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ABSTRACT

In this study, we propose a modeling scheme to assess angular variation in discontinuous canopies, relating these variations
with the main optical and structural parameters. The reflectance of an individual pixel is assumed to consist of an area
weighted linear combination of the soil and vegetation radiances. Canopy geometrical effects are considered in the first order
scattering. Hot spot kernels are used to model the joint probability of viewed and sunlit components. The model makes a
simple treatment of the multiple scattering effect using an approximate analytical solution to the radiative transfer problem.
The model formalism and the volume scattering formulation is similar to the GHOST model (Lacaze and Roujean, 2001).
However, the between-crown gap probability is formulated in terms of the FVC and a geometric variable (1) associated with
the shape of plants. The invertibility of the model to retrieve FVC and LAI was tested using airborne POLDER measurements
corresponding to cropland. Although the model is less suited for homogeneous canopies, it has provided reasonable results,
similar to accurate BRDF models of homogeneous canopies like NADIM (Gobron et al., 1997).

1 INTRODUCTION

Within the frame of the LSA SAF Project (Satellite
Application Facility on Land surface analysis), we are aimed
to develop robust and operational algorithms for retrieving
biophysical parameters from the future Meteosat Second
Generation (MSG) and European Polar System (EPS)
satellites. The synergistic use of SEVIRI/MSG and AVHRR-
3/EPS datasets will offer innovative angular capabilities for
determining vegetation products over Europe and Africa
thanks to concomitant multiple viewing and illumination
geometries (Van-Leeuwen and Roujean, 2002). Our main
concern is to retrieve fractional vegetation cover (FVC) and
leaf area index (LAI) corrected from the effects of the sun-
target-sensor geometry. These parameters play a critical role
in the description of and land-atmosphere interactions.

The Bidirectional Reflectance Factor (BRF), which is
usually reported as reflectance, is the magnitude most
frequently employed in radiometry to describe the behavior of
natural surfaces. Remotely sensed BRF data is the unique way
for monitoring the vegetation on a global scale. Linear
mixture is the basis hypothesis in some simple BRDF models
(e.g. GO models or kernel-driven models) for simulation of
scene reflectance or in remote sensing algorithms, e.g.
spectral mixture analysis (SMA). However, the degree of
validity of this assumption depends on (Qin and Gerstl,
2000): (1) the presence of multiple scattering, (2) the
difficulty to determine optical properties of scene elements,
(3) directional effects which can be expressed by variations of
downwelling and upwelling radiative fluxes as a function of
the solar and viewing directions, and (4) the scale size. For
example, at a shrub scale the linear assumption is incorrect,
specially in the NIR wavelengths. When the size is increased
to the magnitude of kilometers, such as AVHRR and SEVIRI
sensors, the linear mixture theory is approximately applicable.
Furthermore, in this case the contribution of shadows is rather
small (<5%), although the total fraction can be considerably
higher (e.g. 18%). These results imply that at a large scale
both GO and kernel-driven model are generally applicable.

SMA methods usually ignore the fact that proportions of
viewed and shaded components depend on the view-sensor
geometry. Only a few works have addressed these directional

effects (Asner et al., 1997; Scarth and Phinn, 2000). Another
assumption of SMA is that plants are modeled as Lambertian
opaque surfaces. Crown transparency is thus ignored and,
therefore, information related with canopy structural
parameters (LAI, leaf angle distribution (LAD), etc.) is
regarded as a source of noise which may introduce a bias in
the solution. On the other hand most BRDF inversion
methods utilize one-dimensional models, implying thus
surface homogeneity within an image pixel. Hence they are
limited to address mixed landcovers pixels, which are
common in coarse resolution satellites. This study aims to
develop a simple, fast and operational approach to deconvolve
the angular reflectance into single landcovers reflectances,
attempting to solve the inconsistencies of 1-D models and
linear mixture approaches. We propose an hybrid model,
which combines the geometric optics of large scale canopy
structure with principles of radiative transfer for volume
scattering within individual crowns.

Different hybrid models have been developed in the
recent years to describe the radiation regime in forest
canopies (Li et al., 1995; Chen and Leblanc, 1997). These
models assume a medium consisting of gaps and regions
idealized by a turbid volume with a foliage density of small
leaves. Gap probability is calculated based upon a geo-
statistical distribution of stems. More recently, the GHOST
model (Lacaze and Roujean, 2001) has been developed to
address the local scale angular structure of the hot spot, which
can be judged relevant for patch and regional scales.

