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A hotspot function in a simple bidirectional reflectance
model for satellite applications
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Abstract. The model presented here is an improvement over the semiempirical model of
Roujean et al. [1992] for estimating the bidirectional reflectance from vegetation.
Roujean’s model has been considered for global applications bécause of its simplicity and
the underlying physics. However, the model does not adequately describe the hotspot near
the Sun’s illumination direction. In this paper, a hotspot kernel based on a canopy gap
size distribution theory developed by Chen and Leblanc [1997] is used to modify Roujean’s
model. The modified model requires two additional coefficients for controlling the hotspot

magnitude and width, respectively. It is found that the hotspot magnitude coefficient is
only weakly dependent on cover type and can be treated as a constant at a given
geographical location. The hotspot width parameter is determined by the ratio of the
characteristic foliage clump size and canopy height. The ratio varies in a small range
across different cover types because the foliage clump size and canopy height are usually
correlated. For example, the ratio of leaf size to crop height is similar to the ratio of
crown size to tree height. Because of the small variabilities of these parameters, the
modified model can be a substantial improvement over the original model by just using
best estimates for the parameters. With this hotspot adjustment the simplé form of the
semiempirical model is preserved for remote sensing applications without additional input
requirements. The performance of the modified model is shown using data from the
advanced very high resolution radiometers (AVHRR). The results show that the patterns
of reflectance distribution with the view angle are similar among all cover types
investigated, suggestifig that one simple model may be sufficient for global applications.
The modified model based on simplified physics with four adjustable coefficients may be
adequate for this purpose. The model can be further improved to consider the noncircular

hotspot shape. Formulae for this purpose are suggested.

1. Introduction

Many optical satellites observe the Earth’s surface at various
angles relative to the surface and the Sun. Since the distribu-
tions of reflected solar radiance from vegetated and nonveg-
etated surfaces are not uniform with the illumination and ob-
servation angles, it is often necessary to remove the angular
effects in spaceborne and airborne images before the deriva-
tion of the surface information, or to use the angular informa-
tion to detect the surface features. Bidirectional reflectance
distribution functions (BRDF) have been used for these pur-
poses. Although numerous sophisticated models based on ra-
diative transfer in plant canopies have been developed [see
Myneni and Ross, 1991], simple BRDFs are often preferred in
image processing [Walthall et al., 1985; Deering et al., 1990;
Dickinson ¢t al., 1990; Jacquemoud et al., 1992; Roujean et al.,
1992; Rahman et al., 1994; Wu et al., 1995). Wanner et al. [1995]
simplified several models into kernels for global applications of
the forthcoming moderate-resolution imaging spectrometer
(MODIS) [Salomonson, 1988].

The physically based simple BRDF model by Roujean et al.
[1992] is found to perform reasonably well at high latitudes [Li
et al., 1996]. In the present study, we found that the model
performance deteriorates where the hotspot effect is more
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pronounced, e.g., for AVHRR data at midlatitudes. This paper
presents a modified model which includes a hotspot function
while preserving the simplicity of the model. The objective of
this study is to derive and validate a simple generic BRDF
model for satellite applications.

2. Theory

2.1. Evaluation of Roujean’s model

In Roujean’s model the reflectance from a plant canopy is
Separated into two parts: geometric and volume scattering.
Geomietric scattering occurs because of large three-dimen-
sional structures in plant canopies such as tree crowns and crop
rows. Voliume scattering is caused by foliage elements inside
these structures. In the model, simple equations are derived for
these two components. The geometrical reflectance (pgeom) i
given by

hl )
Pgeom = Po[ 1+ ?fl(em ew ¢):I ) (1)

where p, is the background reflectance; 4, /, and S are the
height, length, and the total surface area of the geometrical
objects, respectively; 6, is the solar zenith angle; and 6, is the
view zenith angle; ¢ is the difference in the azimuthal angle
between the Sun and the sensor. The function f; is defined as
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Figure 1. An example of the correlation between the illumi-
nation and the observation processes: the sunlight and the view
line fall into the same canopy gap between trees, where H is
the effective canopy height; A is the gap size projected to the
Sun’s direction; and £ is the difference in the angle between the
Sun and the observer.

f1(6,, 0., &) = % [(m — &) cosd + sind]tan b,tan 6, — %

- (tan 6, + tan 6,+ \/tan’ 6, + tan” 6, — 2 tan 6, tan 6,cos ¢)

(2

The volume-scattering reflectance (p,,) is defined by
puot = 3+ f2(0, 0, $)I(1 = ™) + pge™  (3)

where r is leaf reflectance, F is leaf area index, b is a constant,
and

4 1
f2(0s> 0,,, (b) = ﬁ cos 65 + cos eu

[(;—g> cosg-i-sinf]—; (4)

In (4), &is the angle between the observer and the Sun relative
to the target, defined as

cos & = cos 6, cos 0, + sin 6, sin 0, cos ¢.

