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GOST: A Geometric-Optical Model
for Sloping Terrains

Weiliang Fan, Jing M. Chen, Weimin Ju, and Gaolong Zhu

Abstract—GOST is a geometric-optical (GO) model for sloping
terrains developed in this study based on the four-scale GO model,
which simulates the bidirectional reflectance distribution function
(BRDF) of forest canopies on flat surfaces. The four-scale GO
model considers four scales of canopy architecture: tree groups,
tree crowns, branches, and shoots. In order to make this model
suitable for sloping terrains, the mathematical description for the
projection of tree crowns on the ground has been modified to
consider the fact that trees grow vertically rather than perpen-
dicularly to sloping grounds. The simulated canopy gap fraction
and the area ratios of the four scene components (sunlit foliage,
sunlit background, shaded foliage, and shaded background) by
GOST compare well with those simulated by 3-D virtual canopy
computer modeling techniques for a hypothetical forest. GOST
simulations show that the differences in area ratios of the four
scene components between flat and sloping terrains can reach
up to 50%–60% in the principal plane and about 30% in the
perpendicular plane. Two case studies are conducted to compare
modeled canopy reflectance with observations. One comparison
is made against Landsat-5 Thematic Mapper (TM) reflectance,
demonstrating the ability of GOST to model canopy reflectance
variations with slope and aspect of the terrain. Another compar-
ison is made against MODIS surface reflectance, showing that
GOST with topographic consideration outperforms that without
topographic consideration. These comparisons confirm the ability
of GOST to model canopy reflectance on sloping terrains over a
large range of view angles.

Index Terms—Canopy structure, geometric-optical (GO) mod-
eling, radiative transfer, remote sensing, sloping terrains.

NOMENCLATURE

A Vertical projected area of a quadrat.
B Vertical projected domain area.
D Number of trees in domain B.
G(θ) Projection of unit leaf areas.
H Effective height.
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h Tree height Ha +Hb +Hc.
Ha Height of the lower part of the tree (trunk

space).
Hb Height of cylinders.
Hc Height of cones.
L Leaf area index (LAI).
Lo Mean LAI accumulated over the view or sun

path within one tree crown.
Lt Clumping-adjusted projected tree crown area

index.
m Mean number of trees in a quadrat.
m1 Mean number of cluster per quadrat.
m2 Cluster mean size.
n Number of quadrats in domain B.
Nt(λ) Gap number density function between

canopies.
PG Probability of sunlit ground area in the view

directions.
Pgap(θ) Gap probability within a tree at angle θ.
Pig Probability of sunlit ground area.
Pvg Probability of viewing ground area.
Pvg_r Probability of viewing ground area for ran-

dom tree distribution.
Pvg_c Probability of viewing ground area for clus-

tered tree (Neyman distribution).
PT Probability of viewing sunlit foliage.
P (x) Poisson distribution.
PN (i;m1;m2) Neyman type-A distribution.
r Radius of the tree crowns.
R Total reflectance.
RG Ground reflectance.
RT Tree reflectance.
RZG Shaded ground surface reflectance.
RZT Shaded tree surface reflectance.
S The projected sloping quadrat area in the view

direction.
s̄(θ) Mean path length within a crown.
ta(θ) Tree crown surface area at θ.
V Volume of a tree.
Ws Mean width of element shadows cast inside

tree crowns.
Wt Characteristic mean width of tree crowns pro-

jected to the ground.
α Half apex angle.
γE Needle-to-shoot area ratio.
ΩE Clumping index for shoots.
Ωt Clumping index for trees.
λ Gap size.
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λmin Minimum gap size for having an illuminated
surface.

φg Azimuth angle of the sloping background.
φv View azimuth angle.
φs Solar azimuth angle.
φgv Relative azimuth angle between the viewer

and the sloping background.
φsv Relative azimuth angle between the sun and

the viewer.
φsg Relative azimuth angle between the sun and

the sloping background.
θg Slope of the sloping background or zenith

angle of the sloping background.
θ′s Solar zenith angle to the horizontal back-

ground.
θs Solar incidence angle to the sloping back-

ground.
θ′v View zenith angle to the horizontal back-

ground.
θv View zenith angle to the sloping background.
ξ Angle difference between the sun and the

viewer.
SPT Percentage of sunlit points in viewed points.

I. INTRODUCTION

THE vegetation structure significantly affects its exchanges
of matter and energy with the atmosphere, and therefore,

vegetation structural parameters are important basic data for
global change research. Geometric-optical (GO) models, as one
kind of forest reflectance models, are suitable for developing
algorithms for vegetation structural parameter retrieval because
of their emphasis on vegetation structure and its interaction with
radiative transfer processes in the canopy [1]–[4].

GO models have been well developed in the 1990s and early
2000s with the addition of radiative transfer schemes to address
the complex multiple scattering issues in the canopy [5]–[7].
In recent years, the attention of many GO modelers have been
turned to the applications of GO models for retrieving struc-
tural parameters such as LAI, clumping index, crown closure,
and crown diameter [8]–[13]. Moreover, GO models are also
used for canopy background reflectance retrieval [14]–[16],
microwave modeling [17], and LiDAR analysis [18]–[20].

Many studies have shown that complex terrains strongly
influence the canopy reflectance detected by sensors [21]–[23].
However, GO models are generally based on geometric re-
lationships among solar zenith angle, view zenith angle, and
relative azimuth angle between the sun and the viewer. They
are only suitable for retrieving structural parameters of forests
growing on flat terrains; however, forests are often found over
complex terrains, which are particularly common in China.

