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Extending a Turbid Medium BRDF Model to Allow
Sloping Terrain with a Vertical Plant Stand

Bruno Combal, Harumi Isaka, and Craig Trotter

Abstract—This paper extends the turbid medium approach
used for modeling bidirectional reflectance from horizontal plant
canopies to sloping terrain with a vertically oriented plant stand.
Previous treatments have accounted for terrain slope by simple
adaptation to an inclined plane of models for horizontal surfaces.
However, such treatments implicitly assume that plants grow
perpendicularly to the surface, despite the fact that plant stems
continue to grow vertically on slopes. We investigate the differ-
ences between our new “vertical growth” model and the more
usual “perpendicular to the surface growth” model in terms of
the effect on canopy albedo and bidirectional reflectance factors.
Although the effect of leaf angle distribution on the albedo is
different for both the vertical-growth and perpendicular-growth
models, it appears to be a much smaller effect than that due to
terrain slope. For the bidirectional reflectance factors (BRF’s),
the magnitude and sign of the differences between the two models
varies with the direction of observation, the slope, and the leaf
angle distribution, and can exceed 10% for a planophile canopy.
A comparison between modeled and measured data shows that
model predictions under the vertical growth assumption are
consistent with measurements, whereas the assumption of perpen-
dicular growth can lead to large errors.

Index Terms—Albedo, BRF, slope, vertical plant stand.

I. INTRODUCTION

T HE modeling of bidirectional reflectance factors (BRF’s)
of a vegetation canopy is a crucial element for remote

sensing of physical, biophysical, and canopy architectural char-
acteristics of the land surface at global and regional scales. The
retrieval of these characteristics from satellite observations must
be based on an appropriate BRF model. Many measurements
have revealed a pronounced anisotropy of the radiation field re-
flected from natural vegetation. The BRF model has not only to
take into account all the physical, biophysical, and morpholog-
ical characteristics of the vegetation canopy, but also the topog-
raphy of the terrain on which the plants grow [1]–[3]. The choice
of a suitable BRF model is a compromise between good agree-
ment with experimental observations and reasonable computa-
tional cost. Accordingly, one-dimensional (1-D) BRF models
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[4]–[6] are often chosen from among the many models currently
available for the retrieval of vegetation properties.

The usual way to remove the effect of topography from satel-
lite data (in particular from Landsat TM images), consists of
transforming the tilted surface to a horizontal one by modifying
the upper boundary condition [7]. Frequently used methods are
the Lambert cosine correction [8] and the Minnaert correction
[9]. However, these types of corrections aim only at image nor-
malization. Many attempts have also been made to correct for
the effect of topography on the BRF by using 1-D models of
vegetation canopies [8], [10]–[12]. To date, use of these models
has involved the implicit assumption that plant growth is per-
pendicular to the ground surface. We hereafter refer to this type
of model as the Perpendicular to the Ground Vegetation Model
(PGVM). However, it is readily apparent that, with few excep-
tions, trees tend to grow vertically whatever the terrain slope.
This means that we have to consider two additional effects on
the anisotropy of the radiation field when vegetation is on a
slope, compared with when it is on a horizontal surface and com-
pared to the effect of terrain slope and the effect of the vertical
orientation of plant stands.

The purpose of the present paper is to investigate the effect
of integrating terrain slope and vertical plant growth into BRF’s
using the framework of a 1-D vegetation canopy model. Such
a model enables the contribution of the terrain slope and plant
stand orientation to BRF anisotropy to be examined separately,
as a function of the type of leaf orientation. Hereafter, we refer
to this type of model as the Vertical Vegetation Model (VVM).

The VVM presented below is basically an adaptation of the
turbid medium model proposed by Ross [13]. We consider di-
rectly the effect of the terrain slope on the architectural charac-
teristics of the plants and accordingly modify the radiative prop-
erties of the canopy. The hot spot effect is modeled according to
Verstraete [4], but we take into account the effect of terrain slope
on the hot spot geometry. We investigate the differences between
the VVM and PGVM assumptions by comparing albedos and
BRF’s calculated using the two models, for a variety of canopy
leaf angle distributions. Results from the models are also com-
pared with some recent experimental measurements.

II. RADIATION TRANSPORT IN A VEGETATION CANOPY

GROWING ON TILTED TERRAIN

A. Radiative Transfer Equation

The plant canopy on a tilted terrain is represented as a layer
bounded by two parallel planes, a flat lower canopy surface and
a flat canopy top surface, both of which are parallel to the ground



Fig. 1. Two approaches to correcting for the effects of slope by modifying the
upper limit condition (sun position). In the widely-applied PGVM approach,
the vegetation is implicitly assumed to grow perpendicularly to the slope. The
VVM approach assumes the vegetation remains vertical as the terrain is tilted.

surface. To compute the radiative transfer within and from the
vegetation canopy, we consider the canopy top to be illuminated
by monodirectional incident light. The effect of diffuse sky irra-
diance, path irradiance, and diffuse irradiance from surrounding
terrain, is neglected. In this case, we can compute the radiation
field from the canopy on the tilted terrain by modifying only
the condition of direct illumination. Fig. 1 represents schemati-
cally a vegetation canopy growing on tilted terrain for both the
PGVM and VVM models.