®)

The reflectance (p) of a plant canopy is considered to be the
combination of the geometrical and volume-scattering terms;
that is,

p(esa Ow d)) = OPgeom + (1 - a)pvol (6)

where « is a parameter defining the relative importance of
these two components depending on canopy structure and is to
be determined empirically.

In the derivation of pyeon, it is assumed that the large struc-
tures do not overlap in either illumination or view directions;

Pgeom 18 thus determined by the probability of observing the
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sunlit side of the individual structures. In the derivation of p,,
it is assumed that leaves are randomly distributed inside the
structures, and a general leaf-scattering phase function is used.
In f, the expressions involving ¢ define the shape of the scat-
tering phase function derived by Ross [1981] after setting the
leaf reflectance to be the same as the leaf transmittance.

In both pye,, and p,,,;, some of the processes contributing to
the hotspot have been included; f, shows the largest probabil-
ity of observing the sunlit side of the structures when the
azimuthal angles of the Sun and observer are the same, corre-
sponding to the fact that the hotspot exists on the sunlit side.
The scattering phase function in f, produces the largest scat-
tering coefficient in the direction of theé Sun and hence also
contributes to the hotspot. However, these functions only pro-
duce a weak hotspot. Since no overlapping of the structures is
assumed in the derivation of f,, the modeled reflectances in-
crease continuously with view zenith angle on the sunlit side in
the principal solar plane, and in many cases no hotspot can be
generated with the model. This model deficiency is apparent in
some of the examples in Figures 7 and 8 of Roujean et al. [1992]
and in results of Wu et al. [1995]. This problem is theoretically
remedied in the following section.

2.2. Modified Model

Roujean’s model does not include the major cause for the
observed hotspot: the correlation between illumination and
observation processes [Kuusk, 1991 [Myneni and Ross, 1991];
Qin and Jupp, 1993; Jupp and Strahler, 1991]. When an obser-
vation is made at the same angle as the Sun’s illumination, the
observer either sees the sunlit foliage or the sunlit background,
while all shaded foliage and shaded background are hidden
from the view. As the observer moves away from the Sun, more
and more of the shaded foliage and the shaded background are
exposed to the view. These observation and illumination pro-
cesses are correlated as long as the view line falls into the same
gap as the solar beam; that is, the observer sees the sunlit area
through the same gap as the Sun (Figure 1). The correlation
ceases as the angle between the Sun and the observer increases
to a limit at which these two processes become independent of
each other. In this case, the probability of observing a sunlit
patch can be taken as the product of two probabilities: one for
solar beam illumination and the other for the view line pene-
tration. The angular range in which these two processes remain
correlated depends on the canopy gap size, which is the phys-
ical dimension of gaps rather than the usual gap fraction or
frequency (for the same canopy gap fraction there can be
different gap size distributions). Chen and Leblanc [1997] re-
cently derived the following theoretical expression to account
for this effect based on a canopy gap size distribution function:

- 3
f)\ |:1—m]N(A)dA

min

F(§) = O

f N(A) dA
Amin

where F(§) is a hotspot function, being unity when ¢ = 0 and
zero when ¢ exceeds the largest tan~' (A/H ) value possible.
H , is the gap depth in the direction of 6,. A, is the smallest
gap to be included in the integration and depends on the value
of & N(A) is the number density for canopy gaps of size A. It
is defined by
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L

N(/\) — Wie—L,,(HA/W,,) (8)
where L, is the projected area index of the objects responsible
for the canopy gaps, and W, is the characteristic dimension of
the objects. In forest stands, the objects causing a large portion
of the observed gaps are tree crowns. For the estimation of the
hotspot on the ground in forest stands, L, and W, can be
calculated on the basis of the tree crown area projected on the
ground surface (see detailed definitions by Chen and Leblanc
[1997]). On the tree crowns, gaps between leaves (or shoots in
the case of conifer species) also contribute to the hotspot, and
the contribution can also be described using a separate F(§)
function with L, and W, defined on the basis of the mean
projected leaf (shoot) area on a plane perpendicular to the
solar beam. The hotspot kernels for the ground and the crown,
denoted by F, and F,, respectively, can then be used to im-
prove the Roujean’s model (equation (6)) in the following
manner:

p(es’ 0., (b) = apgeom(l + Fg) + (1 - a)pvol(l + Fc) (9)