A GO model consists of mathematical expressions of the
canopy structure and within-canopy radiative transfer pro-
cesses. Complex terrains influence both expressions [24], [25].
However, GO models usually only consider geometries of
canopy structural components on a flat background [1], [2],
[26]–[28]. Topographic corrections are generally used to reduce
the topography effects on canopy bidirectional reflectance [22],

[29], [30]. However, these types of corrections aim only at
image angular normalization [31] and are not based on fun-
damental mechanisms of the canopy radiative transfer and its
interaction with the sloping background. Some studies have
gone beyond these simple correction methods. For example,
Schaaf et al. [24] attempted to establish a GO model suitable for
sloping terrains based on the Li–Strahler GO model. This model
transformed ellipsoidal crowns into spherical shapes in 3-D
space to simplify the projection of these crowns on a sloping
surface. However, this approach is not suitable for crowns
that are different from the spherical shape. Combal et al. [31]
pointed out that the model of Schaaf et al. [24] uses an implicit
assumption that trees are perpendicular to the sloping surface
and classified this type of models as Perpendicular to the
Ground Vegetation Model. In reality, most trees grow vertically
whether on a sloping surface. For applicability on complex
terrains, it is necessary to establish a GO model considering
the sloping canopy structure and radiative transfer mechanisms
in the sloping canopy.

A GO model can be evaluated using observations against var-
ious outcomes of the model, including 1) modeled reflectance
[2], [27], [32]; 2) inverted canopy parameters [1], [10], [33],
[34]; and 3) modeled canopy gap fractions [2], [27], [35].
These outcome-based evaluations may not be sufficient because
intermediate errors in producing an outcome could cancel each
other. With the development of computer technology, 3-D
virtual canopy modeling [36]–[38] could be an effective way
to evaluate not only the outcome but also the intermediate
modeling results, such as the fractions of the sunlit and shaded
foliage and background. This new evaluation tool has allowed
us to evaluate GOST in its various development stages.

In this paper, we focus on the development of a GO model
suitable for sloping terrains (GOST) based on the four-scale
GO model [27] developed for flat terrains. GOST considers a
sloping canopy structure with trees growing vertically rather
than perpendicularly to sloping surfaces. We make a compar-
ison between GOST and a 3-D virtual computer model to prove
that GOST has the ability to simulate the canopy gap fraction
and area ratios of the four scene components (sunlit foliage,
sunlit background, shaded foliage, and shaded background).
The reflectance retrieved from a Landsat Thematic Mapper
(TM) image and MODIS images are used to evaluate GOST
performance.

II. MODEL DESCRIPTION

The reflected signals received by sensors are assumed to be
composed of signals from four scene components: sunlit foliage
(PT ), sunlit ground (PG), shaded foliage (ZT ), and shaded
ground (ZG). The total canopy reflectance is

R = RT · PT +RG · PG +RZT · ZT +RZG · ZG (1)

where PT and PG are the sunlit components that intercept the
direct sunlight, and ZT and ZG are the shaded components
receiving only the diffuse radiation from the sky and scattered
radiation in the canopy. RT , RG, RZT , and RZG are the
reflectance factors of the four scene components in GOST.
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Fig. 1. Coordinate system of photon interaction with a canopy on a sloping
background. E, S, W, and N are the east, south, west, and north directions to the
horizontal ground. Z is the vertical direction to the horizontal ground. Z’ is the
vertical direction to the sloping ground.

Here, the vegetation and background components in the view
direction will be first separated based on the gap fraction, and
the four scene components will then be separated on sloping
terrains.

A. Determining the Coordinate System for a Sloping Canopy

GO models, such as the four-scale GO model, assume that
trees are perpendicular to the background surface. The projec-
tion of tree crowns on the background is described using the
solar zenith angle (θ′s), view zenith angle (θ′v), and relative
azimuth angle between the sun and the viewer (φsv) for the
horizontal surface. In GOST, the projection of forest scene com-
ponents on sloping terrains is described using additional an-
gles, including the solar incidence angle to the sloping surface
(θs, cos(θs) = cos(θg) cos(θ

′
s) + sin(θg) sin(θ

′
s) cos(φsg)),

view incidence angle to the sloping surface (θv, cos(θv) =
cos(θg) cos(θ

′
v) + sin(θg) sin(θ

′
v) cos(φgv)), and slope (θg)

and aspect (φg) (see Fig. 1).

B. Tree Distribution

The canopy gap size and gap fraction distributions are de-
termined by the tree distribution. Chen and Leblanc [27] stud-
ied both the random Poisson distribution and the nonrandom
Neyman type-A distribution [39] for describing the tree distri-
bution. The results showed that the Neyman type-A distribu-
tion is better than the Poisson distribution in capturing a tree
distribution pattern in a boreal forest. However, the Poisson
distribution can be used as a backup approach when detailed
tree distribution data are lacking. These two distributions are
alternatively used in GOST, and other types of distributions can
also be used to replace them. In GOST, a study area is divided
into a number of quadrats in order to obtain a statistical tree
distribution. The Poisson distribution is

P (x) =
e−mmx

x!
(2)

where P (x) is the probability of finding x trees in a quadrat. m
is the mean number of trees in a quadrat. In order to avoid overly

Fig. 2. Projections of tree crown and background. (a) Projection area ta of
a tree crown in the sunlight or viewer direction. (b) Projection area S of the
sloping background in the sunlight or viewer direction. The arrow directions
are the sunlight or viewer directions.

populated quadrats that could be difficult to handle numerically,
Chen and Leblanc [27] gave an example: For a 100 × 100 m
domain with 3000 trees, it is preferable to divide the domain
into at least ten quadrats.

The Neyman type-A distribution assumes that trees are first
combined in clusters, and the spatial distribution of the center
of a cluster follows the Poisson process, that is

PN (i;m1;m2) = e−m1
mi

2

i!

∞∑
j=1

[m1e
−m2 ]

j

j!
· ji

i = 0, 1, 2, · · · (3)

where PN (i;m1;m2) is the probability of finding i trees in
a quadrat, m1 is the mean number of clusters per quadrat,
m2 is the cluster mean size, and j is the cluster number in a
quadrat.

The tree crown distribution on sloping terrains is assumed to
be the same as that on a flat terrain at nadir, and the number of
tree crowns projected in the vertical direction is assumed to be
invariant on different slopes.

C. Projection of Tree Crowns on the Sloping Background

In GO models, a tree is generally assumed to be an ideal
3-D geometric shape according to the geometric characteristics
of tree species, such as cone [1], [32], ellipsoidal [28], [40],
and “cone + cylinder” [27]. Rautiainen et al. [41] indicated
that the shape of tree crowns is one of the key parameters for
determining the canopy bidirectional reflectance. The “cone +
cylinder” shape is used in GOST for coniferous tree crowns.
However, other geometric shapes can also be used to replace it
as needed.

