectional reflectance factor (BRF) of the sunlit and shaded ¢itB8@npadseulated by the
DART model for five different canopy closures (CC =55, 65, 75, 85, and 95%) for each of the three scenarios: i) sceoalyddtiage (a, b), i) scenario FW leaves
and major woody parts (c, d), and iii) scenario F\WTleaves, trunks, main branches, and small twigs (e, f).
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Fig. 9. Validation of the AISA Eagle image radiometric and atmospheric corrections by comparison with ground measured ASD reflectance @il Sugacestur
(50 scans per spot, three spots per surface): clay cover (tennis cault), gravel cover (forest road c, d), and homogeneous vegetation cover (grasslaedf).
The upper graphs show the reflectance signatures of both instruments, the lower graphs represent the relationship between the groundotasassrédDeste)
and the image-derived reflectances in the spectral range 08@8&m (RMSE =root mean square error).

in the red increased up t0.8%, and in the RE and NIR band correlation between LAl and NIR BRF of the shaded crown
decreased down to 180% and 20.30%, respectively. The pixels for all CC categories. Shaded canopy signatures were less
BRF of the shaded pixels remained more stable, meaning thaffected by the mixed cells, because the results of scenario F and
there was minor change of about 1% for the CC reflectances BYV appeared to be almost similar and only a minor shift of BRF
the RE and about 3% at the NIR wavelengths. The BRF of th@about 1.2%) was observed for scenario FWT. Similarly, the
green band increased above 3%, and BRF of the red bastjnal of the overall canopy reflectance remained monotonic,
increased up to.13%. Finally, the overall canopy reflectance with descending BRF for increasing LAl values.

for the FWT scenario remained almost unchanged for the

559 nm wavelength, decreased slightly for longer wavelengtt&?2. Validation of the DART scenarios against the AISA BRF
at 727 and 783 nm, and increased at 671 nm wavelength logyeasurements

means of about.2%.

Closer investigation of the nadir reflectances simulated at The cross-comparison of the atmospherically corrected
783 nm Fig. 8 revealed that the BRF values for higher sunlitAISA BRF and ground measured nadir reflectance of three
CC signatures (CN55%) of scenario F and FW display a non- selected natural targets was used to validate the reliability of the
monotonic, skewed Gaussian-like, behaviour. It is obvious tha&ISA image processing procedur&sy. 9). The reflectance of
more than one LAl value produces the same TOC reflectance tee calibration targets was measured using an ASD FieldSpec
illustrated inFig. 8ac. For example a LAl of 4 fnm 2 at  Pro spectroradiometer at nadir view. Given the centre
CC=95% resulted in a similar BRF compared to a LAl value ofositioning of the calibration targets and the nadir ground
about 10 Mm 2. The same phenomenon was observed also faneasurements, we approximate for this comparison
the other bands of green (559 nm), red edge (727 nm), and ne&lDRF BRF. The high spatial resolution of AISA and the
infrared wavelengths (736, 745, 755, and 764 nm), except th@ze of the reflectance panels allow the selection of pure
red (671 nm) band, which is strongly driven by the chlorophylicalibration pixels. In addition, both natural calibration surfaces,
absorption. However, the introduction of mixed cells decreasdce. clay and gravel, showed a close match between the ground
the overall nadir NIR BRF and reduced the intensity of thisand AISA airborne measurements with a reflectance root mean
phenomenon by compensating an increase of BRF values fequare error (RMSE) of 0.23% for clay and 0.18% for gravel,
low LAI (Fig. 8). This is most probably due to higher NIR computed for 39 spectral bands between 450 and 800 nm
refraction of twig bark being propagated through sparsérig. Sabcd). A higher RMSE of 3.16% was obtained for the
canopies.Fig. &df show a stronger monotypic negative grass surface. A discrepancy of about 5% appeared between the
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ground and airborne data for the grassland at NIR wavelengtfable 4

(Fig. %f). Because the grass stand was quite unifornioot mean square errors (RMSE) computed for BRF of_four spectral bands of

concerning the height and biodiversity, this discrepancy maiyhe f if e”ATgRtEI S?ru.crﬁ Cano% Obtr?med :]rg:] 1;:;;”'?25 I(ltog EOR?)fpr'aclfd

be caused by the angular effects raised from structur@i/:ee csnside,edagcir:ar?fse ane corresponding s o

differences (e.g. LAl and LAD) within the grass CanoPY s ctral bands

measured by the ASD FieldSpec Pro spectroradiometer and the

AISA scanner.
Fig. 10shows the modelled DART scenarios in relation toRMSE of canopy BRF [%]

the AISA BRF measurements extracted from the 12 samp%f;:z::g Ew 8'23 83; g'g; 322

matrices depicted iRig. 6. The fractions of sunlit and shaded ¢ .. ari0 FwT 027 0.77 0.83 135

crown pixels of both sources were comparable due to the similar

canopy closure of the DMI and AISA matrices. The smallesRMSE of sunlit BRF [%]