The term (1 + F ) is multiplied with the geometrical reflec-
tance because the ground hotspot component is largely caused
by the geometry and the distribution of the tree crowns. F,
enhances the reflectance near the Sun’s direction and gradually
reduces to zero as the angle between the Sun and the observer
increases. Using this hotspot term in the equation also avoids
the assumption of nonoverlapping between tree crowns (iso-
lated foliage structures) made in the original Roujean’s model
and broadens the applicability of the model. Similarly, the term
(1 + F,) also corrects for the problem in the original volume-
scattering calculation which does not take into account for the
probability of seeing the shaded foliage on the sunlit side of the
crown. We believe that by the inclusion of these two hotspot
terms, the physics of this semiempirical equation is reasonably
complete, and it can handle a wide range of angular reflectance
distributions caused by different cover types and densities.

Chen and Leblanc [1997] showed that the hotspot kernels for

the ground and crown components have very similar shapes
because the gap size (X) is scaled by the gap depth (H,). For
the ground component the average gap depth is H/cos 6,
where H is the midheight of the canopy at which leaf area
density is the largest (shown as the effective canopy height in
Figure 1). For the crown component the average gap depth is
taken as the mean distance between two layers of leaves in the
crown and is related to the leaf area density in the crown. For
most cases the ratios of W, to H for the these two components
are similar, and these two kernels can be combined into one for
simplicity of model applications. Equation (10) can then be
reduced to

p(en ew d)) = [apgeom + (1 - a)pvol](l + F) (10)

where F is a hotspot function representing the hotspot mag-
nitude due to both the ground and the crown reflectance en-
hancement around the Sun.

The exact expression of the hotspot kernel (equation (7))
involves the integration with respect to the gap size number
density and is not easily used in image processing. Its calcula-
tion also requires input of canopy height and density (tree
density in the case of forested surfaces). For many satellite
application purposes, (7) can be substituted by the following
simpler form chosen for its ability to approximate the hotspot
curve shape produced by (7):
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Figure 2. Hotspot kernels calculated by using a complete
equation (equation (7)) and an approximated equation (equa-
tion (11)).

F(§) = Cie™@mC: (11)

where C; determines the magnitude of the hotspot, and C,
controls the width of the hotspot. C,, by the physical meaning,
is linearly related to the difference between the reflectances of
the foliage and the background at the wavelengths of interest.
C, is proportional to the ratio of the canopy height to the size
of the predominant canopy structures such as tree crowns, and
the proportionality is controlled by the density of the structures
such as stems/ha, which is linearly related to the projected
crown area index L,. More precisely, C, is proportional to
L,H,/W,. Figure 2 shows the complete and approximate cal-
culations of F using (7) and (11) for the crown or the ground
components with parameters of L, = 3, H, = 10 m, and
W, = 2 m for the ground component, or L, = 3, H, = 0.2
m, and W, = 0.04 m for the crown component. The empirical
coefficients used for (11) are C, = 1.0 and C, = 11.0. The
simplified (11) approximates closely (7) for the complete cal-
culation of the hotspot. It is also seen from the parameters
used that the hotspot distributions for the ground and crown
components are similar, justifying the use of only one kernel in
the semiempirical equation.

After rearranging (11) and factoring out the sum of non--
functional terms as a constant, which is treated as the reflec-
tance at nadir by Wu et al. [1995], (10) is rewritten as

P(OS, ew ¢’) = P(O’ 0’ ¢)(1 + alfl(es’ ew d))

+ a2f2(ess ew d))(l + Cle—(é/‘rr)Cz) (12)

Compared with the Roujean’s model (equation (6)), (12) has
two additional constants C, and C,. Although these constants
increase the complexity somewhat, they improve the flexibility
of the model to simulate a wide range of the BRDF shapes
based on physical principles.