The projection of tree crowns on the background is the basis
to model the scene components using a GO approach. For
the purpose of designing the new projection relationship, the
“cone + cylinder” projected area ta [see Fig. 2(a)] and sloping
background projected area S [see Fig. 2(b)] in the viewer
and sunlight directions should be considered. Therefore, tree
crowns are projected onto the sloping background in GOST
using ta/S in the sunlight and view directions, separately.
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Fig. 3. Topographic effects on the gap size. (a) If the sunlight or view direction
is facing the sloping background, the gap fraction and gap size between crowns
increase with the increasing slope. (b) If the sunlight or viewer direction is
not facing the sloping background, the gap fraction and the gap size between
crowns decrease with the increasing slope.

The “cone + cylinder” projected area in the view direction is

ta (θ
′
v) =

⎧⎨
⎩

πr2 + 2r sin (θ′v)Hb θ′v = 0
πr2 cos (θ′v) + 2r sin (θ′v)Hb θ′v < α
πr2 cos (θ′v) + tact + 2r sin (θ′v)Hb θ′v > α

(4)

where r is the radius of the tree crowns, Hb is the height of
cylinders, α is the half apex angle, and tact is the top part
of the tree crown projected area in the view direction (see
the Appendix). Using θ′s instead of θ′v , (4) gives the “cone +
cylinder” projected area in the sunlight direction.

The projected sloping quadrat area in the view direction is

S = A · cos(θv)/ cos(θg) (5)

where A is the projected quadrat area at nadir, and A/ cos(θg)
is the sloping background area. Using θs instead of θv , (5) gives
the projected sloping area in the sunlight direction.

D. Separating Foliage and Background on Sloping Terrains

The gap fraction is used to separate foliage and background
on sloping terrains in GOST. In forest canopies, leaves are
clumped within tree crowns, and trees are grouped rather
than randomly distributed. Therefore, the gap fraction within
a canopy is composed of those between and within tree
crowns.

Fig. 3 shows that the gap fraction of a canopy is strongly
influenced by sloping terrains. The new projection ta/S is used
for calculating the gap fraction between crowns on sloping
terrains. In the view direction, the gap fraction between crowns
in a sloping quadrat is described using the Poisson distribu-
tion, i.e.,

Pvg_r =

[
1− ta (θ

′
v)

S

]D/n

(6)

and the gap fraction between crowns calculated using
the Neyman type-A distribution PN (i;m1;m2) on sloping
terrains is

Pvg_c =
k∑

i=0

PN (i;m1;m2)

[
1− ta (θ

′
v)

S

]i
(7)

where D is the number of trees in domain B, n is the number
of quadrats in domain B, and k is an integer that should be
large enough to consider all overlapped trees in a quadrat
and is equal to 350 here. Using θ′s instead of θ′v, (6) and (7)
give the gap fractions between crowns corresponding to the
Poisson (Pig_r) and Neyman type-A (Pig_c) distributions in
the sunlight direction, separately.

Lambert–Beer’s law is generally used for describing
the transmission of beam radiation [42]–[44]. Chen and
Leblanc [27] used an equation similar to that used by Li and
Strahler [35] but modified it to consider the foliage clumping
effect [45] for simulating the gap fraction within a tree. In
GOST, the function used in the four-scale model to calculate
gap fraction for a tree is modified. Different from the gap
fractions between tree crowns, the gap fraction within a tree
does not change with the slope of the background. Therefore,
the gap fraction in a tree in the view direction is

Pgap (θ
′
v) = e−G(θ′

v)L0ΩE/γE (8)

where G(θ′v) is the projection of unit leaf area, which is equal
to 0.5 for a spherical leaf angle distribution [27], [46]. ΩE is
the clumping index for shoots, quantifying clumping at scales
larger than the shoot. γE is the ratio of half total needle area
in a shoot to half total shoot surface area [46]. L0 is the LAI
in the view direction and calculated as L0 = μ · s, where μ
is the foliage volume density (μ = L/[V ·D/B]). For sloping
terrains considered here, L is defined as one half the total leaf
area per unit horizontally projected ground surface area (LAI).
Therefore, according to the assumption that the tree crown
is vertically grown, LAI does not change with the slope of
background at nadir. B is the vertically projected domain area
at nadir, and V is the volume of a tree crown. s is the mean of
path length through a tree. In the view direction, it is calculated
as s(θ′v) = V/ta(θ

′
v).

The total gap fraction over a sloping terrain is

Pvg =
k∑

j=1

Ptj(ta)P
j
gap (θ

′
v) + Pvg_c (9)

where P j
gap(θ

′
v) is the gap probability within a canopy with j

trees overlapping along the view line and calculated as

P j
gap (θ

′
v) =

j∏
1

Pgap (θ
′
v) . (10)

In (9), Ptj(ta) is the probability of j trees intercepting the view
line and calculated using the binomial distribution, i.e.,

Ptj(ta) =
k∑

i=j

PN (i;m1;m2)
i!

(i− j)!j!

×
[
1− ta (θ

′
v)

S

]i−j [
ta (θ

′
v)

S

]j
. (11)

With θ′s instead of θ′v, (9) can also be used to calculate the
gap fraction in the sloping canopy in the sunlight direction Pig.



FAN et al.: GOST: A GEOMETRIC-OPTICAL MODEL FOR SLOPING TERRAINS 5473

E. Separating Sunlit and Shaded Backgrounds on
Sloping Terrains

Pig represents the sunlit background fraction, and Pvg is the
viewed background fraction. If the view line and solar beam
penetrations through the canopy are independent of each other,
the fraction of sunlit background in the view direction is simply
the product of Pig and Pvg. However, when the view line is
near the solar beam direction, it can penetrate through the same
gap in the canopy as the solar beam and increases the probabil-
ity of observing the sunlit background. A hotspot occurs when
the view line is in the same direction as the solar beam. Chen
and Leblanc [27] proposed a hotspot function on a horizontal
surface. In GOST, the form of the hotspot function is the same
as that of the four-scale model. However, some variables are
modified here to be suitable for sloping terrains. The hotspot
function is

Ft(ξ) =

∫∞
λmin

[
1− ξ

tan−1(λ/H)

]
Nt(λ)dλ∫∞

λmin
Nt(λ)dλ

(12)

where the angle between the sun and the viewer (phase
angle) is

ξ = arccos (cos (θ′v) cos (θ
′
s) + sin (θ′v) sin (θ

′
s) cos(φsv)) .