BRF differences were found for the shaded canopy pixels for aficenario F 1.05 0.09 4.57 5.35

three scenariosF{g. 1fi). The computed RMSE between Scenario FW 0.84 0.10 3.62 37t

DART modelled and AISA measured BRF for the shaded'scenarlo P 039 108 L5 123

canopy was nearly constant in green, red, and RE wavelengthguse of shaded BRF [%]

559 [nm] 671 [nm] 727 [nm] 783 [nm]

and it differed only in the NIR for scenario F (RMSE =2.26%) Scenario F 0.61 0.43 1.41 2.26
(Table 4. In spite of this, the variability of the shaded BRF wasScenario FW 0.60 0.42 1.24 179
Scenario FWT 0.55 0.48 1.17 1.89

higher than variability of the sunlit BRF. Sunlit canopy
reflectances demonstrated the best fit in three bands for scenario

FWT. DART simulations for scenario F and FW systematically

overestimated the BRF at 559, 727, and 783 Rig.(1(eh), bands. RMSE values of sunlit BRF up to 3.71% were obtained

while scenario FWT overestimated reflectances in the 671 nfor scenario FW, and even up to 5.35% for scenario F. On the
band. The RMSE of sunlit BRF for scenario FWT wasother hand, these scenarios demonstrated a BRF RMSE of only
computed to be smaller than 1.24% including all four spectrd.09 and 0.10% for the 671 nm wavelength, while the RMSE

Fig. 10. Direct comparison of the AISA Eagle bidirectional reflectance factor (BRF) obtained from 12 sample areas (10 x 10 m) and corresponcintpBafBIRF
for comparable fraction of sunlit and shaded crown parts, as well as whole spruce canopy for three scenarios: i),scenrfolfage (a, b, c), ii) scenario FW
leaves and major woody parts (d, e, ), and iii) scenario FWIEaves, trunks, main branches, and small twigs (g, h, i) (RMSE =root mean square error).
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was equal to 1.08% for the FWT scenarialfle 4. A similar CC categories was noticed for scenario FWFIg.( 11ghj).
pattern of BRF signatures and RMSE values was also obtainétbwever, the NDVI values computed for the sunlit, shaded, and
for the whole spruce canopy, mainly due to the contribution obverall spruce canopy have a comparable range. It seems that
the sunlit crown parts having a higher reflectance than thehis index is less sensitive to shadows within the canopy.
shaded partsHg. 10adg). In general, the best agreementDifferences between the sunlit and shaded NDVI for the FWT
between DART simulations and AISA Eagle measurements wagenario were almost negligible. In case of scenario F and FW,
obtained for the FWT scenario for all the tested spectral bandise sunlit NDVI was lower than the shaded NDVI, mainly for
except the band at 671 nm wavelength. higher values of LAI, but still the absolute NDVI difference was
quite small (about 0.10).
3.3. Relation of vegetation indices with LAl at high spatial Sensitivities of the AVI index for canopy LAl are depicted in
resolution Fig. 12 The relationships are more complex than for the NDVI
and they differ more between sunlit and shaded crown parts. The
Two vegetation indices, NDVI and AVI, were computed for relationship for the sunlit AVI values appeared nearly flat, but for
each DART modelled image. Design of the DMI allowed us tdower LAl values (3.7 m* m ?) they show indications of a non-
evaluate changes in the vegetation indices with increasing LAhonotonic (Gaussian-like) behaviour. AVI values for the shaded
for 10 subsequent canopy closures per scendig@. 11  crown parts exhibited an almost linear decrease within increasing
illustrates the relationship between the NDVI and LAI valuesLAl. The canopy AVI values were also gradually decreasing with
All the plots showed that the NDVI saturates for a LAl betweernincreasing LAI, but they were levelled off by the strong influence
5 and 8 ¥ m 2. Graphs for scenario F and FW have a veryof the sunlit pixels in case of low LAl (3 m? m 2). Graphs for
similar pattern, only the variability with the CC categoriesscenario F and FW showed a similar trend with lower AVI values
increased by introduction of the trunks and main branches aridr sunlit and consequently whole canopy simulatiofig). (
NDVI values are slightly lowerHig. 1labcdef). A stronger 12abcdef). Resulting AVI values for the scenario FWT were
decrease in NDVI values and even higher variability within thesystematically lowered by the mixed cells presence and their