3. Application of the Modified Model

As this study stems from the need to improve our method-
ology for BRDF corrections in processing AVHRR composite
images, the usefulness of the modified model is first tested by
using AVHRR data. Figure 3 shows the improvements of the
modified model over the original model for four dominant
cover types in North America. This set of data was originally
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Figure 3. Advanced very high resolution radiometer
(AVHRR) measurements near the principal solar plane and
their simulations using the original and modified Roujean’s
models for four cover types at midlatitudes.

shown by Wu et al. [1995] and was obtained from NOAA 11
AVHRR data acquired in three growing seasons (April—
October 1990-1992) over the conterminous United States and
southern Canada [Hood, 1993]. Careful geometrical and radio-
metric calibrations and cloud screening were performed on the
data set (see details by Wu et al. [1995]). The data were strat-
ified according to solar zenith angle and normalized difference
vegetation index (NDVI) to reduce the noise in the angular
reflectance distribution, and most observations were made
within a narrow range (+30°) from the principal solar plane
(PSP). For all four cover types, the variation in reflectance with
view zenith angle in the PSP is very pronounced, and a hotspot
at the solar zenith angle is clearly discernible in each case. The
original Roujean’s model is able to simulate the observations
reasonably well and also shows some hotspot effect, especially
for the case of grassland. This small hotspot in the model is
mostly obtained in the geometrical term ( f;) which considers
the probability of observing the sunlit side of unobstructed
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objects. This term not only defines the magnitude of the hot-
spot but also its slope from the backscattering to the forward
scattering side. It is not possible within the model flexibility to
enhance the hotspot without changing the slope. For the cases
(cropland and forest) where the general slope from backscat-
tering to the forword scattering side is small, no obvious hot-
spots can be produced using the original model. The volume-
scattering term (f,) enables the adjustment of the upward
curvature of the curve (the bowl shape) and does not contrib-
ute significantly to the hotspot. In Figure 3, considerable im-
provements of the modified model over the original model are
evident in the simulation of data for barren and grassland, with
the root-mean-square-error (RMSE) reduced from 0.0099 to
0.0058 for barren and from 0.0061 to 0.0059 for grassland in
channel 1, and from 0.0128 to 0.0091 and from 0.0079 to 0.0052
in channel 2, respectively. For cropland and forest the im-
provements in the RMSE values are much smaller because of
the smaller hotspot amplitudes. With the inclusion of the spe-
cific hotspot term, the model captures the observed reflectance
peak near solar zenith angle very well. The two coefficients in
this term have the critical functions of defining the magnitude
(C,) and width (C,) of the peak. With this modification the
model now has all the necessary flexibility to simulate an ob-
served BRDF: a, for the general backward to forward scatter-
ing slope, a, for the bowl shape, C for the hotspot magnitude,
and C, for the hotspot width. We emphasize that all the terms
in the original and modified Roujean’s models are based on
physics rather than curve-fitting mathematics, although the
physics has to be much simplified for remote sensing applications.

In Table 1 the a, and a, values for Roujean’s model are
similar to those recommended by Wu et al. [1995] for the
various data sets with different NDVI values but adjusted for
these data sets. The a, and a, values for the modified model
are further adjusted to accommodate the inclusion of the hot-
spot function. The adjustments are made to achieve the min-
imum RMSE values. It is noted that C, and C, vary in a small
range among the cover types. Because of the noise in the data,
the model simulation through curve fitting is not very sensitive
to C,, and a value of 10 is a good approximation for all cover
types at midlatitudes. The distribution patterns are remarkably
similar among all cover types within the range of observation
angles, suggesting that BRDF of different underlying surfaces

Table 1. Coefficients Used in Figure 2 in Roujean’s Model (RM) and Modified

Roujean’s Model (MRM)

Channel 1 (Visible)

Channel 2 (Near Infrared)

Cover Type Model a, a, C, C, a, a, C, C,

Cropland MRM 0.30 2.0 0.30 6.67 .10 14 0.40 8.33
RM 0.20 2.50 e o 0.10 2.00 e e
RM-Wu 0 21 0 1.44

Forest MRM 0 3.0 0.80 12.50 0.05 1.20 0.65 12.50
RM 0 3.0 0.05 12
RM-Wu 0 3.04 0 1.96

Barren MRM 0.30 1.3 0.65 11.11 0.30 14 0.60 12.50
RM 0.25 1.8 oee cer 0.25 2.0 e ax
RM-Wu 0.21 1.63 .. e 0.21 1.52 e X

Grassland MRM 0.63 2.0 0.6 10 0.50 2.5 0.50 8.33
RM 0.55 25 .. cee 0.45 3.0 e ..
RM-Wu 0.30 1.14 0.4 1.20

The coefficients in RM used by Wu et al. [1995] (RM-Wu) are also given for comparison.
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can be simulated effectively using one basic model by adjusting
its coefficients.