(13)

H is the effective height given as (Ha +Hb +Hc/3)×
cos(θg)/ cos(θs), Ha is the height of the lower part of the tree
(trunk space), Hb is the height of cylinders, and Hc is the height
of cones.
Nt(λ) is the gap number density given as

Nt(λ) =
Lt

Wt
e−Lt[1+(λ/Wt)]. (14)

The characteristic mean width of a tree projected in the
sunlight direction is

Wt =
√

ta (θ′s). (15)

The clumping-adjusted projected crown area index on slop-
ing terrains is

Lt = Ωtta (θ
′
s)D/ (B cos(θs)/ cos(θg)) . (16)

Ωt is a tree clumping index, determined by the Neyman
distribution defined as

Ωt = log (Pig_c(Neyman)) / log (Pig_r(Poisson)) . (17)

For a given angle difference between the sun and the viewer,
there is a minimum gap size λmin in which the view line pe-
netrates through the same gap as the solar beam, determined by

λmin = H tan(ξ). (18)

λ is the gap size of the canopy between λmin and ∞.
Therefore, the total probability of seeing the sunlit back-

ground on sloping terrains is

PG = PigPvg + [Pig − PigPvg]Ft(ξ). (19)

The first term on the right-hand side represents the probability
of observing the sunlit background when the view line pene-
tration is independent of the solar beam penetration, and the
second term is the enhanced probability due to the hotspot.

The probability of seeing the shaded background on sloping
terrains is

ZG = Pvg − PG. (20)

It is the difference in the probabilities of observing the total
background (Pvg) and the sunlit background (PG).

F. Separating Sunlit and Shaded Foliage on Sloping Terrains

The separation of sunlit and shaded foliage in the view
direction presents a challenge in forest GO modeling. There is
still no perfect geometric description for this purpose. In GOST,
a simplified ray tracing method is developed for separating
sunlit and shaded foliage on sloping terrains. The basic idea
of this method is first to describe the foliage spatial and angular
distributions and then to penetrate a view line into the canopy.
If the view line can touch any foliage in the canopy, we need to
determine whether the sunlight can reach the same point of the
foliage. Through repeating these aforementioned steps many
times, the probability of viewing sunlit foliage can be separated
from the viewed foliage.

A variety of foliage shapes and crown shapes can be used for
separating sunlit and shaded foliage using straightforward geo-
metric formulas of the simplified ray tracing method depending
on forest types. Specific distributions of foliage and crowns can
also be used here according to the measured data in forests.
However, large amounts of needle foliage of conifer trees
need large computer memory space, which greatly exceeds the
capacity of a personal computer. For this reason, a shoot is
treated as the minimum foliage element. The shape of foliage
can be treated not only to be planar shapes, such as circular,
square, rectangle, rhombus, and so on, but also 3-D shapes,
such as cylinder, cuboid, hexagonal prism, and so on. In order
to reduce the number of facets of a forest scene, the planar
shape of foliage is used for both the broad leaved and conifer
forest scenes in the simplified ray tracing method. In general,
the planar shape of foliage is suitable for broadleaf forests. For
conifer forests, the projection coefficient of flat leaves in a given
direction is the same as that of spheres (representing shoots)
as long as they are all randomly distributed in space, and the
definition of half the total area is used [45]. This means that the
results of ray tracing based on the planner shape are directly
applicable to the shoots when half of the total plane area (both
sides) is used to represent half the total shoot area (average
projected shoot area × π). The needle-to-shoot area ratio is then
used to convert this half the total needle area to half the total
shoot area. In this way, the ray tracing results for the planner
leaf shape can be used for both broadleaf and needleleaf forests.

An example is used to explain how to use the simplified ray
tracing method for separating sunlit and shaded foliage. This
method needs to determine the forest scene on slopes first.
In describing the foliage spatial and angular distributions, we
assume crowns to be randomly distributed in space and leaves
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to be randomly distributed within each crown. The crown is
assumed to be “cone + cylinder,” and the foliage is assumed
to be circular and flat plates. A vector normal to the plate
is used for describing the foliage angular distribution [47].
The foliage spatial distribution in a tree is expressed using
the random centers of these plates. According to the center
and normal vector of a plate, the direction and position of
it can be determined. In the ray tracing procedure, the view
azimuth angle φv is set to zero. The sunlight direction, slope
and aspect of the terrain, and the view zenith angle θ′v are varied
to simulate multiangular views. In these simulations, a plane,
which is perpendicular to the direction vector of the view line,
can be determined by any specific point far from the top of the
forest canopy. In order to make all the view lines penetrating
into the forest scene, only a rectangle region in the plane is used
as the launch positions of the view lines according to the range
of the forest scene. The number of the incident view lines can
be determined by the foliage density in a specific forest scene.
In general, the denser the foliage in a forest scene, the more
incident view lines are required. For this reason, the number of
the incident view lines can be related to LAI. In general, we
recommend that the number of the incident view lines is no less
than 10 000 for each forest scene, which contains no more than
100 crowns with LAI of about 3. Second, the view lines are sent
from the launch positions of the plane to the forest scene one by
one. If a view line does not touch any plates in the forest scene,
it is not considered. Otherwise, the first intersection point (FIP)
of the view line and the plate could be found. To eliminate the
edge effect, only the incident view lines that reach a relatively
small square center area of the forest scene are preserved. Third,
if the sight line intersects with a plate, we need to decide
whether the FIP can be touched by the sunlight according to
the direction vector of the sunlight and the normal vector of the
plate. If there exists another plate between the sun’s position
and the FIP or the FIP is not in the same side of the plate hit
by the sunlight, the FIP is a shaded point in the view direction.
Otherwise, it is a sunlit point in the view direction.