In our model, reflectance of an individual pixel is
assumed to consist of an area weighted linear combination of
the soil and vegetation radiances. Canopy geometrical effects
are considered in the first order scattering. The model makes a
simple treatment of the multiple scattering effect using an
approximate analytical solution to the radiative transfer
equation. The volume scattering formulation is similar to the
GHOST model. However, the between-crown gap probability
is formulated in terms of the FVC and a geometric variable
(n) associated with the shape of plants. A random spatial
distribution of plants is assumed to simplify its computation.
The invertibility of the model to retrieve FVC and LAI has
been demonstrated using airborne POLDER measurements
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corresponding to cropland. Model performance was also
evaluated by comparing it with an accurate BRDF model of
homogeneous canopies like NADIM (New Advanced
DIscrete Model) (Gobron et al., 1997). The next section
describes the model formulation in detail. The inversion
algorithm is presented in section 3. The model is validated in
section 4. Finally, the conclusions and future prospects are
presented in section 5.

2. MODEL FORMULATION

The reflectance of an individual pixel is assumed to consist of
an area weighted linear combination of the soil and vegetation
contributions:

R=R, +R, )

The vegetation reflectance is expressed as a sum of single
scattering (ss) and multiple scattering (ms) reflectances
(Hapke, 1981; Lacaze and Roujean, 2001):
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where ) is the leaf scattering albedo, i.e. the sum of the leaf

reflectance (P ) and transmittance (T), W, =cos8,, & is

the phase angle, and the factors I and I,s model the
proportion of radiation flux which is single/multiple scattered
by foliage elements on the downgoing and outgoing optical

pathways as a whole. The Chandrasekhar function H( ) is
used to compute multiple scattering (Hapke, 1981):

1+ 2
H(lg,) = =

1+ 2l'ls,v vi-w
P(&) is a turbid medium phase function (Ross, 1981):
8 1 . .
P(E) = EE{T [(1— &) cos& +sing] +p(sin€ —& cos&)}  (4)
The GHOST model relies on the coupling between a
simple hot spot formula (Roujean, 2000) and the G-function
that describes the canopy geometry. Thus single and multiple
scattering processes are controlled by the mean foliage factor,
G, which accounts for both the volume and the geometric
components. In our model, G controls only the volume
component depending on the within-crown element
distribution, whereas the external geometric component
depending on the crown shape and dimension is evaluated
using an average theory of the gap probability.

3

2.1 Volume component

The proposed model assumes that the geometrical component

and the volume component of the radiation fluxes can be

decoupled in such a way that the flux interception of radiation

can be expressed as follows:
I I = Ims,val Dms,gco (5)

ss = ISs,Vol Dss,gco ms

The volume single/multiple scattered component can be
described using the Beers' law:

1
Iss,vol = Z[l —exp(—A LAI QE V/ g )] (6)

1
Lins vol = E[l —exp(-A' LAI Qg y/g,)] (7)

where Qpis the clumping index of the shoots, which

quantifies the level of foliage aggregation within the tree
crown. LAI is the scene leaf area index defined as half the

total needle area per unit ground surface area, g. denotes the
fractional vegetation cover and y is a band-specific factor,
which was assumed to be dependent on the leaf transmittance
(e.g. Bégué, 1992). Assuming plants with similar foliar
density in the scene, LAI/g. represents an average value of the
LAI of individual plants. This term is more pertinent to
describe crown trees transparency than scene LAL A denotes
the (bidirectional) normalised extinction coefficient for singly
scattered radiance. The model adopts the analytical
expression derived by Roujean (2000) to the hot spot effect,
i.e. coupling the downgoing and outgoing optical pathways:

2 2
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where G is the well-known function defined by Ross (1981)
to represent the mean monodirectional projection of a unit
foliage area, which depends on the LAD. For the multiple
scattered component the hot spot phenomenon is usually
ignored (Qin and Goel, 1995), i.e.:

A =G ,6 ©)
uS uV

2.2 Geometric component

The geometric component of the single scattering I geo is
determined by the between-crown light penetration and the
visibility of illuminated objects. This component is
particularly relevant for discontinuous canopies. For example,
forest reflectance is dominated by the contrast between the
sunlit and shaded components, especially in the visible parts
of the spectrum. One question that arises is to describe the
contribution of shaded and illuminated ground and crown,
even when overlapping complicates the generalisation for
denser canopies. Intercepted fluxes were formulated in terms
of horizontal projection of the crown. Let denote by P, () the