The modified model has been used in our operational pro-
cessing of AVHRR composite images of Canada acquired in
1993 and resampled to 1 km resolution. Ten-day cloud-free
composites were produced by using the geocoding and com-
positing system (GEOCOMP) [Robertson et al., 1992] with the
maximum-NDVT pixel selection criterion to screen the clouds.
The GEOCOMP produces 10 channel outputs, which include
radiance for bands 1-5, NDVI, view zenith angle, solar zenith
angle, Sun-sensor azimuthal angle difference, and the date of
acquiring the selected pixel. The radiance in bands 1 and 2 was
converted into top-of-atmosphere reflectance in subsequent
processing using band-specific solar irradiance above the at-
mosphere [Cihlar et al., 1997a). Figure 4 shows improvements
in BRDF corrections made using the modified model for co-
niferous forests in central Canada (Saskatchewan and Mani-
toba) of a 1200 km X 1200 km area [Cihlar et al., 1997b]. Five
thousand data points are randomly selected from approxi-
mately 500,000 data points for the conifer cover type in the
image. The impact of the atmospheric correction is more sig-
nificant in channel 1 than in channel 2 because of the strong
Rayleigh scattering at the visible wavelengths. The remaining
large angular variations in both channels after the atmospheric
corrections were fitted using Roujean’s model and removed by
normalizing the individual reflectance value to that at 6, = 0°
and 6, = 45°. The improvements made by Roujean’s model
are very pronounced in both channels (third panels in Figure
4), as evidenced in the large reductions in the standard devi-
ation in reflectance. However, the resultant reflectance distri-
butions in both channels have a peak of considerable size at the
view zenith angle of about 52° on the backscattering side where
the sensor and solar angles coincide. When the same model
fitting and normalizing approaches are applied to the atmo-
spherically corrected data using the modified model, the an-
gular dependence is further reduced and so is the standard
deviation, confirming the improvements of the modified model
over the original model. In using the modified Roujean model,
the original coefficients for the geometrical and volume-
scattering terms found by Li et al. [1996] were modified be-
cause without considering the hotspot, the model could not
simulate the wavy features and has to chose values which
represent a large angle range around the hotspot. With the use
of the additional hotspot function, the modified model has
enough flexibility to handle the pronounced hotspot as well as
the curvature in the forward scattering direction. The coeffi-
cients used for channel 1 are —0.3, 1.5, 1.6, and 6.0 for a,, a,,
C,, and C,, respectively. For channel 2 the corresponding
values are —0.6, 2.5, 2.0, and 4.0. The simulation is more
sensitive to a, and a, than to C; and C,. All these values are
considerably different from those listed in Table 1, suggesting
that these coefficients depend not only on the cover type but
also on latitude. The values of C; are larger than those in
Table 1 because the background signal is stronger from open
boreal forests than from dense forests at midlatitudes. The
values of C, are smaller because of the shorter trees, less leaf
area, and denser and smaller tree crowns at height latitudes.
C, for channel 2 is found to be smaller than that for channel
1 in the simulation. Since smaller C, values produce broader
hotspots, this suggests a larger influence of multiple scattering
in near infrared than in visible wave band. Similar improve-
ments using the modified model are also found for other cover
types. The latitudes at which the hotspot effects are most
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pronounced depend on the solar declination and the time of
local overpasses of the AVHRR sensor. The cases presented in
Figure 4 have strong hotspot effects because of the shift in the
overpass time of the NOAA 11 AVHRR sensor toward late
afternoon. For the new NOAA 14 AVHRR sensor and other
Earth observation satellite sensors with local overpass time
near noon it is expected that the ability of making hotspot
corrections is more important at low and midlatitudes than at
high latitudes.

4. Discussion

Several simple models have been produced for BRDF cor-
rections in remote sensing imagery [Shibayama and Wiegand,
1985; Walthall et al., 1985; Deering et al., 1990]. Compared with
Roujean’s model, these models are simpler and have the basic
functionalities to simulate the bowl shape and the slope of the
reflectances from the backward to forward scattering direction.
However, none of these empirical models has the ability to
simulate the curvature around the hotspot. Hautecoeur and
Leroy [1996] compared these models with Roujean’s model
and with another more sophisticated curve-fitting model based
on spherical harmonics. They found that while the spherical
harmonic model offers more flexibility than the Roujean’s
model in data simulation, it is also internally unstable when the
data are not complete because of its purely mathematical na-
ture. Roujean’s model outperformed other simpler empirical
models and also appeared to be more stable in the model
inversion than the spherical harmonic model. Roujean’s model
not only has the necessary simplicity for remote sensing appli-
cations but more importantly, it includes the basic physics.
Although the radiative transfer physics is very much simplified
in Roujean’s model, it has more generality than the empirical
models constructed for the need of curve or surface fitting. We
believe that the use of the hotspot terms in Roujean’s model
has increased its generality and made it more flexible for var-
ious cover types and geographic areas.