After all the ray tracing procedure, we can get the percentage
of sunlit points that are reached by the view lines SPT in the
view direction. The total probability of seeing the sunlit foliage
in the sloping canopy is

PT = SPT /(1− Pvg). (21)

The total probability of seeing the shaded foliage in the
sloping canopy is

ZT = 1− Pvg − PT . (22)

III. RESULTS AND ANALYSIS

The area ratios of the four scene components of a sloping
forest are conceptual quantities, which are difficult to observe
in real forest canopies. Therefore, the 3-D virtual canopies are
constructed using a computer graphics technique to evaluate the
simulated area ratios by GOST. Then, the reflectance simulated
by GOST is compared with the reflectance data retrieved from
a TM image and from a MODIS multiangle surface reflectance

TABLE I
CANOPY PARAMETERS FOR SIMULATING THE AREA RATIOS OF THE

FOUR SCENE COMPONENTS BY THE 3-D VIRTUAL MODEL AND GOST

Fig. 4. Example of a 3-D virtual canopy on a 20◦ slope. This 3-D virtual
canopy is produced using the 3-D max software and the Maxscript computer
language. The rendered scenes are classified as the four scene components in
multiangle directions. (a) Perspective view. (b) Nadir view. (c) Side view.

product over a mountainous area in China for the purpose of
evaluating the performance of GOST.

A. Model Comparison

In GOST, the sunlit and shaded foliage fractions that are
seen in a given direction are separated based on the geometrical
shape of the tree crown and the probability of solar beam and
view line penetrations within the crown. The separation of the
four scene components is a fundamental part of GO modeling
and is checked against ray tracing in 3-D virtual canopies.
As the principles of GO modeling for broadleaf and conifer
canopies are similar, we choose broadleaf virtual canopies for
this purpose, which are structurally less complex and require
less computation than conifer canopies.

1) Virtual Canopy Modeling: The 3-D max software and the
Maxscript computer language are used for constructing 3-D
virtual canopy models to compare the area ratios of the four
scene components on sloping terrains calculated using GOST.
A 3-D virtual canopy consists of broad leaves that are randomly
distributed within a crown. The virtual tree crowns are dis-
tributed on a sloping quadrat randomly in the vertical direction.
A virtual forest scene is then separated into sunlit and shaded
parts under the virtual parallel sunlight in the 3-D max camera
view. The multiangle images of the virtual canopy are rendered
using axonometric projection through moving the positions and
changing the view angles of the 3-D Max camera. Finally, the
four scene components are classified in each of the rendered
multiangle images of a virtual canopy. The regions that are not
influenced by edge effects are artificially selected to classify the
four scene components in these rendered multiangle images.
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Fig. 5. Comparison of the classified and simulated gap fractions of the sloping canopies (φg = 0) in the principal and perpendicular planes. 3D_0, 3D_10,
3D_20, 3D_30, 3D_40, 3D_50, and 3D_60 are the simulated results of the 3-D virtual canopy model with the slope of the background at 0◦, 10◦, 20◦, 30◦,
40◦, 50◦, and 60◦. GOST_0, GOST_10, GOST_20, GOST_30, GOST_40, GOST_50, and GOST_60 are the simulated results of GOST with the slope of the
background at 0◦, 10◦, 20◦, 30◦, 40◦, 50◦, and 60◦.

2) Forest Site Example: A set of broadleaf canopy param-
eters in reasonable ranges is shown in Table I as the inputs to
the 3-D virtual canopy model and GOST. Because it is time
consuming to simulate the detailed forest scenes, only 1/4 of
a quadrat (125 m2) with 50 tree crowns is simulated. In this
example, a virtual leaf is assumed to be a circular and flat plate
with diameter Ws. The solar zenith angle θ′s and solar azimuth
angle φs are set to 30◦ and 180◦, respectively. The azimuth
angle φg of the sloping background is set to zero. An example
of the 3-D virtual canopy on a 20◦ slope is shown in Fig. 4.

Fig. 5 shows how the gap fraction changes with background
slope from 0◦ to 60◦ in 10◦ intervals in the principal and
perpendicular planes. The relative azimuth angle between the
sun and the viewer equals 0◦ or 180◦ in the principal plane and
90◦ in the perpendicular plane. The comparison shows that the
gap fractions simulated by GOST agree well with the outputs
from the 3-D virtual canopy model. It indicates the ability of
GOST to separate the foliage components and the background
components on sloping terrains.

Different from trees growing on flat terrains, sloping
canopies cannot be observed from all view angles of the hemi-
sphere (see Fig. 3). For example, the range of the view zenith
angle decreases with increasing slope of the inclined back-
ground in the principal plane (see Fig. 5). In the perpendicular
plane, the absence of the gap fraction simulated by the 3-D
virtual canopy model is because the tree-covered regions are
too small to be classified in the rendered images at large θv.

Both GOST and the 3-D virtual canopy model assume that
the number of tree crowns does not change with the slope
of terrains in the vertical direction. Therefore, the simulated
gap fraction also does not change with the slope at nadir (see
Fig. 5). In the principal plane, the gap fraction increases on
the backscattering side (negative θ′v) and decreases on the for-
wardscattering side (positive θ′v) with the slope of the inclined
background because θv values are different on both sides of the
vertical direction. The gap fractions are also not the same on
different slopes in the same view direction. On the backscat-

tering side, the gap fraction increases with slope in the same
view direction. On the contrary, on the forwardscattering side,
the gap fraction decreases with increasing slope in the same
view direction. Gap fractions on both sides of the perpendicular
plane are the same because the forest scene components are
symmetric on both sides of the vertical direction when the
relative azimuth angle equals 90◦. The gap fraction reaches
a maximum at nadir in the perpendicular plane because the
overlapping of tree crowns is minimum in this view direction.
With the increase in the view zenith angle, the overlapping
of tree crowns increases, and the gap fraction decreases with
slope. Moreover, the gap fraction does not change with slope of
the inclined background at the same θ′v on both sides of the
perpendicular plane because cos(φgv) = 0 and the projected
area of background S and the projected area of a tree crown
ta(θ

′
v) do not change with slope.

