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ABSTRACT: A database gathering bidirectional and hyper-spectral reflectances
of artificial and natural plant canopies was acquired in 1996 at the Joint
Research Centre (Ispra, Italy) with the European Goniometer facility (EGO). It is
analyzed with the idea of determining optimal measurement configurations for the
retrieval of architectural canopy parameters by iterative inversion techniques:
first, the sensitivity of the PROSAIL canopy reflectance model to its input
parameters is studied, both spectrally and directionally, with experimental
designs; second, a statistical framework based on the simulated annealing method
is developed.

1 − INTRODUCTION
The expansion of onboard systems dedicated to Earth monitoring has made many data on vegetation
cover available. The extraction of pertinent information on the state and evolution of plant canopies
has long been governed by the spectral features of the observations. Since the late 80's, retrieval
techniques have also taken advantage of their directional properties with the inversion of
bidirectional canopy reflectance (CR) models (Goel, 1989; Myneni and Ross, 1991). Coupling both
spectral and directional information should favour the operational use of CR models to infer canopy
key properties (Jacquemoud et al., 1994). The inverse problem is often over-determined because the
number of measurements M is higher than the number m of parameters Θ to infer. Furthermore it is
ill posed in the sense that 1) there is no unique solution, 2) the M data are subject to variations.
Consequently, rather than searching for the "true" solution of the parameter set, the "best" solution
is sought (Verstraete et al., 1996). The question is then: how to choose, among M measurements
available, the N ones that lead to the "best" estimation of the parameters? Defining optimal data
sets, both spectrally and directionally, to better retrieve canopy biophysical parameters, is still a
point at issue. Basically, two approaches can be found in the literature: those based on model
sensitivity (Goel and Thomson, 1985; Privette et al., 1996; Combal et al., 2000) with respect to
some criterion, and those using statistics to explore the data space (Maggion, 1995; Gao and Lesht,
1997; Solheim et al., 2000; Weiss et al., 2000). These two aspects are undertaken here with the help
of experimental reflectances measured in the laboratory.
A campaign conducted in 1996 at the European Goniometer facility (EGO) − Joint Research Centre
(Ispra, Italy) − gathered directional and hyper-spectral measurements of canopy Reflectance Factors
(RF). The data are analyzed so as to determine possible optimal configurations with iterative
inversion techniques. This paper first describes the experiment and the data set. Then, a sensitivity
analysis of the PROSAIL parameters according to the acquisition constraints (wavebands and
viewing directions) is tackled by use of experimental designs. Finally, a Monte-Carlo like method is
applied during the inversion process to determine the optimal viewing directions.
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2 − EXPERIMENT AND DATA SET

2.1 − Experimental setup

The EGO instrument allows automated sampling of the Bidirectional Reflectance Distribution
Function (BRDF) of small targets with a nearly total coverage of the upper hemisphere (Solheim et
al., 1996). The light source, a 1000W Tungsten halogen collimated lamp, was positioned at θs =
31.6° all along the experiment. A Spectron Engineering SE590 spectroradiometer was used for the
radiance measurements. Directional and spectral signals reflected by different kinds of canopies
were recorded. Three artificial canopies, made of 300 identical plants, each one with 6 rotatable
leaves, were first considered. They differed from the LAI values created by various stem spacings;
the leaf orientation was following an ellipsoidal leaf angle distribution (Campbell, 1990) with a
mean leaf inclination angle θl of 30°; the hot spot parameter was assessed from the leaf surface and
the stem height: sl = 0.21; a polystyrene plate was finally used as underlying soil. Two natural
canopies of clover (Trifolium repens L.) and marigold (Tagetes ssp L.) were also studied in the
same configuration (Vogt, 1997). Their LAI was determined with the Licor LAI2000 instrument.
Leaf reflectance and transmittance spectra were measured both for the artificial and natural
canopies.

The BRDF of the targets was acquired in 229 viewing directions
(Figure 1) and in 89 narrow wavebands (from 460 to 900 nm). The
observation processing over the scenes required a Gore-TexTM

reference panel, due to the large size of the illuminated surface. View
zenith angles exceeding 60° were discarded (Solheim et al., 2000).

Fig. 1: Directional sampling of the viewing geometry over the
canopies in polar coordinates. The star ( ) indicates the light source
position.

2.2 - Bidirectional Reflectance Factors estimation
The Bidirectional Reflectance Factor (BRF) of a surface has been defined by Nicodemus et al.
(1977) as the ratio of the radiant flux reflected by this surface to that reflected by a perfect diffuser
in the same configuration. The BRF of the target ),,(ˆ vvst φθθρ λ  is given by:
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where ),,(ˆ vvsts φθθλ and ),,(ˆ vvsGTs φθθλ  are the digital counts measured for the target and the Gore-
TexTM panel, respectively, under identical illumination and observation geometry. The latter is itself
calibrated with a SpectralonTM reference panel, the BRF of which is derived both from the
directional-hemispherical reflectance factor )2,8( πρ λ °H  provided by the manufacturer and the
signals measured by the detector:
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where dωv denotes an element of solid angle in the direction (θv,φv). ),,8(ˆ vvHs φθλ °  is obtained from
measurements of the SpectralonTM panel acquired for θs=10° (Solheim, 1998). Deduced values of
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),,8(ˆ vvHs φθλ °  were then fitted by the Modified Rahman Pinty Verstraete model (Rahman et al.,
1993; Engelsen et al., 1996), without the hot spot factor, before numerical integration over the
upper hemisphere. Figure 2 shows spectral and directional reflectance of the artificial canopy (#3).

Fig. 2: Spectral (a) and directional (b)
reflectance of the artificial canopy (#3)
(negative viewing angles indicate forward
scattering).