The canopy layer is assumed to be uniformly filled with
scattering and absorbing leaves. Radiation of intensitypropa-
gating through a cylinder with length and unit cross–section
oriented at right angles to the direction is decreased by
scattering and absorption and increased by intensities scattered
from the direction into the direction . The radiation balance
in this homogeneous cylinder is [14]

(1)

where is the volume cross-section of photon interaction
along the direction , and is the differential cross-
section in the same direction for intensities coming from direc-
tion . To deal with the radiative transfer through the plant
canopy on tilted ground, we need to define two coordinate sys-
tems, and (Fig. 2). The coordinate system is defined by
the unit vectors and in the horizontal plane and by the ver-
tical unit vector . The coordinate system is a local system
associated with the tilted canopy surface and is defined by the
three unit vectors , , and . The unit vector is taken
along the direction of the steepest slope in the tilted plane, the
unit vector is perpendicular to and parallel
to the ground, and the unit vector is normal to the tilted
terrain. In the system, these unit vectors are expressed as

, , and , where the anglesζ and
η designate the zenith and azimuth angles, respectively, of the
tilted terrain in the system. The components
of the direction vector in the system are transformed into

in the coordinate system with a rotational ma-
trix defined with respect to the, , and system

(2)

Fig. 2. Coordinate systemS is independent of the slope, andS is related to
the sloping terrain.

The 1-D hypothesis requires that the canopy be modeled as
a stratified medium with parallel homogeneous planar layers.
Vegetation growing vertically can be regarded as axisymmetric
and can be arranged in horizontal layers. When the vegetation
is growing on sloped terrain, the axis of the slope normal and
the axis of symmetry of the plants does not, in general, coin-
cide. Thus, we invoke the simplifying assumption of a uniform
vegetation cover where all the layers are filled in an identical
manner.

Let us consider a vertical coordinatelinked to the elemen-
tary cylinder

(3)

where , andθ is the zenith angle of the propagating
direction with respect to the unit vector . Since we assume
uniform canopy properties, we can write (1) as

(4)

where is measured in a positive upwards direction along the
vector . The direction is given by the zenith angleθ
and the azimuth angleφ with respect to orientation of the canopy
surface in the coordinate system.

The upper boundary condition at is given by the
monodirectional source with an intensityπ and an incident di-
rection in the coordinate system

(5)

The incident light is seen from the ground only for the condition
. The lower boundary condition at is given by

(6)

where is the set of downwards direction (i.e.,
and ). The solution of the radiative transfer equa-
tion is separated into three terms: nonscattered radiation (),



singly scattered radiation , and multiple scattering .
An analytical formulation is used to calculate and [15].
The multiple scattering is computed with the Discrete Ordinate
Method (DOM) algorithm for a 1-D, two-angles geometry [16],
but without any symmetry for the phase function, since the veg-
etation vertical axis and the axis used for computation (i.e.,)
do not coincide. The computed radiation field is that for the
coordinate system. Evaluation of the radiative transfer equation
(4), according to the boundary conditions (5) and (6), is suf-
ficient to formulate the PGVM model. However, formulation
of the VVM requires that the vegetation properties and

be modified. The following section describes this
modification.

B. Optical Properties of the Tilted Canopy

In the vegetation layer, only the leaves are considered. The
medium is thus approximated by a turbid medium [13], [16], to
which is added a function to describe the hot spot in order to ac-
count for the shadow-hiding phenomenon [4], [17]. The prop-
erties of the medium thus rely on just two factors: the typical
turbid medium characteristics (attenuation and scattering) and
the hot spot function.

1) Leaf Angle Distribution (LAD):A uniform horizontal
canopy can be characterized by an LAD. The LAD is denoted
by the function and can be approximated by a variety of
analytical forms [13], [18]. The most widely used LAD models
are Bunnik’s discrete LAD [19], the elliptical distribution [5],
and the beta distribution [20]. In this paper, we use Bunnik’s
distribution, which consists of five discrete and typical classes:
planophile (mostly horizontal leaves), erectophile (mostly
vertical leaves), plagiophile (most of the leaves at 45), and
extremophile (a combination of “melting” planophile and
erectophile), and uniform.