Different from the outputs of GOST, the classified gap
fractions by the 3-D virtual canopy model are unsmooth (see
Fig. 5). Such as the sudden rise in gap fractions at 0◦ and 10◦

slopes in the principal plane and the unsmooth gap fractions at
large slopes in the perpendicular plane. There are also unsym-
metric gap fractions that are simulated by the 3-D virtual forest
on both sides of the vertical direction in the perpendicular plane.
These unsmooth and unsymmetric results are caused by the
insufficient number of trees included in the simulation where a
few tree crowns can have unproportionally large contributions
to the view in certain directions. However, the simulated gap
fractions by GOST are smooth and symmetric both in the
principal and perpendicular planes. This model comparison
demonstrated that the results of the 3-D virtual canopy model
and GOST have no systematic deviation, and GOST has the
ability to separate foliage and background area ratios (gap
fraction) of forest on slopes.

The area ratios of the four scene components modeled by
GOST are very close to those simulated by the 3-D virtual
canopy model in both principal and perpendicular planes (see
Figs. 6 and 7). It indicates that both models have no systematic
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Fig. 6. Comparison of the classified and simulated four scene components area ratios of the sloping canopy in the principal plane. 3D_0, 3D_10, 3D_20, 3D_30,
3D_40, 3D_50, and 3D_60 are the simulated results of the 3-D virtual canopy model with the slope of the background at 0◦, 10◦, 20◦, 30◦, 40◦, 50◦, and 60◦.
GOST_0, GOST_10, GOST_20, GOST_30, GOST_40, GOST_50, and GOST_60 are the simulated results of GOST with the slope of the background at 0◦, 10◦,
20◦, 30◦, 40◦, 50◦, and 60◦.

deviation, and GOST has the ability to separate the four scene
components area ratios of sloping canopies. In addition, a total
of 8500 view lines are emitted from the launching plane to
the forest scene by GOST for separating sunlit and shaded
foliage on each slope and in each view direction. The average
computing time for separating the four scene components is
only 8 s, and therefore, GOST is a useful method despite the
fact that it contains a simplified ray tracing process. GOST
can explicitly represent the topographic effects on area ratios
of foliage components because it considers the sloping canopy
structure in any view directions. These simulations show that
the differences in the area ratios of the four scene components
between flat and sloping terrains can reach up to 50%–60% in
the principal plane and about 30% in the perpendicular plane
(see Figs. 6 and 7). Therefore, without considering the effects of
sloping terrains in GO models, it might cause significant errors
in the area ratios of the four scene components, and the errors
are consequently passed to the simulated canopy reflectance.

When the view and sunlight directions are the same, the
“hotspot” occurs in the principal plane (see Fig. 6). The hotspot
is an important phenomenon that can be used for retrieving
canopy structural parameters, such as clumping index [8], [48].
GOST successfully simulates significant increases in the area

ratios of sunlit foliage and background components at the
hotspot. The shaded foliage and background area ratios are
0% at the hotspot because these two scene components cannot
be observed at the hotspot. In the hotspot direction, the gap
fraction increases with slope, and therefore, the sunlit and
shaded foliage area ratios decrease.

The variation of the sunlit foliage area ratio reaches the
minimum at different slopes at nadir at which the overlapping
of tree crowns reaches the minimum. The gap fraction increases
with slope in the backscattering side of the principal plane.
Therefore, foliage area ratios decrease with increasing slope.
On the contrary, the gap fraction decreases, and foliage area
ratios increase with slope in the forwardscattering side. Fig. 6
also shows that both the classified and simulated foliage area
ratios are unsmooth in the principal plane, particularly at large
view zenith angles θv . The reason of the unsmooth results
classified by the 3-D virtual canopy model is the small portion
of the image that can be rendered at large view zenith angles at
which it is difficult to class the foliage area ratios. However, the
unsmooth foliage area ratios simulated by GOST are caused
by the small forest scene that contains an insufficient number
of trees to be statistically representative at all angles. The gap
fraction increases with slope in the backscattering direction,
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Fig. 7. Comparison of the classified and simulated four scene components area ratios of the sloping canopy in the perpendicular plane. 3D_0, 3D_10, 3D_20,
3D_30, 3D_40, 3D_50, and 3D_60 are the simulated results of the 3-D virtual canopy model with the slope of the background at 0◦, 10◦, 20◦, 30◦, 40◦, 50◦, and
60◦. GOST_0, GOST_10, GOST_20, GOST_30, GOST_40, GOST_50, and GOST_60 are the simulated results of GOST with the slope of the background at 0◦,
10◦, 20◦, 30◦, 40◦, 50◦, and 60◦.

and therefore, the sunlit background area ratio increases with
slope. The gap fraction does not change with slope in the
nadir view direction; as a consequence, the sunlit background
area ratio increases, and the shaded background area ratio
decreases with increasing slope. The sunlit background area
ratio has the least influence at about 20◦ view zenith angle
(θ′v). This is because the sunlit background area ratio increases
with slope and decreases with increasing view zenith angle, and
the balance is achieved at this θ′v . In the 3-D virtual canopy,
the uncertainty of the shaded background area ratio comes
from the accumulative error because the shaded background
area ratio is equal to the gap fraction minus the sunlit back-
ground area ratio.

Fig. 7 also shows the unsmooth foliage area ratios classified
by the 3-D virtual canopy model in the perpendicular plane,
particularly the sudden decrease in the sunlit foliage area ratio
at large θv . The sunlit background area ratio increases with
slope in the perpendicular plane because more sunlight reaches
the background through a canopy. Therefore, the shaded back-
ground area ratio decreases with increasing slope. In the per-
pendicular plane, the gap fraction decreases with increasing θ′v,
and therefore, sunlit and shaded foliage area ratios increase with
θ′v. Despite the unsymmetric and unsmooth sunlit and shaded

background area ratios on both sides of the vertical direction in
the perpendicular plane, the classified background area ratios
by the 3-D virtual canopy model are close to the simulated
results by GOST. It indicates that GOST can separate sunlit and
shaded backgrounds on slopes with reasonable accuracy.

B. Model Validations

In order to prove the ability of GOST to model canopy
reflectance variations with slope and aspect of the terrain,
two experiments are designed for validating the reflectance
simulated by GOST. Considering the difficulty in observing the
canopy parameters on slopes, we use best estimates of common
canopy parameters to fit the observed reflectance acquired from
remote sensing images.