Fig. 11. Relationship between spruce canopy leaf area index (LAI) and normalized difference vegetation index (NDVI) displayed for sunlitt sotdednapy
reflectance simulated by the DART model within three scenarios: i) scenariorffy foliage (a, b, ¢), ii) scenario FW leaves and major woody parts (d, e, f), and

iii) scenario FWT, leaves, trunks, main branches, and small twigs (g, h, i). Each line represents one of ten simulated canopy closure categories (CC =50, 55, 6(
70, 75, 80, 85, 90, and 95%).
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Fig. 12. Relationship between spruce canopy leaf area index (LAI) and angular vegetation index (AVI) plotted for sunlit, shaded, and tot&canopysiafulated
by the DART model within three scenarios: i) scenarjo Bnly foliage (a, b, c), ii) scenario FW leaves and major woody parts (d, e, f), and iii) scenario EWT
leaves, trunks, main branches, and small twigs (g, h, i). Each line represents one of ten simulated canopy closure categories (CC=50, 55, 80, &5, 90, a5d
95%).

variability within the CC classes increased, especially for thincreased canopy reflectance by approximately 2%. This

sunlit crown partsKig. 14hj). difference results from a high reflectance of the twig bark
(about 25%fFig. 4) that, combined with a strong absorption of the
4. Discussion foliage pigments, increased the red canopy BRF. Nadir BRF of the

shaded parts was less influenced by the introduction of the mixed
4.1. Influence of the woody elements on simulated reflectan@ells of the turbid media and opaque surfaces than nadir BRF of
the sunlit parts, most probably due to lower signal level in the
The results of our modelling experiment demonstrate that ttehade. The latter were morensitive especially at NIR
woody elements, being still a minor contributor of a pixel'swavelengths, the wavelengths mostly influenced by the canopy
reflectance compared to the total amount of green foliagstructural characteristics including the woody element properties.
influence noticeably the transfer of photons within the forest Smolander and Stenberg (2003, 20ib#joduced a within-
canopy. The DART modelled scenarios revealed that smahoot multiple scattering mechanism named the photon
woody twigs introduced into the leaf canopy play a morerecollision probability Panferov et al., 20Q1which was lately
important role in forest RT than the robust woody parts like trunkaested byDisney et al. (2006into a Monte Carlo ray tracing
and main branches. These robust woody parts caused only mimoodel of a pine coniferous canopy. It has been shown by
changes in the overall simulated canopy BRF (even for a foreRtautiainen and Stenberg (200t the multiple scattering
stand with low LAI; c.f.Fig. 7), whereas the introduction of the shoot correction, included in a semi-physical forest reflectance
mixed cells in DART clearly influenced the BRF at all model named PARAS, increased the accuracy of a simulated
investigated wavelengths. The total absence of photon transmiBniferous canopy radiometric response. The within-shoot
tance and high photon absorbance by the woody elemengsattering decreased slightly the red and significantly the NIR
decreased the NIR canopy reflectance, despite of the relativdBRF of the modelled forest canopy. The approach using mixed
high bark reflectance at NIR wavelengths. These findings are itells, as tested in this study, is aiming at the improvement of
agreement with results bfyneni et al. (1997)An opposite effect multiple scattering simulations within the forest canopy in
was observed at the red wavelength, where the mixed celieneral. However, it is not modelling coniferous shoot and
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within-shoot needle clumping in full geometrical detail. Thea minimum influence of simulated woody elements on the
mixed cells concept was not designed as a feature specific farflectance between 730 and 900 nm for shaded crown parts, but
the coniferous crowns, but as a universal parameter common f@regular reflectance decrease within these wavelengths for the
any woody forest canopy. Its physical and mathematicadunlit canopy parts. The average decline of the overall spruce
background is differing from the photon recollision probabilitycanopy NIR BRF of about 4% represents a strong argument to
(Knyazikhin et al., 200pand will be discussed in scientific include the small woody elements into the radiative transfer
literature as well (Martin & Gastellietchegorry, personal model targeting the forest LAl inversion.