(between-crown) monodirectional gap fraction, which
corresponds to the fraction of soil seen in the direcion 6
(Nilson, 1971). It is a biophysical variable of prime interest
for remote sensing since it directly determines the single
scattering process in the radiative transfer process (Weiss and
Baret, 1999). LAI and fAPAR are strongly related to the
monodirectional gap fraction. In fact, Pyat particular

directions provides an indirect way to estimate LAI and
fAPAR (Weiss and Baret, 1999). For homogeneous Poisson
distribution, the probability of observing the ground under the
tree crowns in any given pixel approaches to (Jasinski and
Eagleson, 1989):

Py(8,)=(1-g) (10)
where 1 is defined as the ratio of ground projected shadow to
plant area. It absorbs all the geometric factors which relate
canopy area to shadowing area into only one variable. Its
analytical expression for the most common geometrical
bodies is provided in Jasinski and Eagleson (1990). For
example for the case of square cylinders, we have:

n=tanB/b (11)
where b is the similarity parameter, defined as the ratio of the
mean width D to the mean height H. The probability of

having sunlit ground Pj, and viewed ground P,, can be
expressed as follows:
pvg = p0 (ev)

Pig = PO (es) (]2)
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A functional relationship can be also found between subpixel
shaded ground Py, and fractional vegetation cover:

Py =l-g —(1-g)™™ (13)
Logically, the vertical crown cover projections in the view
and sun directions are given by:
Py =1-Py(8y) P =1-Py(8;) (14)
Equations (10,12-14) are applicable at large sampling
scales, when imaging stands resolutions greater than the size
of the tree crowns. In order to confirm these mathematical
relationships, different nadir images were simulated by means
of a canopy reflectance model (Garcia-Haro and Sommer,
2002). The spatial distribution of subcanopies, dimensions,
density and sun geometry were systematically altered,
allowing us to evaluate the conditions in which the proposed
parameterisation is aplicable. For each simulated image, the
subpixel proportions of shaded ground, sunlit ground, shaded
crown and sunlit crown were obtained. Figure la shows an
example corresponding to a 200m pixel with Poisson plant
distribution. Figure 1b shows the relationship found between
subpixel shaded ground and FVC. The figure reveals a close
agreement between the values of Py derived using the
simulation model (symbols) and the values obtained using Eq.
13 (dashed line). Similar simulations were undertaken varying
plant distribution (regular, clumped). In general, the

relationships derived from non-Poisson spatial distributions of
plants differed from those predicted by Eq. (13).
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Figure 1. (a) Example of simulated nadir image. Input

parameters are: 8,=50°, Poisson plant distribution, FVC=0.30
and elongated plants (b=2.5). (b) Shaded ground Py as a
function of the FVC, for two different sun zenith angles.

The probability of observing sunlit crown when P;. and
P,. are not correlated is simply the product of both
probabilities PiP,., where Pi controls the amount of light
intercepted by crowns and P, controls the contribution of
visible crowns to the scene radiance. However, hot spot
kernels are necessary to account for the correlation between

the two gap probabilities along sun and view directions. They
should be unity when the sun and view positions align (i.e. at

the hot spot) and vanish when the shift & of the illumination

angle relative to the view angle is large enough. Direct
calculations for the joint probability are, however, very
complicated and require the use of certain simplifications. For
example, they usually assume known the distribution of gap
size inside and between tree crowns (Chen and Leblanc,
1997) or use a simple prescribed representation of crown trees
sizes, shapes and distributions (Li and Strahler, 1992; Qin and
Goel, 1995). The simulation of physical scenarios provides
alternative methods to determine the between crown gap
probability and the hot spot kernel for a wide range of biomes
and spatial resolutions (Garcia-Haro et al., 2002). GO models
also allow us to address the clumping nature of vegetation at a
patch scale, which is usually ignored. For example, for large
pixels, the hot spot effect seems to be dominated by the
radiation transmission between the gaps of macroscale
elements forming the landscape such as groups of trees
instead of microscale elements like needles (Lacaze et al.,
2002).

We assumed that the hot spot has a minor influence on
the multiple scattered interception at a crown level:

I =P.P

ms,geo = PicPve 1s5)
A hot spot kernel F, (&) was used to modulate the dependence
between the optical paths for the single scattered radiation:

L geo = PicPuc +[Pic ~PiePrcJFe(®) (16)
where F,(§) was obtained from the overlap function between
viewing and illuminated shadows as projected on the
background (Li and Strahler, 1992).