When plants grow vertically on tilted terrain, the LAD can
still be defined by in the coordinate space. However,
we have to represent it in coordinate space to calculate the
radiant intensity reflected by the vegetation. We express
hereafter the direction as either or to make explicit the
coordinate system in which the direction is being considered.
To calculate the intensity in direction , we need to know the
vegetation properties in the direction in coordinates at
a given value of . These properties are given by the
function in coordinate space, in the direction .
The distribution function is assumed to be the product
of two independent distribution functions that depend on the
zenith angleζ and azimuth angleη of the leaf normals in the
system. Moreover, the azimuthal distribution of the leaf normals
may be assumed to be random (i.e., the vegetation is considered
to be axisymmetric about the vertical axis. Hence, the LAD can
be fully represented by the distribution function of leaf zenith
angle only. However, we need two angles to represent
the LAD of a uniform canopy on tilted ground in coordi-
nates, because the axis of canopy symmetry and the normal and
the ground no longer coincide (Fig. 2). Hence, for the VVM,
the total interaction cross-section and the differential scattering
cross-sections of the leaves change with the geometrical rela-
tionship between the ground slope and incident radiation.

2) Optical Properties of a Turbid Medium:Following [13],
the attenuation and scattering processes are represented respec-
tively by and , where is the leaf orien-
tation. As done for the function, we only need to trans-
form the direction to the direction to take into account of
the effect of ground slope on and , which
are again defined first in coordinates

(7)

The function represents the total interaction cross-section
of leaves per unit volume in the direction[13], [21]

(8)

The term is the projected area of
leaves that have normals within the solid angle around the
direction , onto a plane perpendicular to the direction. For
a homogeneous vegetation medium with a constant leaf density

, the leaf area index (LAI) can be expressed as

(9)

The scattering of light from the direction into the direction
is defined for an axisymmetric LAD as [18]

(10)

where the function models the scattering scheme of
an individual leaf, assumed to be bi-Lambertian [18]

(11)

For a plant stand growing vertically on a slope, we admit the
same hypothesis and simplifications as for the LAD function
in the coordinate system. Since the plant axis of symmetry
does not coincide with the unit vector, (8) and (10) cannot
be simplified as an integral over one angle in thesystem.
Consequently, at each step of the calculation of (8) and (10), the
function has to be evaluated according to (2), where
depends only on the zenith angleζ in the system.

3) Hot Spot Correction:A range of models is available to
describe the hot spot effect for a horizontal vegetation canopy.
We have to adapt a hot spot model to the context of the VVM
by taking into account the effect of terrain slope on the optical
path length and leaf cross section with respect to an incident ray
of light. Although the most widely used model of the hot spot is
that of Kuusk (described in [22]), the formulation of Verstraete
and colleagues [4] was chosen because it relies on geometrical
considerations which can be easily adapted to the VVM situa-
tion.

In real plant canopies, the leaves are discrete scatterers sepa-
rated from each other by gaps. If an incident ray of light passes



TABLE I
OPTICAL PROPERTIES OFLEAVES AND SOIL

through a gap down to a given depth in the vegetation canopy,
where it encounters a leaf, it will be scattered back in the sun di-
rection unattenuated [23] except for the energy absorbed by the
leaf. However, for scattering directions significantly different
from the sun direction, the attenuation of the scattered radia-
tion is determined by , the coefficient of extinction of the
canopy. When the terrain is tilted, must be corrected to
take account of the modification of the optical path compared
with that in a horizontal canopy. In a horizontal canopy, a cylin-
drical sun beam penetrating down into the vegetation has a ra-
dius equal to the interstitial interval (in a statistical sense)
between the leaves. The correction applied to the coefficient
of extinction is thus parameterized by [4]. If the terrain is
tilted the vegetation remains vertical, as does the space between
leaves. Since the calculations are made with respect to the ter-
rain normal, the circular cross-section of the incoming beam is
seen in the coordinate system as an elliptical cross-section.
Accordingly, we define for the system a circular cross-sec-
tion of equivalent area to the ellipse, with a radiusgiven by

(12)

The equivalent circular cross-section with radiusrepresents
the hot spot parameter appropriate for vegetation growing ver-
tically on a slope. For the particular case of horizontal terrain,
we have .

III. EVALUATION OF THE PLANT STAND ORIENTATION EFFECT

Two factors have to be considered when modeling the ef-
fect of topography on radiation reflected by vegetation canopies.
The first factor is the terrain slope itself, and the second is the
tendency of plant stands to remain oriented vertically regardless
of slope. In this section, we show how the orientation of the plant
stand affects both the albedo and BRF of vegetation canopies, by
comparing results from simulations using the VVM and PGVM.
This is investigated as a function of vegetation type as repre-
sented by variations in the LAD. Predictions from the VVM and
PGVM are also compared with measurements of reflectance ob-
tained for a vegetation canopy on a relatively steep slope.