communication). Still, the results of both of these approaches One can observe the increase of the BRF heterogeneity
are not contradictory, but are showing similar general trends @fithin the CC categories of the same LAl values after inclusion
decreasing coniferous canopy reflectance mainly in NIR part aff the mixed cells into the DART simulations (d&=fg. 7). This

the electromagnetic spectrum. effect can potentially disturb the overall accuracy of the LAI
retrieved for a forest canopy. Therefore, any LAl retrieving
4.2. Reliability of the DART simulations algorithm specifically designed for high spatial resolution

image data should take into account the canopy closure as being
The comparison of the DART modelled nadir BRF and thea sensitive parameter driving the inversion quality.
atmospherically corrected AISA Eagle BRF for 12 specific With respect to the vegetation indices, the NDVI was found
forest patchesHg. 6) showed the best agreement for theto be sensitive to tiny twig appearance within the simulated
scenario FWT. However, the results of the other two scenari@anopy. This can be explained by the fact that presence of the
were also close to the AISA measurements (the highest BRRixed cells caused a negatively correlated shift between the
RMSE was about 5% in the NIR). It must also be assumed th&tIR and red canopy reflectance. Consequently, the ratios of the
some uncertainties in the airborne image due to atmospheric adifferences and sums of these bands decreased the NDVI
radiometric corrections remain. However, they were minimizedalues. However, minor irregularities were observed for the
by a vicarious calibration approach using three calibratiotower CC of the FWT scenari&ig. 11ghj). These irregularities
targets (clay, gravel, and grass surface), which demonstrate thgpeared due to the higher heterogeneity of canopy BRF after
high accuracy of the AISA image calibration and correctionsmall twig introduction. Additionally, the results of all the
The only discrepancy in the data was found to be in the NIPDART simulations showed that NDVI is not a suitable tool for
plateau of the grass spectral target, which has been explainedlbyl inversion at very high spatial resolution, due to the fast
the angular differences in the measured grass canopy. saturation of the LAI-NDVI relationship. NevertheleSig). 11
The DART simulations of the scenario FWT suffered from amplies that this relationship for the FWT scenario saturates at
BRF overestimation in the red spectral band, most probably duegher LAI values than for the other scenarios.
to inaccurate parameterisation of the twig optical properties. The AVIvalues decreased with increasing LAI for simulations
These were assumed to be similar to the bark of large branchefsthe third FWT scenario. This originates from a reflectance
and uniform within the whole crown. Epiphytic green algae andlecrease inthe green and NIR and an increase in the red part. Such
lichens, dispersed irregularly throughout the canopy, oftea spectral behaviour caused a widening of the angle between the
populate the bark of the spruce branches and twigs. THaes connecting green with red and red with NIR reflectance and
microstructure of their thalli should not interfere the NIR opticalkconsequently a drop of the index value. The relation between
properties of the woody element bark, but some of them contacanopy LAI and AVI disclosed a linearly decreasing function, but
chlorophyll pigments, which increase red absorption and lowesnly for LAl values larger than 5.07m 2. This fact makes AVI
red reflectance of the bark. Consequently, the spatially disiot to be fully suitable for the canopy LAI retrieval either.
tributed effect of epiphytic green algae and lichens, includetiowever, no quantification of the effect on LAI retrieval was
into the twig and branch optical properties, could possiblyarried out, because the index computation is based on two
reduce the red reflectance overestimation. wavelengths strongly influenced by the chlorophyll concentra-
tion, whichwas used in the DART modelling as a fixed parameter.
4.3. Consequences on LAl retrieval and vegetation indices
5. Conclusions
The most important wavelength with respect to the retrieval
of forest LAI, are at the NIR plateau between 730 and 900 nm In this study we have investigated the influence of woody
(considering the spectral range being confined t0400... elements, i.e. trunks additionally composed of main branches
1000 nm). Wavelengths of =400..730 nm are strongly and tiny twigs, on the TOC reflectance of a Norway spruce
influenced by the specific absorption of plant pigmentscanopy at very high spatial resolution. The inclusion of trunks
(chlorophyll, carotenoids, etc.), and wavelengths ofncluding first order branches into the DART model had a minor
N900 nm by the specific absorption of wat&afes et al., impact on the nadir reflectance of the simulated canopy.
1965; Fukshansky, 1991Higher concentration of these plant However, the introduction of mixed cell$aple ) noticeably
leaf components rule the reflectance and transmittance at treduced nadir TOC reflectance at NIR wavelengths. This TOC
mentioned wavelengths and thus these are less sensitive, @8®F reduction can mainly be observed in the sunlit part of
consequently less suitable, for inversion of the structural canoflge simulated canopy, whereas the reflectance of the shaded
properties, including LAI. The DART modelled images showedcanopy part remained almost unchanged. These findings were
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confirmed by the direct comparison of the DART modelled leaf area index and canopy chlorophyll dens®emote Sensing of