3 − SAIL SENSITIVITY

3.1 − The models
The radiative transfer model used here is the 1-D bidirectional CR model SAIL (Verhoef, 1984)
which offers a good compromise between low computation time and quality of the simulated
reflectances as compared to other CR models (Bacour et al., 2000a; 2000b). We use two versions of
SAIL: one which requires the leaf reflectance and transmittance as input parameters (§4), and
another one coupled with the latest version of the PROSPECT model (Jacquemoud et al., 2000) to
compute the leaf optical properties (§3.2), and called PROSAIL. The other input parameters are: the
leaf area index LAI, the mean leaf inclination angle θl according to the ellipsoidal leaf angle
distribution, the hot spot parameter sl (Kuusk, 1985), a spectral soil parameter αsoil that controls the
reflectance levels of a given soil, and the measured soil reflectances. PROSPECT requires the leaf
structure parameter N, the chlorophyll a+b content Cab (µg cm−2), the equivalent water thickness Cw
(cm), and the dry matter content Cm (g cm−2).

3.2 − Designs of experiments – model sensitivity
Design of experiments have proved to investigate well the response of a model to variations of its
input parameters (Bacour et al., 2000a) by statistically determining a limited − but representative −
number of simulations (Benoist et al., 1994). The joint study of the 6 PROSAIL parameters (LAI,
Cab, N, θl, sl, and αsoil), each one taking seven levels, would traditionally lead to 76 = 117649
simulations whereas an experimental design made of 343 numerical simulations can be found. The
values taken by the parameters are provided in Table 1.

Parameter Variation range Levels
LAI 0 − 5 0.3, 1, 1.8, 2.5, 3.3, 4, 4.8
Cab 1 − 80 5, 17, 29, 41, 52, 64, 76
θl 5 − 85 9, 21, 33, 45, 57, 69, 81
sl 0.01 − 1 0.06, 0.21, 0.36, 0.51, 0.65, 0.80, 0.95

αsoil 0.5 − 2 0.57, 0.80, 1.02, 1.25, 1.48, 1.70, 1.93
N 1 − 2.5 1.1, 1.3, 1.5, 1.8, 2.0, 2.2, 2.4

Table 1. Values of the input parameters used for the simulations.

The simulations were conducted for the 229 EGO configurations plus one viewing angle in the
direction of the hot spot. The spectral and directional effects mv p ,α̂  of a factor vp are inferred from
the [343 × 89 × 230] array of results after averaging the responses over viewing directions and
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wavebands: ρρα −= mvmv pp ,,ˆ , where ρ  is the general averaged reflectance over the 343 numerical

experiments, and mv p ,ρ  is the mean of the responses for which vp is at the level m. The model is all

the more sensitive to one of its input parameters vp since the variation of mv p ,α̂ between two levels of

vp is important. Sensitivity indices are consequently based on the effect gradient: ∑ ∆=
n

v pp
S 2ˆνα .

They are then scaled between the extremum values found for the whole configuration set, spectrally
(Figure 3) and directionally (Figure 4), and expressed as a percentage.
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Fig. 3: Spectral sensitivity indices for canopy parameters Fig. 4: Directional sensitivity of LAI

4 − ESTIMATION OF CANOPY BIOPHYSICAL PARAMETERS

Consider a sub-sample of n directions among M. The combinatorial problem that consists in
determining which ones satisfy the best a criterion that gauges the goodness of the solution, was
undertaken dynamically, during the inversion process, with a simulated annealing method.

4.1 − Inversion technique
Inversion consists in exploring numerically the parameter space until the best solution is reached,

i.e. in finding the minimum of the merit function χ2, defined as 
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is the number of selected viewing directions, and Θ the vector of parameters to retrieve.

4.2 − Simulated annealing
The simulated annealing method is an improved Monte-Carlo method designed to look randomly
for the global minimum of a function of n variables (Kirkpatrick et al., 1983). Starting from an
initial guess of the measurement configuration, the function to minimize χ2 is evaluated with a
Quasi-Newton algorithm (routine E04JAF of the NAG library). Any downhill solution is accepted
and the algorithm takes up from this new point. An uphill step may be accepted, which allows the
algorithm to escape from local minima, if it complies with the Metropolis criterion (Metropolis et
al., 1953); as the optimization process proceeds, the acceptance probability of such points decreases
and the algorithm converges to the global minimum (Goffe, 1996).
The initial temperature has been chosen so that the initial acceptance probability equals 0.9. The
method has been applied for a number of viewing directions No increasing from 10 to 220 (10 step),
and repeated twice. Figure 5a shows an example of the performance of the algorithm to find 60
optimal viewing directions. The latter are preferentially located in the backward scattering direction,
along the principal plane.
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Fig. 5: a) Compared initial and final viewing configurations for No=60. b) Variation of T, χ², LAI,
θl, and sl, as a function of the iteration number along the algorithm progress.

The number of viewing directions (No)
initially chosen greatly influences the
performance of the SAIL inversion to
estimate the parameters related to the
canopy structure, as can be seen in
Figure 6.

Fig. 6: a) LAI, b) θl, and c) sl, final
values as a function of the number of
viewing directions, No.

5 − CONCLUSION
The potential of the BRDF database acquired with the EGO over artificial and natural canopies has
not been fully exploited yet. This study was initiated to derive an optimal sampling configuration
for the use in CR model inversion. It has provided some encouraging results. The use of
experimental designs to assess sensitivity indices for PROSAIL input parameters points out what
configurations should be the most informative on the canopy structure and should permit to
determine weighting schemes of the merit function during the inversion process. These results,
coupled with those obtained with the simulated algorithm, should give clues in a near future to
determine minimum numbers of viewing configurations (spectrally and directionally) to retrieve
canopy key properties.
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