The underlying assumption made in using one coefficient
controlling the hotspot width is that the hotspot has a circular
shape in the cylindrical coordinate. In many cases, elliptical
hotspot shapes are found [Li and Strahler, 1992; Bicheron et al.,
1997]. In the four-scale model [Chen and Leblanc, 1997], this
hotspot shape can be simulated by considering the dependence
of the projected tree crown width on the azimuthal angle
difference between the Sun and the sensor. The modified model
can also be improved in this respect by allowing the hotspot
width to change with the azimuth angle in the following way:

P(GS, Ow (b) = P(O, O’ d))(l + alfl(esr Ow d’))

+af3(6,, 6, )(1 + Cre@MED)  (13)

where
CCo
sin® (a(€, ¢)) + C3, cos? (a(§, ¢))

In (14), C,, and C,, are constants controlling the hotspot
width along and perpendicular to the principal solar plane,
respectively, and a is the angle between the principal solar
plane and the line joining the hotspot and the point of interest
(Figure 5). From the trigonometry, a can be defined as

in 0,
alé, ¢)=m— ¢ —sin™’ (SsllT.f sin d))

(15)

With these formulae it is fairly straightforward to simulate the
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Figure 4. Improvements achieved by original and modified Roujean’s model in AVHRR image processing

for conifer forests in central Canada. It shows AVHRR channel 1 data on the left-hand side and channel 2
on the right-hand side. From the top to bottom are reflectance values (1) at the top of the atmosphere, (2)
after atmospheric corrections using SMAC (simplified model for atmospheric corrections) [Rahman et al.,
1994], (3) after bidirectional reflectance distribution function (BRDF) corrections using Roujean’s model, and
(4) after BRDF corrections using the modified model. The “Std. Dev.” shown in each plot is the standard
deviation of the reflectance (on the vertical axis). At the latitudinal range from 50° to 60° the solar zenith angle
across the swath from the view zenith angle of —69° to +69° changes approximately linearly from 60° to 40°
[Li et al., 1996], and therefore the hotspot, where the view and solar angles are the same, should appear at a
zenith angle of about 52.4°. AVHRR measurements at these latitudes were made very close to the principal
solar plane; that is the sensor-Sun azimuthal angle difference is close to zero in the backscattering direction
and 180° in the forward scattering direction.
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Perpendicular Plane

Zenith Angle

Principal Solar Plane
Hotspot

Figure 5. Schematic description of a noncircular hotspot in
the cylindrical coordinate system, where 6, is the solar zenith
angle; ¢ is the azimuthal angle difference between the Sun and
the observer; £ is the angle between the Sun and the observer;
and « is the azimuthal angle around the hotspot defined by
equation (15).

elliptical hotspot shape by providing the appropriate C,, and
C,, values.

5. Conclusions

On the basis of the physics of radiation interaction with plant
canopies, Roujean’s model is modified to explicitly describe
the hotspot. The hotspot kernel derived by Chen and Leblanc
[1997] on the basis of canopy gap size distribution is simplified
for remote sensing applications in this paper. This modification
overcomes problems in original Roujean’s model due to the
assumption of nonoverlapping in illumination and observation
directions between geometrical structures such as tree crowns.
This modification also takes into account for the mutual shad-
owing effects between layers of leaves which was not consid-
ered in original Roujean’s model. This modified model con-
tains four adjustable coefficients for controlling the shape of
the reflectance distribution with view angle, the slope of the
slant from backward to forward scattering direction, the hot-
spot width, and hotspot magnitude. These four coefficients
may be the minimum required for BRDF simulations. The
improvement made by this modification is demonstrated in the
processing of AVHRR data at middle and high latitudes. An
important feature of this modified model is that each compo-
nent is based on radiation physics rather than on empirical
curve or surface fitting techniques so that it provides generality
needed for applications for various cover types. Such a physi-
cally based model can also be further expanded for the needs
to simulate the noncircular hotspot shape. Formulae for this
purpose are suggested.
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