images with atmospherically corrected airborne hyperspectral Environment76, 156 172. _ _ _
Campbell, G. S. (1990). Derivation of an angle density function for canopies

data. Th,e, S_tUdy fmdmgs partpularly .hlghllghted the Importance with ellipsoidal leaf angle distributionAgricultural and Forest Meteorol-
of sensitivity analyses dealing with the radiative transfer oqy 49 173 176.

through complex forest canopies. The introduction of additionatentre d'Etudes Spatiales de la Biosphére (CESBIO) (200GRT (Discrete
input parameters results in an increase of the RT model Anisotropic Radiative Transferffrance: CESBIO Web page available on-
complexity, but also in a decrease of its invertabimpmbal et line on http://www.cesbio.ups-tlse.fr/us/dart0.htccessed November

. L 30, 2005.
al., 2003. Nevertheless, if sound a priori knowledge on the(:hen,;l. M., & Black, T. A. (1991). Measuring leaf area index of plant canopies

model input parameters is used, it may reduce the ill-posed yith branch architecturégricultural and Forest Meteorolog§7, 1 12.
inverse problem and increase the accuracy of the retrievemhen, J. M., & Black, T. A. (1992). Defining leaf area index for non-flat leaves.
parameters. Plant, Cell and Environmenl5, 421 429.

More specifically the inclusion and distribution of wood Chen, J. M., & Leblanc, S. G. (1997). A four-scale bidirectional reflectance

. . . model based on canopy architectuee Transactions on Geoscience and
abundance in RT based approaches targeting at LAl retrieval at o, - Sensings, 1316 1337.

Yer}’_high spatial resolution iS. a prereqUiSitﬁ' Wh.en.an_alyZin@Ievers,J.G.P. W. (1988). Multispectral aerial-photography as a new method in
individual tree crowns. In particular the spatial distribution of agricultural field trial analysignternational Journal of Remote Sensifig

small twig elements within the leaf canopy, being an important 319 332. _ .
photon absorbing and scattugi mechanism, significantly Combal, B., Baret, F., Weiss, M., Trubuil, A., Mace, D., Pragnere, A., et al.

. th tri . Also the findi ing t tati (2003). Retrieval of canopy biophysical variables from bidirectional
Improves the retrieval. AISo the Tindings on using two vegetation g ance: Using prior information to solve the ill-posed inverse problem.

indices (NDVI, AVI) favour the physical LAl retrieval based  gemote sensing of Environmedid, 1 15.
inversion of the RT model rather than using empirical inversioicudlin, P., Novotny, R., Moravec, I., & Chmelikova, E. (2001). Retrospective

based on establishing a statistical relationship between LAI and evaluation of the response of montane forest ecosystems to multiple stress.
these indices Ekologia (Bratislava)20, 108 124.

L . . . Daughtry, C. S. T., Biehl, L. L., & Ranson, K. J. (1989). A new technique to
Significant relevance will be attributed in the future to (3D) measure the spectral properties of conifer needesiote Sensing of

radiative transfer based inversion approaches for the retrieval of gnvironment27, 81 91.

biophysical and biochemitavariables. Where current Disney, M., Lewis, P., & Saich, P. (2006). 3D modelling of forest canopy
approaches already rely on biome or ecosystem specific structure for remote sensing simulations in the optical and microwave
parameterization of the RT, future approaches will increasingIgzidom"’“nSRemOte Sensing of Environmet@q, 114 132.

relv on more detailed parameterization of vegetation ecific erzon, H., Sievanen, R., Kurth, W., Perttunen, J., & Sloboda, B. (2003).
y : p 1zafl veg ' specii Enhanced possibilities for analyzing tree structure as provided by an

properties, such as plant functional types, species composition jnterface between different modelling systeSisza Fennica37, 31 44.
and the like. The inclusion of woody trunks, main branches andang, H., & Liang, S. (2005). A hybrid inversion method for mapping leaf area
tiny twigs in DART demonstrated in a Norway spruce canopy in index from MODIS data: Experiments and application to broadleaf and
this paper confirm this trend. needleleaf canopieRemote Sensing of Environmedwt, 405 424.
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