A. Conditions of the Simulations

The reflectance and transmittance of the bi-Lambertian leaves
and the soil albedo we used are reported in Table I and corre-
spond to typical values of vegetation optical properties observed
at red and near-infrared (NIR) wavelengths [24]. Table II lists
the conditions common to all simulations. The soil was chosen
as dark because we are primarily interested in the effect of veg-
etation properties on the albedo and BRF. To compute the radi-
ation field for various values of the LAI, we fixed the leaf den-

TABLE II
COMMON CONDITIONS FOR THESIMULATIONS

sity constant equal to 1 mm and varied the depth of the
vegetation canopy from 1 m to 10 m. Thus, increases in
simulates an increasing LAI, and should be understood as an
optical depth and not as a real length. Note that a given value of
leaf density for a horizontal canopy will result in differing values
of LAI under the differing plant stand orientation assumptions
in the VVM and PGVM for nonrandom LAD’s.

In the present study, we used a constant sun zenith angle of
32 with respect to the coordinate system. We tilted the ter-
rain in such a way that the principal plane was always kept per-
pendicular to the tilted terrain. With this configuration, the sun
incidence angle with respect to the terrain may assume values
over the entire possible range. When the normal to the terrain
has an azimuth = 0 , the terrain is tilted in the direction of
the sun, and when the normal has an azimuth of= 180 ,
the terrain is tilted in the direction opposite the sun. To allow a
comparison with experimental data only, simulations were also
performed for the slope oriented at = 90 (Section II-D).

B. Impact of Plant Stand Orientation on the Albedo and BRF

The difference between the VVM and PGVM approaches re-
sides only in the differing assumptions that the two models make
about plant stand orientation. We now examine the variation in
the values of albedo and BRF calculated using the two models
as a function of terrain slope angle. The sloped terrain is illu-
minated by the sun only if the condition in (5) is satisfied. In
all calculations and graphics that follow, the values of albedo
and BRF are derived from the radiant energy that upwells from
the surface through a horizontal plane (that is, the values are re-
ported with respect to coordinate system.

1) The Albedo:Fig. 3 represents the albedo at red wave-
lengths for a vegetation canopy with an optical depth of 1 m
as a function of terrain slope for Bunnik’s five LAD’s. For data
presented in this figure, we have not considered the hot spot ef-
fect.

The values of albedo calculated from both the VVM and
PGVM exhibit quite similar variations with terrain slope. For
both models, the albedo is always larger for a tilted surface than
for a horizontal surface whenever the terrain is tilted toward the
sun with a slope angle less than about 50. For example, the
PGVM albedo for planophile leaves is about 0.029 for a hori-
zontal surface, while it increases to the maximal value of 0.033
(an increase of more than 10%) for terrain tilted by 20. The
maximal albedo occurs, for most of the plant types, when the
terrain is tilted toward the sun direction by an angle of about
20 . This means that the maximal energy is reflected from the
sloped terrain when the incident radiation is not exactly normal
to the terrain. The albedo of the tilted surface becomes smaller
than the albedo of the horizontal surface only when the terrain is
tilted away from the sun direction or when tilted toward the sun



Fig. 3. Albedos computed with the PGVM (dotted lines) and VVM
(continuous lines) with respect to the terrain slope for red wavelengthsz = 1
m and no hot spot. The LAD’s are: +: planophile,�: erectophile,−: plagiophile,
}: extremophile, and4: uniform. Slope angles to the right of zero are tilted
toward the sun(� = 0 ), whereas those to the left of zero are tilted away
from the sun(� = 180 ).

direction by a very large angle. That is, whenever the incidence
angle for the tilted surface is larger than that for the horizontal
surface.

Fig. 3 shows that the albedo varies with the preferred orienta-
tion of leaves. The variation decreases in the order of planophile,
plagiophile, extremophile, uniform, and erectophile for any ter-
rain slope, for both the PGVM and VVM. This variation of the
albedo with LAD is expected, because regardless of the plant
stand orientation adopted in the models, the total interaction
cross-section of leaves increases with sun irradiance as the leaf
orientation becomes more horizontal. In spite of this similar be-
havior overall, there are some interesting differences between
the albedos predicted by the VVM and PGVM. As the incidence
angle with respect to the tilted terrain surface becomes large,
the albedo of the tilted surface calculated using the PGVM be-
comes quasi-independent of the leaf orientation (the effect due
to LAD tends to disappear). In contrast, the LAD has a signifi-
cant effect on albedos calculated with the VVM at all incidence
angles. These trends are expected, because the sun-leaf orienta-
tion geometry does not change with terrain slope in the VVM
as it does in the PGVM.