2.3 Soil component
The soil contribution R is expressed as the product of the

background bidirectional reflectance y, and the vegetation
transmittance T:

R, =Ty, 17)
The vegetation transmittance can be expressed as the sum of
the probability that a solar ray beam will reach the ground
without intercepting any crown Ty, plus the probability of

intercepting a crown without hitting any foliage element, i.e.:
T:Tgco +(1 _Tgco)Tvol (18)

The following were considered for the

transmissions:

expressions

Tvcl =exp(-A LAI Qg y/g.)
P P +|, 1g vgJFG(E)

where Fg is a hot spot kernel, which tends to zero when the

(19)
20)

sun and view directions are fare apart, i.e. when the viewer
sees the sunlit ground trough a gap different from that of
illumination. In this study, it has been parameterized using a
simple analytical expression. For one gap of size A, the
following hot spot function applies (Chen and Leblanc, 1997):

Fo(®)=1-—> @1
tan” (A/H)
The typical size of the between-crowns gap size, Aae, Was
fixed, combining the dimensions of three crowns and FVC.
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Model neglects side scattered diffuse radiation incident
on ground surface after multiple scattering with leaves of
neighboring plants. Field measurements and radiosity models
all show that the side scattered light can be very significant
(Roberts et al., 1990; Borel and Gerstl, 1994). The model is
thus generally accurate for visible part of the solar spectrum,
but less accurate at near-infrared wavelengths at which
multiple scattering in plant canopies is the strongest within
the solar spectrum. These non-linear effects exert a strong
impact at shrub scale but they can be considered small at
landscape scales when there is an horizontal mixing of
vegetation types or materials (Asner et al., 1998; Qin and
Gerstl, 2000).

2.4 Diffuse component

The above equations consider only the contribution of direct
radiation to the reflectance. Considering also the presence of
skylight irradiance, the reflectance can be expresed as a sum
of the direct and isotropic diffuse components:

R =(1-kg)R girect +Ka Raifruse (22
where the component of diffuse reflectance was calculated as
the average of the measurements in the principal plane. k;
denotes the fraction of diffuse irradiance, which was
parameterised as follows (Lacaze and Roujean, 2001):
_0.09

0.09 +pg
In addition, the model allows us to derive other parameters
like the entire BRDF distribution, albedo or absorptance,
including the relative contribution of vegetation and soil. For
example, the spectral absorptance within the canopy can be
evaluated as

d (23)

Ap =1-Ry, =(I-y,)Ty 24

where the subscript 4 stands for values integrated over the full
view hemisphere. The fractional amount of incident
photosynthetically active radiation absorbed by the vegetation
canopy (fAPAR) can be evaluated by averaging the spectral
canopy absorptance within the PAR region, i.e.:

700

fAPAR = J'E0 MAL(AN)AA

400

where E, is the normalised solar irradiance spectrum.

3. MODEL INVERSION
The inversions are achieved simultaneously for all spectral
bands, i.e. by coupling the spectral and directional data
available. The variables to be retrieved are LAI and g.. Given
BRDF values 1; (i=1,...N), representing the conditions of
observation (i.e. wavelengths and view and illumination
geometries), the retrievals are performed by comparing
observed and modeled y; (i=1,...N) BRDF's. The comparisons
are evaluated for a full set of prescribed canopy realisations
(g. , LAI) that cover a range of expected natural conditions.
Those pairs for which the canopy model generates inputs
comparable with measured data, within the limits of accuracy
of data €; (i=1,...N), i.e.:

r-y)'Wlr-y)<N (26)
are considered as acceptable solutions, where W is the
covariance matrix of the measurements. The diagonal
elements of W are the variance €, which should account for
both data uncertainty and unquantified errors associated with
the simplifying assumptions of the theoretical model. The

25

distribution of solutions define a domain for g. and LAI
around the “true” values. Mean values of g. and LAl averaged
over the set of acceptable solutions are taken as solutions.
This procedure not only increases the numerical stability of
the inversion but also enables us to derive the uncertainty and
correlation of derived parameters.

In this study, secondary model parameters (LAD, b, Aye)
were fixed based on the apriori expected values. The model

requires the optical properties of the underlying soil ys as

input. It was estimated either using soil BRFs observations in
surrounding bare soil areas which were subsequently
extrapolated to the POLDER observation geometries or
modelled with the aid of BRDF models (Walthall et al., 1985;
Jacquemod et al., 1992). In this study the extrapolation of
measured BRF's provided better results.