1) Comparison of the Modeled and Landsat Reflectance: In
this experiment, the reflectances of many pixels in a Land-
sat TM5 image are needed to enhance the regularity of the
reflectance variation with slope. Therefore, a rectangle forest
region (94 581 m × 123 375 m) northeast of China (near 53N,
124E) is selected as the study site. The vegetation cover is
predominantly conifer forest in this region. The corresponding
Landsat TM5 image is acquired on August 30, 2009, and
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Fig. 8. Observed reflectance in the TM5 image (the red and NIR reflectance)
varies with slope and aspect of the terrain. The blue, green, and red dots
represent the slope between 0◦ and 10◦, between 10◦ and 20◦, and between
20◦ and 30◦, respectively.

a total of 3153 × 4113 nadir view pixels are selected for
this study. However, no ground observations are available for
the sloping canopy parameters corresponding to these selected
pixels. Therefore, the direct comparisons of the statistical re-
sults from the Landsat TM5 image and the model simulated
results cannot be made. In this experiment, the quantitative
analysis of the topographical effects on the sloping canopy re-
flectance is based on model simulated results, and the observed
Landsat TM reflectance data are used to support the model
simulated results.

Spectral reflectance in the red and NIR bands is retrieved
from the original digital number of the Landsat TM5 image.
The solar azimuth angle is 154◦, and the solar zenith angle is
46◦ of this TM5 image. The digital elevation model (DEM)
data sets for this study site are used to produce images of the
slope and aspect. The slope is divided into three intervals: from
0◦ to 10◦, from 10◦ to 20◦, and from 20◦ to 30◦. The aspect
ranges from 0◦ to 359◦ in 1◦ intervals. Then, the mean values
of reflectance are computed for each slope and aspect interval.
The statistical results of the TM5 image are shown in Fig. 8.

We have made a best estimate of the model inputs using
common parameter values of forest within reasonable ranges.
In this case, conifer trees are simulated as “cone + cylinder”
with the Neyman distribution. The slopes of 5◦, 15◦, and 25◦

are used for simulating the reflectance to represent the slope
between 0◦ and 10◦, between 10◦ and 20◦, and between 20◦ and
30◦, respectively. The other input parameters of this canopy are
listed in Table II. Then, the reflectance is simulated within the
aspect range from 0◦ to 359◦ in 1◦ intervals.

Fig. 9 is the reflectance and its corresponding area ratios
of the four scene components simulated by GOST. Both the
statistical results (see Fig. 8) and the simulated results (see
Fig. 9) show that the topographic factors have obvious impacts
on the reflectance of sloping canopies. They also show that the

TABLE II
MODEL INPUTS FOR SIMULATING THE TM REFLECTANCE

simulated reflectance by GOST compares well with that in the
TM5 image with the variations of slope and aspect.

The reflectance of shaded foliage and background are as-
sumed as constants because multiple scattering schemes are not
yet considered in GOST. Therefore, the simulated reflectance
of sloping canopies depends on the area ratios of the four scene
components at different slopes and aspects. According to a
preamble analysis, the gap fraction is invariant at nadir. As
a consequence, the area ratio of shaded foliage moves in the
opposite direction to the area ratio of sunlit foliage at different
aspects, so does the relationship between the sunlit and shaded
backgrounds. Furthermore, the simulated reflectance of sloping
canopies depends on the area ratios of the sunlit components
because the reflectance of the sunlit components is considerably
larger than those of the shaded components in both the red
and NIR bands. Therefore, the simulated results by GOST
show positive correlations between the reflectance of sloping
canopies and the area ratios of the sunlit components (see
Fig. 9). The negative correlations between the reflectance of
sloping canopies and the area ratios of the shaded components
are also shown. Although the absolute values of the observed
reflectance in the TM5 image and the simulated reflectance
of GOST are different, the patterns of the angular variations
of the two results are similar, particularly in the NIR band.
In the red band, the observed reflectance at slopes from 0◦

to 10◦ has no significant difference from those from 10◦ to
20◦ because their specific canopy structures are not considered
in this experiment. The preamble analysis indicates that the
angular variation pattern of the simulated results is compatible
with the observed reflectance in theTM5 image (see Fig. 8).
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Fig. 9. Simulated four scene components area ratios, red reflectance and NIR reflectance vary with slope and aspect of the terrain by GOST. Slope_5, Slope_15,
and Slope_25 are the simulated results of GOST with the slope of the background at 5◦, 15◦, and 25◦, respectively.

Fig. 9 also shows that the area ratios of the sunlit foliage and
background reach their maximum values, respectively, and the
area ratios of the shaded foliage and background reach their
minimum values, respectively, at certain angles on the sunlit
slope. (The aspect φg is about 154◦, and the relative azimuth
angle between the sun and the sloping background is about
0◦.) On the contrary, the area ratios of the shaded foliage and
background reach their maximum values and the area ratios of
the sunlit foliage and background reach their minimum values
at certain angles on the shaded slope. (The aspect φg is about
334◦, and the relative azimuth angle between the sun and the
sloping background is about 180◦.) Therefore, the maximum
and minimum values of reflectance simulated by GOST in both
the red and NIR bands appear on the sunlit and shaded slopes
for each canopy, respectively. This result is supported by the
observed reflectance of the TM5 image.

Furthermore, sunlight can reach more foliage and back-
ground on the sunlit slope and less foliage and background
on the shaded slope with the increasing slope. Therefore, the
canopy reflectance on the sunlit slope increases with slope due
to the increasing area ratios of the sunlit foliage and back-
ground. On the contrary, the canopy reflectance on the shaded
slope decreases with increasing slope due to the increasing area
ratios of the shaded foliage and background. It indicates that
the variation of the canopy reflectance at a steeper slope is
bigger than those at a gentler slope. Both the area ratios of
the four scene components and its corresponding reflectance are
minimally affected by the topographic factors when the relative
azimuth angle between the sunlight and background aspect φsg

is about 90◦. It is because the topographic factors have the least
effects on the area ratios of the four scene components at about

90◦ φsg. The observed reflectance also supports that bigger
and smaller variations of the reflectance are caused by the
steeper and gentler slopes, respectively, and the reflectance is
minimally affected by the topographic factors at about 90◦ φsg

(see Fig. 8).
The dynamic range of the simulated reflectance is smaller

than that in the remote sensing image. This is because 1) the
simulation of GOST in this case only considers the topograph-
ical variations rather than the variations of canopy parameters,
such as LAI and 2) the reflectance of the shaded foliage and
background are assumed to be constants in GOST. However,
with the support of the observed reflectance in the TM5 image,
the simulated results suggest that GOST can capture the major
angular variation of the reflectance of sloping canopies.