In order to make the plant stand orientation effect more clear,
we computed a relative difference for the albedos calcu-
lated from the VVM and PGVM. It is defined as

(13)

where is the albedo of a vegetation canopy with a slope of
, and the subscripts ‘VVM’ and ‘PGVM’ stand for the VVM

and the PGVM approaches, respectively.
Fig. 4 (red wavelengths) and Fig. 5 (NIR wavelengths) show

the relative difference in albedo as a function of terrain slope and
LAD. In Fig. 4, the upper figures are for an optical depth of 1 m,
and the lower figures are for an optical depth of 10 m. To pro-
vide data for these graphics, we computed the albedo according
to the VVM and PGVM with and without the hot spot correc-

tion. The graphics without the hot spot correction are given on
the left, and those with the hot spot correction are on the right.
As expected, there is no difference in the albedo between the
VVM and PGVM for the uniform LAD when the hot spot cor-
rection is not considered. A slight difference of less than 1% can
be observed when this correction is included, due to the small
differences between the hot spot radius for the two models. Be-
cause it has little effect on the albedo, in Fig. 5, the hot spot is
not considered. For LAD’s other than uniform, in Figs. 4 and 5,
the variation of the albedo relative difference with terrain slope
changes significantly with leaf orientatio (in other words, with
the type of vegetation). Note that the albedo calculated from the
VVM is the same as that from the PGVM for the case of hori-
zontal terrain for all the LAD’s, as expected.

Since the overall variation in the albedo relative difference is
quite similar for all the figures in Figs. 4 and 5, the comments
that follow in this paragraph are made using the results for the
1-m optical depth canopy as a typical example [Fig. 4(a)]. For
the planophile LAD, as the terrain slope varies from 50away
from the sun direction to 20toward it, the relative difference

at red wavelengths decreases from +0.3 to a minimum of
about−0.04. Then, as the slope of the terrain increases from 20
toward the sun to 80toward the sun, it increases from the min-
imum to about 0.14. The plagiophile LAD exhibits a similar
variation, except it decreases from about0.13 to about−0.05,
then increases to 0.08. The minimum relative difference oc-
curs for slopes of about 30to 40 toward the sun for the pla-
giophile LAD. For the erectophile LAD, we observe a reverse
variation. As the terrain slope varies from 50away from the sun
to 20 toward the sun, the relative difference at red wave-
lengths increases from−0.10 to a maximum of about 0.02.
Then, as the slope of the terrain continues to increase from 20
toward the sun to 80toward the sun, the relative difference de-
creases from the maximum to about−0.06. For the extremophile
LAD, which is a mixture of the planophile and erectophile, the
albedo relative difference varies like the planophile LAD, ex-
cept that it does not exhibit any negative value, and it tends to
saturate at about +0.08 beyond a slope angle of about 60. This
behavior can be interpreted as resulting from the compensation
of two opposing trends in the variation of the relative difference
of the planophile and erectophile LAD’s. Note that this com-
pensation happens in spite of the fact that the planophile LAD
shows an albedo relative difference with a negative excursion
that is greater in magnitude than the positive excursion for the
erectophile LAD.

When the optical depth of the canopy increases from 1 m to 10
m, the variation of with terrain slope exhibits only a very
slight increase at red wavelengths, and a slight shift of the slope
angle corresponding to the minimum or maximum relative dif-
ference for each LAD. This may be due to the large absorption
of red light by leaves. For NIR wavelengths (Fig. 5), the situ-
ation is quite different. The increase in the optical depth (and
consequently the LAI) of the canopy by a factor of ten results
in a reduction of the relative difference by about 50% for posi-
tive excursions of the relative difference for the planophile and
plagiophile LAD’s, and for the negative excursion of the erec-
tophile LAD. However, it is interesting that such a large reduc-
tion is not seen for negative excursions of the relative difference



Fig. 4. Comparison of albedos for red wavelengths. Figures on left: no hot spot. Figures on the right:r = 0:1 m. Figures at the top (a):z = 1 m. Figures at
the bottom (b):z = 10 m. The LAD’s are +: planophile,�: erectophile,−: plagiophile,}: extremophile, and4: uniform. Slope angles to the right of zero are
tilted toward the sun(� = 0 ), whereas those to the left of zero are tilted away from the sun(� = 180 ).

for the planophile and plagiophile LAD’s, nor for the positive
excursion of the erectophile LAD.

The above results show that the effect of plant stand orienta-
tion on the albedo varies with the type of vegetation, the wave-
length, and the canopy LAI. However, it is also apparent that
plant stand orientation affects the albedo to a much smaller ex-
tent than does terrain slope by itself. These results are not com-
pletely unexpected, because the albedo is an integral parameter
that tends to smooth out local differences in bidirectional re-
flectance.