It was assumed for simplicity that reflectance and
transmittance of leaves are similar. This assumption is
accepted for many thin leaved grass and broadleaved
deciduous species (Woolley, 1971). The leaf albedo w was
assessed previously by adjusting the model for each
individual band. The procedure consisted in (1) setting
spectral bounds that stand for the uncertainty limits of w, and
(2) adjusting them based on the best fit of the model to the
directional signature, for a reduced set of canopy realisations.

Although the model has been validated against real data,
a comparative analysis has also been undertaken on NADIM
(Gobron et al., 1997), an invertible model of homogeneous
canopies. NADIM simulates the radiation regime in the solar
domain in the case of horizontally homogeneous canopies.
Unlike the proposed model, which is very fast because of its
analytical nature, NADIM is more expensive computationally
since it explicitly solves the radiation transfer problem using a
discrete representation of the canopy. The model simulates
the relevant scattering processes as a function of the size (di)
and orientation (LAD) of the leaves, as well as the total height
of the canopy (H) and LAL. NADIM uses a turbid medium
approach to represent the multiple scattering contribution.

NADIM has been inverted using a simple searching look-
up table method, similar to the method described above.
However, g=1 is implied and, therefore, the only unknown
parameter is LAI Primary model parameters (LAD, H, d;)
were fixed based on a priori expected values. Optical

parameters (W, ys) were obtained using the procedure

described above. Although in its original formulation NADIM
assumed an isotropic soil background, soil BRFs observations

were used to represent more accurately Y . This allowed us

to remove modelling errors found in low vegetated canopies,
mainly induced by a strong soil backscattering.

4. VALIDATION

4.1 Airborne POLDER data set

The model invertibility was evaluated using data acquired by
the POLDER onboard an ARAT plane during the DAISEX
campaign. The experiment site selected by ESA for the
DAISEX campaigns is a 3 km by 3 km area centred at 39° 3’
N, 2° 5> W, which is located 28 km from Albacete (Spain),
(Camacho-de Coca et al., this issue). Its spectral filters are
centered at 443, 500, 550, 590, 670, 700, 720, 800, and 864
nm wavelength. At a typical flight altitude of 3000 m, the
spatial resolution was 20 m (Leroy et al., 2001). Four flights
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were undertaken during 3-5 June 1999. Each flight records
around 140 spectral images, offering thus a wide range of
view directions. The POLDER reflectance images were
calibrated, geo-coded and corrected for atmospheric effects as
it is specified in Leroy et al (2001). In this work the BRDF
has been interpolated for the full range of view angles for
every pixel. The BRDF was then retrieved considering
uniform sites of 3x3 pixels (60x60 m?). The model has been
inverted against a set of bidirectional reflectance factors taken
along the principal plane, i.e. the region with the strongest
anisotropy.

4.2 Results and discussion

Figures 2 and 3 show a few examples of measured BRF's
along with the values predicted by both the proposed model
and NADIM, respectively. The analysis includes five bands,
two sun zenith angles and four different vegetation types. The
figures reveal the potential of the information contained in the
directional domain of BRDF, as it was demonstrated in a
preliminary work (Camacho-de Coca et al. this issue).
Vegetation in-situ measurements were taken during the
campaign corresponding to major agricultural units (see LAI
and height values in table 1). Wheat and senescent barley
presented a vertical structure. Alfalfa and legumes were lower
in height, with smaller leaf size and a high LAIL Sugar beet
and corn were markedly row-distributed with large
contribution of the bare soil.

We can observe as both models have potential to
accurately explain the spectral and angular variations of the
BRDF. They capture the essential BRDF features such as
bowl shape, backscattering and broad hot spot. In general, a
good agreement is found between measured and modelled
signatures. In general, the agreement is slightly worse when
the SZA is high, i.e. when the anisotropy is higher.

The proposed model works better in the visible regions,
when the first order scattering effects predominate but in the
NIR region (band 8) the discrepancies are higher. In this
region directional effects are less apparent due to the
reduction of contrast between canopy components and the
prevalence of multiple scattering. NADIM works better for
dense homogeneous canopies, like alfalfa and legumes.
However, it seems to be more limited when the canopy cover
is lower (e.g. sugar beet), i.e. when the medium is less
uniform and the reflectance is dominated by geometric
effects. One source of error for both models is attributable to
unquantified influences of foliage clumping. In particular, the
main problems are found in erectophile canopies like wheat,
with vertical structure and well-developed spikes. It causes a
very pronounced ‘bowl-shape’ signature, especially when
SZA is high. This is mainly due to the gap effect or increase
of illuminated upper canopy layers viewed from the sensor at
large off-nadir angles (Camacho-de Coca et al., 2002b).