2) Comparison of the Modeled and MODIS Multiangle
Surface Reflectance: In order to further prove the ability of
GOST to simulate sloping forest reflectance, an experiment is
designed for comparing the simulated multiangle reflectance by
GOST with the MODIS surface reflectance. In this experiment,
the simulated reflectances with or without considering the
topographic factors are compared against MODIS multiangle
surface reflectance.

MODIS MOD09GA reflectance data at the 500-m spatial
resolution are used for this purpose. A sloping forest location
is selected according to slope and aspect maps generated using
DEMs downloaded from the U.S. Geological Survey. Cloud-
free reflectance values in the red and NIR bands over the course
of one month at this location as well as the corresponding
solar and view angular data with 1-km spatial resolution are
collected for evaluation purposes. The study site is located
in Chongqing City, China (29◦37′18.12′′N/107◦22′47.28′′E).
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TABLE III
MODEL INPUTS FOR SIMULATING THE MULTIANGLE

MODIS SURFACE REFLECTANCE

Pine (Pinus massoniana) is the major conifer species at this
study site. Nine cloud-free days from August 1 to 31 of 2011
are selected. The slope is 20◦ and aspect is 89◦ from the north.

The input parameters of GOST for this sloping canopy are
listed in Table III. In fact, it is difficult to give observation data
sets exactly for these 250 000 m2 (500-m spatial resolution)
pixels in the remote sensing images. We have made a best guess
to determine the model input using common parameter values
of forest within reasonable ranges. The same input parameters
are used to simulate the reflectance using GOST with or without
considering topographic factors. Therefore, the differences of
these modeled results are not derived from these input canopy
parameters.

Within these nine cloud-free MODIS observations, there
exist one kind of combination of the view azimuth angle, solar
azimuth angle, and solar zenith angle. The combination is
that the view azimuth angles approximately equaling 95◦, the
solar azimuth angles approximately equaling 121◦, and solar
zenith angles approximately equaling 27◦. The variation of
the view zenith angle is from 1◦ to 62◦. Therefore, with or
without considering topographic factors, reflectance values in
this plane are simulated according to this angle combination
and compared with the MODIS multiangle surface reflectance.

Fig. 10 shows the comparison between the simulated re-
flectance and MODIS surface reflectance in the red and NIR
bands. Generally, the MODIS surface reflectance is closer to the
simulated reflectance with considering the topographic factors
(slope is 20◦) than those without considering the topographic

Fig. 10. Simulated multiangle reflectance compared with MODIS surface
reflectance at multiple view angles in the red and NIR band. Slope_0 and
Slope_20 are the simulated results of GOST with the slope of the background
at 0◦ and 20◦, respectively.

factors (slope is 0◦). The dynamic range of the simulated
reflectance with considering the topographic factors is close to
that of the observed results. However, the dynamic range of
the simulated reflectance without considering the topographic
factors is underestimated in the red band and overestimated
in the NIR band. In the red band, the simulated reflectance
without considering the topographic factors is also underesti-
mated. However, it is overestimated in the NIR band at large
view zenith angles (view zenith angles larger than 30◦). The
simulated reflectance with considering the topographic factors
appears within reasonable ranges. However, there are still slight
differences between the simulated reflectance and MODIS
surface reflectance after considering the topographic factors.
This can be related to inexact angular matching between the
model and the observation, and the approximation of the com-
plex topographical variations within the 500-m pixels with
2-D (smooth and extensive) slopes. This comparison further
confirms the ability of GOST in simulating the multiangle
reflectance of sloping canopies.

IV. CONCLUSION

Based on the four-scale GO model developed for flat terrains,
the GOST model in this study is developed to describe the
effect of the sloping canopy structure on the reflectance. The
following conclusions are drawn from this study.

1) GOST is able to simulate the gap fraction and the ra-
tios of the four scene components (sunlit and shaded
canopy fractions and sunlit and shaded background frac-
tions) on sloping terrains. The simulation compares well
with the 3-D virtual canopy using a computer graphics
technique.

2) GOST provides a useful tool for analyzing remote
sensing images over complex terrains. It considerably
improves the simulated reflectance in a mountainous
area after considering the topographic factors. Model
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Fig. 11. Projection area tact in the sunlight or viewer directions. tact is in the
top part of the “cone + cylinder.” A(xa, ya), B(xb, yb), and D(xd, yd) are
used for calculating projection area tact.

evaluations against Landsat and MODIS observations
demonstrate that the simulated reflectance of GOST over
sloping terrains does not have obvious systematic biases.
The evaluation against MODIS data also suggests that
GOST can simulate multiangle reflectance on sloping
forests.

Although it can be improved to include a within-canopy
multiple scattering scheme, GOST presented here already has a
unique ability to model the bidirectional reflectance distribution
of vegetation over sloping terrains. It can also be a useful tool
for retrieving canopy parameters using remote sensing images
on complex terrains.

APPENDIX

tact GEOMETRY

Projection area tact can be computed by integrating twice
from the ellipse to segment BD from 0 to yd (see Fig. 11).
Thus

tact =2

yd∫
0

(
y − bBD

mBD
− xa

r

√
r2 − y2

)
dy

=2xb · yd −
y2d ·

√
x2
b − x2

a

r

− xa

r

[
yd ·

√
r2 − y2d + r2 · arcsin

(yd
r

)]
(23)

where bBD is the intercept of segment BD, and mBD is the
slope of segment BD. xa, xb, and yd can be calculated as
follows: ⎧⎪⎨

⎪⎩
xa = r · cos (θ′v)
xb = r · sin (θ′v) / tan(α)
yd = r ·

√
x2
b
−x2

a

xb
.

(24)
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