2) The BRF: To evaluate the effect of terrain slope and plant
stand orientation on the BRF, we computed the BRF for the
VVM and PGVM with the hot spot correction included. We
considered the two cases of the principal plane set perpendic-
ular to the tilted terrain, with the terrain normal in the direction

20 , 0 or 180). The sun direction is given by

32 and 0 , and the hot spot parameter was taken as
0.1 m. To compare the BRF between the VVM and PGVM, we
again calculate a relative difference, this time for the BRF as
defined by

(14)

where represents the bidirectional reflectance
factor in the direction in the coordinate system. The
directional distribution of the relative difference is
plotted as three-dimensional (3-D) surface and two-dimensional
(2-D) iso-contour graphics (Figs. 7 and 8). The center of the
plots is the nadir direction in the system (Fig. 2). The con-
centric circles in the iso-contour plots indicate the view zenith



Fig. 5. Comparison of albedos for NIR wavelengths without the hot spot. Figure on the left (a):z = 1 m, figure on the right (b):z = 10 m. The LAD’s are +:
planophile,�: erectophile,−: plagiophile,}: extremophile, and4: uniform. Slope angles to the right of zero are tilted toward the sun(� = 0 ), whereas those
to the left of zero are tilted away from the sun(� = 180 ).

angle every 10. For tilted terrain, the radiation cannot be re-
flected upward from the tilted terrain into the complete upper
hemisphere. Hence, the resulting plots lack some
portion of the hemisphere depending on the direction of the ter-
rain slope.

Let us consider first the uniform LAD, whose scattering
phase function is isotropic. Consequently, its BRF without the
hot spot correction should not depend on the terrain slope.
However, when the hot spot correction is included, there is a
very small difference in the BRF between the VVM and PGVM
(Fig. 6). This occurs because the circular shape for the hot spot
representation has a different cross-section for incident solar
radiation depending on whether the vegetation is vertical or not.
Fig. 6(a) corresponds to the BRF relative difference obtained
for terrain tilted away from the sun direction by 20, and Fig.
6(b) for terrain tilted toward the sun direction by 20. For a
slope tilted away from the sun, the hot spot correction leads to
a modification of the BRF that results in a relative difference
of about 2.5% near the hot spot direction. For directions away
from the hot spot, the BRF relative difference remains at
about 0.5% and does not depend on the observation direction

. For a slope tilted toward the sun direction , the
interaction cross-section of the solar beam is larger forthan
for , resulting in . This situation
is inverted for a slope azimuth of = 180 . In the exact
hot spot direction, the BRF relative difference is zero since
for isotropic scattering properties, the radiation entering from
the sun direction and scattered back in this exact sun direction

does not depend either on the hot spot radius or on the
vegetation orientation direction. Only the radiation scattered in
directions near the hot spot direction is significantly affected
in different ways by the VVM and PGVM calculations. The
relative difference between the PGVM and VVM is small,
although not zero, in directions other than near the hot spot
direction.

The relative differences of the BRF at red wavelengths are
shown for the LAD’s in Figs. 7 and 8 [(a) planophile, (b) erec-
tophile, (c) plagiophile, and (d) extremophile]. Fig. 7 corre-
sponds to tilting of the terrain by toward the sun direction,
and Fig. 8 to tilting of away from it. The amplitude and
sign of the relative difference for a given LAD vary greatly with
the sun, viewing, and slope angle geometry. For the planophile
LAD, Fig. 7 shows that the relative difference reaches about
−25% for backward directions, while it becomes slightly pos-
itive (less than 5%) for forward directions. In contrast, Fig.
8(a) shows a similar directional distribution of the relative dif-
ference, but of the opposite sign: the relative difference reaches
about 25% for backward directions, while it is slightly nega-
tive (less than−5%) for large forward directions. For the erec-
tophile LAD [Figs. 7(b) and 8(b)], the BRF relative difference
is always less than 5% in amplitude, while its sign is reversed
from mainly positive [Fig. 7(b)] to mainly negative [Fig. 8(b)]
as the slope tilts toward and away from the sun, respectively. For
the plagiophile LAD, Fig. 7(c) exhibits a large region of slightly
positive relative difference (less than5%) around nadir and a
narrow peripheral zone of large negative difference (more than
−20%). In contrast, Fig. 8(c) shows the relative difference is
negative (less than−5%) around the direction = 40 ,
= 180 ) and increases to 15% in the peripheral zone. For the
extremophile LAD, the relative difference is small [negative in
Fig. 7(d) and positive in Fig. 8(d)] in backward directions and
increases to 20% [positive in Fig. 7(d) and negative in Fig.
8(d)] in forward directions.

These directional distributions of the BRF relative difference
show that the plant stand orientation effect is more important
for the planophile and extremophile LAD’s than the plagiophile
and erectophile LAD’s, since horizontally oriented leaves
intercept a larger amount of solar radiation than vertically
oriented leaves. However, the plant stand orientation effect
changes as a function of the incidence angle and azimuth



Fig. 6. Comparison of BRF’s computed with the VVM and PGVM for a uniform LAD, with a hot spot(r = 0:1 m), for red wavelengths.

angle of the radiation with respect to the tilted surface. The
occurrence of positive and negative BRF relative differences
for a given configuration explains why the albedo relative
difference remains small for the plagiophile and extremophile
LAD’s.