Estimated parameters are presented in table 1. The
inversion of both models provides reasonably accurate
estimates of LAIL Furthermore, the retrievals were quite
consistent, e.g. rather insensitive respect to sun zenith angle
and spectral subset. In addition, the proposed model allowed
us to address the FVC, obtaining values that are coherent with
the field information available.

Although the inversion algorithm is satisfactory, different
difficulties still arise. The main problem derives from the
determination of the spectral properties, in particular for the
leaf albedo. The estimation of leaf-level properties is known
to be impaired by canopy-level variables like LAIL The

interdependence between leaf-level and canopy-level affects
the model inversion. For example, the underestimation of leaf
albedo in the visible regions usually results in an
underestimation of LAI and vice versa. This may be
minimised by introducing the correlation between model
variables. In addition, some knowledge of ecosystem
characteristics (e.g. leaf albedo measurements) can be used to
constrain the solution domain, using a merit function
weighted scheme (Privette et al., 1997). The merit function
could be defined as a RMSE computed both on the
radiometric measurements and on the canopy variables prior
information (Combal et al., 2002). More research is necessary
to define objectively the covariance matrix of the model
parameters. Another difficulty derives from the necessity to
determine the optical properties for each individual band. For
further reduction of model parameters, future work will
consists in coupling the model with a leaf radiative transfer
model like PROSPECT (Jacquemoud et al., 1996).

Table 1. Retrieved parameters for the dominant vegetation
types. Subscripts refer to: G=measured; NAD=estimated from
NADIM model; M=estimated from the proposed model.

Sample | H (m) |LAIg|LAInp|LAIy|FVCy [fAPARy,
Alfalfa | 0.5-0.6 | 2.6 | 3.0 | 23 | 097 | 0.90
Legumes - — | 12 1.2 ] 0.80 | 0.86
Wheat |0.7-0.85| 1.6 1.4 1.9 | 091 0.82
Sugar beet| 0.1-0.15| 1.2 | 0.6 | 0.9 | 0.55 | 0.64
Corn 0.1-02 1 03 | 02 | 0.2 ] 027 | 0.26
Dry Barley|0.55-0.65] 2.9 1.2 23 1073 | 043

5. CONCLUSION AND PROSPECTS

This study aims to develop a simple, fast and operational
approach to deconvolve the angular reflectance into single
landcovers  reflectances, attempting to solve the
inconsistencies of 1-D models and linear mixture approaches.
The result is a fast invertible canopy reflectance model of
discontinuous canopies. The model relates the spectral and
angular variation with the main optical and structural
parameters of discontinuous canopies. A random spatial
distribution of plants is assumed to simplify the gap
probability computation, which may be applicable when
imaging stands resolutions greater than the size of the tree
crowns. Unlike BRDF models of homogeneous canopies, the
model can be inverted to estimate both FVC and LAIL
Moreover, the model may provide as a subproduct entire
BRDF, albedo, and absorptance (including fAPAR) for the
sampled scene, along with the relative contribution of
vegetation and soil.

Although the model is less suited for homogeneous

canopies, it can be also applicable to vegetation like
grasslands and cereal crops, producing results similar to
accurate  BRDF models of homogeneous canopies like
NADIM. The inversions revealed the model potential to
combine spectral and directional information in order to
increase the likely accuracy of the retrievals.
Future work will consist in coupling the model with a leaf-
level radiative transfer model, which will moreover reduce the
model parameters and provide a stronger connection between
leaf optical properties and leaf biochemical and structural
parameters. The model will be tested on existing BRDF
datasets comprising different vegetation types (shrublands,
forests). Intercomparisons will be also undertaken with other
modelling approaches in the frame of DAISEX.
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Figure 2. Comparison of directional signatures in the principal plane measured by POLDER (symbols) and simulated by the
proposed model (dashed lines) at five different spectral bands (2, 4, 6, 7 and 8) over four different vegetation types. (a) Noon
image (6v=17°) (b) 14:30 UT (8v=37°).
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Figure 3. Comparison of directional signatures in the principal plane measured by POLDER (symbols) and simulated by NADIM
(dashed lines) at five different spectral bands (2, 4, 6, 7 and 8) over four different vegetation types. (a) Noon image (8y=17°) (b)
14:30 UT (8v=37°).
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