3) Global Estimation of the Plant Stand Orientation Ef-
fect: Because the directional distribution of the BRF relative

difference varies considerably from one configuration to
another, it is rather difficult to provide an overall picture of its
dependence on LAD and terrain orientation. The bidirectional
reflectance distribution exhibits a complex shape with positive
and negative regions, and often the BRF relative difference
increases strongly for a large oblique viewing angle. Hence,
to provide a global picture of the plant stand orientation effect,



Fig. 7. BRF relative difference between the VVM and PGVM for red wavelengths. The terrain has a slopeN(� = 20�, � = 0�) in the direction of the sun

 (� = 32�, � = 0�). The layer thickness isz = 1 m.

we define an index of the effect , that is, the weighted
sum of the BRF relative difference for each direction, given by

(15)

where represents the weighting for each direction, and
is the number of directions. This weighting was chosen be-

cause in most of the cases, a satellite-borne radiometer cannot
observe with a zenith angle greater than 70. In this way, we em-
phasize the relative difference in the BRF around nadir, which is
particularly important from the point of view of remote sensing
of the earth’s surface. We computed this index for red and NIR
wavelengths and for all LAD types. Hereafter, we call this index
the “VVM index.” We used four optical depths of the canopy: 1,
2, 5 and 10 m, respectively, and four different slope orientations,

consisting of two slope angles of 10and 20, each pointing both
toward and away from the sun direction.

Fig. 9 shows the VVM index at red and NIR wavelengths
for both a 20 [Fig. 9(a)] and 10 [Fig. 9(b)] slope. In these
figures, we represent the values with and without the hot spot
correction with the same symbols. The values with the hot spot
correction are always slightly higher than those without the hot
spot correction.

When the LAD and the optical depth of the canopy are fixed,
the VVM index is smaller for a 10slope than for a 20slope by
a factor larger than 1.5 for both red and NIR wavelengths. The
effect of the terrain slope therefore decreases with decreasing
slope angle, as expected. For a given sun/terrain-slope config-
uration, the VVM index varies with the optical depth of the
canopy, the wavelength, and the type of LAD. The VVM index
is, in general, larger for red than for NIR wavelengths for all



Fig. 8. BRF relative difference between the VVM and PGVM for red wavelengths. The terrain has a slopeN(� = 20�, � = 180�) in the opposite direction
to the sun
 (� = 32�, � = 0�). The layer thickness isz = 1 m.

types of LAD except extremophile. However, the index exhibits
a larger variation with optical depth for NIR than for red wave-
lengths, again, except for the extremophile. Another interesting
point is that the VVM index for NIR wavelengths decreases as
the optical depth of the canopy increases, whereas its counter-
part at red wavelengths exhibits only a very slight dependence
on optical depth for all LAD types except the extremophile. As
expected, the planophile LAD shows the largest VVM index at
both red and NIR wavelengths for most of the situations mod-
eled except for red wavelengths, for which the terrain is tilted
toward the sun. In this latter situation, the VVM index becomes
larger for the extremophile than for the planophile canopy. The
erectophile LAD is the least sensitive to the effect of plant stand
orientation. These results tend to show that the extremophile be-
haves in quite a different manner from the other LAD types.

4) Comparison with Measured Data:A preliminary vali-
dation of the VVM approach has been performed using re-

flectance data derived from measurements of radiance from
a canopy of juvenile trees placed on a topographically ori-
entable platform. The experimental system, described in de-
tail elsewhere [25], allows the slope and azimuth of the
canopy to be varied independently as a function of sun
zenith and azimuth angles. A simple imaging radiometer,
constructed from a digital camera and a filter wheel, is used
to measure variations in radiance. Using this system, a set of
radiance data has recently been acquired for a broad-leaved
canopy (pittosporum tenuifoliumvar. silver sheen). Measure-
ments were made as a function of sun azimuth and view
zenith angles for the canopy when horizontal and at a 45
slope. The sun zenith angle was 32and varied less than 2
during measurements. The broad-leavedpittosporumcanopy
can be considered as having an approximately planophile
LAD, which is the canopy type that exhibits the largest BRF
relative differences in Figs. 7–9.



Fig. 9. VVM index for red and NIR wavelengths for slopes of� = =20� and� = 10�. For each case, the slope is oriented with� = 180� (away from the
sun) or� = 0� (toward the sun). Leaf orientations are: planophile (plan), erectophile (erec), plagiophile (plag), extremophile (extr), and uniform (uni). The VVM
index is calculated forz = 1 (+), 2(�), 5 (}), and 10 m(4), with and without the hot spot. The index value is always larger if the hot spot is included.

To compare the VVM results with the experimental data, we
make use of the parameter ,
the ratio of canopy reflectance at a slope angle of 45to that
when the canopy is horizontal. The variation in this parameter
as predicted by the VVM as a function of view zenith and sun
azimuth angles is quite large and is shown in Fig. 10. Experi-
mental data, available for a subset of the conditions shown in

Fig. 10, are given in Table III, together with values predicted by
both the VVM and PGVM approaches. In the case of the VVM,
the agreement between the measured and predicted values of
the reflectance ratio is most encouraging, with values usually
agreeing within the expected measurement error. Considerably
poorer agreement is obtained between measured reflectance ra-
tios and those predicted with the PGVM, particularly at larger



TABLE III
COMPARISON OFMEASUREDREFLECTANCERATIOS FOR A BROAD-LEAVED CANOPY WITH THOSEPREDICTED FROM THEVVM AND PGVM FOR A PLANOPHILE

CANOPY, AT A SLOPE ANGLE OF 45�. THE ACCURACY OF THEMEASUREDREFLECTANCERATIOS IS ESTIMATED AS�10%. NEGATIVE VIEW ZENITH ANGLES

INDICATE AN OFF-NADIR ANGLE IN THE DIRECTION OF THETOP OF THESLOPE. SLOPEAZIMUTH ANGLES AREMEASUREDRELATIVE TO THE PRINCIPAL PLANE

slope azimuth angles and as view zenith angles decrease. It
should be noted that the reflectance ratios derived from radiance
measurements have been corrected for the effects of diffuse il-
lumination, because the reflectance ratio predicted by the VVM
or PGVM is that for direct beam illumination only. This correc-
tion has been performed by assuming that the diffuse irradiance
is uniformly distributed over the sky hemisphere and has a mag-
nitude such that 10% of the radiance from a horizontal canopy
is from diffuse sources.

IV. CONCLUSIONS

A 1-D model was developed for bidirectional reflectance
from a plant canopy on a hillslope. The model takes account
of both the terrain slope and the tendency of plants to grow
vertically regardless of slope because of the orienting effects of
gravity. The model is based on the turbid medium assumption
and includes a correction for the hot spot effect. This model,
the VVM, was compared with a classical PGVM to evaluate
the impact of plant stand orientation and terrain slope on the
albedo and BRF of a vegetation canopy for a range of leaf angle
distributions.

The albedo of a vegetation canopy on tilted terrain may be-
come larger or smaller than that of horizontal terrain for both
the VVM and PGVM, depending on the particular configura-
tion of the sun direction and terrain slope. In addition to the
effect of terrain slope, the albedo of the vegetation canopy also
shows a dependence on the orientation of the plant stand. The

Fig. 10. Ratio ofBRF (� = 45 )=BRF (� = 0 ) as modeled with the
VVM for red (thin lines) and NIR (thick lines) wavelengths at a sun zenith angle
of 32� and slope azimuth angles relative to the principal plane of 0� (continuous
line), 90� (dotted line), and 180� (dash and dot line).

relative difference in the albedo calculated using the VVM and
PGVM approaches is less than 10% for small to moderate slope
angles and reaches 20% when illuminated at very oblique inci-
dence angles. The amplitude and sign of the albedo relative dif-
ference changes significantly with the type of leaf orientation,
with the largest effects being observed for a planophile LAD
and the smallest for an erectophile LAD.

The effect of plant stand orientation on the BRF follows no
simple general rule in terms of variation with the optical depth
of the canopy, sun/terrain-slope configuration, wavelength, or
LAD type. The relative difference in the BRF’s calculated using



the VVM and PGVM changes greatly in overall pattern, ampli-
tude, and sign with LAD type and sun/terrain-slope configura-
tion. For the planophile, plagiophile, and extremophile LAD’s,
the relative difference can reach more than10% for small to
moderate observation angles of less than 60off-nadir.

The retrieval of earth surface characteristics relies on the mea-
surement of radiance in the range of observation angles up to
60 . This means that both terrain slope and plant stand orienta-
tion must be taken into account for accurate retrieval of earth
surface vegetation parameters. The use of the PGVM assump-
tion for parameter retrieval over sloped terrain may lead to sig-
nificant errors in the values of the parameters because of the
orienting effects of gravity on plant stands. Present indications,
based on an initial comparison of predicted and measured re-
flectance ratios, suggest that predictions of the VVM are con-
sistent with changes in reflectance observed for real vegetation
canopies as a function of variation in terrain slope, wavelength,
and view zenith and slope azimuth angles. Since the computing
cost in using the VVM is not much greater than that of the
PGVM, it may be more appropriate to use the VVM in the re-
trieval of earth surface vegetation parameters.
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