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Hybrid Geometric Optical–Radiative Transfer
Model Suitable for Forests on Slopes

Weiliang Fan, Jing M. Chen, Weimin Ju, and Nadine Nesbitt

Abstract—A new geometric optical (GO)–radiative transfer
(RT) model with a multiple scattering scheme suitable for slop-
ing forest canopies is developed in this study. It is based on
a Geometrical–Optical model for Sloping Terrains and an RT
method. This new model overcomes the difficulty to prescribe
bidirectional reflectance factors (BRFs) of shaded components
(shaded foliage and background) in GO modeling through sim-
ulating radiation multiple scattering within a sloping forest. A
case study shows that multiply scattered radiation depends on
topographic factors and leaf area index. The contributions of
the shaded components to stand-level BRF are less than 3% in
the red band and can reach up to 40% in the near-infrared
(NIR) band. The “multiangle” Moderate Resolution Imaging
Spectroradiometer (MODIS) data over sloping pixels are selected
to validate the modeled forest BRF. Considering the multiple
scattering schemes and topographic factors, the modeled BRF is
closer to the MODIS surface reflectance (BRF product) (red band:
R2 = 0.8614, rRMSE = 0.1339; NIR band: R2 = 0.7573,
rRMSE = 0.0850) than the modeled BRF (red band: R2 =
0.7771, rRMSE=0.1839; NIR band: R2=0.5176, rRMSE =
0.1155) without topographic consideration. It is also shown that
the MODIS surface reflectance of sloping forests at multiple angles
can be simulated well using the newly developed model.

Index Terms—Forest reflectance model, forests on slopes, geo-
metric optical (GO) model, multiple scattering, radiative transfer
(RT) model.

I. INTRODUCTION

THE reflected radiation from a forest is determined by
complex canopy structure and scattering behavior of the

foliage. For understanding remote sensing measurement of
reflected radiance above forests, many forest reflectance mod-
els have been developed [1]–[4]. The geometric optical (GO)
modeling approach, which separates a forest into four scene
components (sunlit foliage, shaded foliage, sunlit background,
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and shaded background), is an efficient and useful way to
simulate bidirectional reflectance factor (BRF) of forest stands
by considering the geometry of canopy structures, such as
tree crowns and branches. However, previous GO models have
only considered trees growing on horizontal surfaces [1], [2]
rather than sloping surfaces. Many studies indicate that forest
BRF is significantly influenced by topographic factors [5]–
[7]. For a more accurate simulation of sloping forest BRF, a
Geometrical–Optical model for Sloping Terrains (GOST) has
been developed [8] based on the four-scale GO model [2]. In
GOST, 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 perpendicular to sloping
grounds. The same as the four-scale GO model, the GOST
model can also simulate the shape of trees as cone, ellipsoid or
“cone + cylinder.” A simplified ray-tracing procedure has also
been employed to separate the sunlit and shaded foliage. A case
study shows that differences in forest component area ratios
between flat and sloping terrains can reach up to 50%–60%
in the principal plane and about 30% in the perpendicular
plane [8].

In forests growing on flat surfaces, radiative multiple scat-
tering within the canopy and soil system has a strong impact
on canopy BRF [9], and we would expect that the scattering
processes are greatly modified for forests on sloping terrains.
Further exploration of the relationship between forest BRF
and remote sensing observations should consider a multiple
scattering scheme suitable for sloping canopies. However, no
such GO models have so far been developed. Generally, there
are three kinds of forest reflectance models for simulating the
multiple scattering within flat forests, i.e., view factors, ray
tracing, and radiative transfer (RT) methods. Chen and Leblanc
use view factors among forest scene components and the sky
[9]. Due to the mathematical complexity in describing these
view factors, many simplifications are made in view factor cal-
culations, leading to considerable uncertainties in the simulated
BRF. Ray tracing is theoretically an ideal way to simulate the
complex multiple scattering process [10], but it is practically
limited by computing resources and its accuracy would depend
on the amount of structural detail included in the preset scene
[4]. RT methods are suitable for considering multiple scatter-
ing within turbid media rather than canopies with organized
structures [11], [12]. Recognizing the different advantages of
the GO and RT models, several researchers introduced RT
procedures into GO models to simulate multiple scattering
within a flat canopy [4], [13]. These models demonstrate a good
combination between GO and RT models. On the other hand,
the contributions of the shaded components to the total forest
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BRF are very difficult to measure in situ or to quantify using
GO models [14], [15]. Several models treat these components
as negligible and/or having no spectral dependence [16], while
it is generally known that multiple scattering is particularly
strong in the near-infrared (NIR) band in which leaf scattering
albedo is close to unity [17]. In order to estimate the BRF
of the shaded components, it is therefore necessary to have a
reasonably accurate multiple scattering scheme in a GO model.

In this paper, the GOST model and an RT model are com-
bined to develop a new forest reflectance model, which con-
siders both multiple scattering and topographic factors within a
canopy. The objectives of this study are as follows: 1) to param-
eterize the BRFs of the shaded components of sloping forests
using architectural parameters and the scattering behavior of
forest components and 2) to simulate and validate the BRF of
sloping forests using satellite data.

II. THEORY

Forest BRF is generally treated as the weighted average of
the four components

BRF(λ) = rT (λ) · PT + rG(λ) · PG + rZT (λ)

·PZT + rZG(λ) · PZG (1)

where rT , rG, rZT , and rZG are BRF values of the sunlit
foliage, sunlit background, shaded foliage, and shaded back-
ground, respectively, which include multiply scattered radiation
within a sloping forest. The sunlit foliage and background can
be reached by the direct and diffuse solar radiation, and the
shaded foliage and background can only be reached by diffuse
radiation. PT , PG, PZT , and PZG are the area ratios of the
sunlit foliage, sunlit background, shaded foliage, and shaded
background in a particular view direction, respectively, which
are wavelength independent.

A. Area Ratios of the Four Components on Sloping Forests

The GOST model has been developed for simulating area
ratios of the four scene components on sloping forests based on
the four-scale GO model [8]. In GOST, the gap fraction theory
is used for separating the foliage (1− Pvg) and background
(Pvg) first. Second, the sunlit background (PG) and shaded
background (PZG) are separated using a “hot-spot function”
(2), and finally, the sunlit foliage (PT ) and shaded foliage
(PZT ) are separated using a simplified ray-tracing model (3)

PZG =Pvg − PG (2)
PZT =1− Pvg − PT . (3)

B. BRFs on Sloping Forests

The BRF of the four scene components are

rZT (λ) =Sbs(λ) (4)
rZG(λ) =Ssc(λ) (5)
rT (λ) =RT + Sbs(λ) (6)
rG(λ) =RG + Ssc(λ) (7)

where RT and RG are the first-order BRFs of the foliage and
background, respectively. Sbs(λ) and Ssc(λ) are the multiply
scattered BRFs of the shaded foliage and background, respec-
tively. The BRF of sunlit components is also enhanced by the
same amounts attributed to multiple scattering.

1) BRF of Shaded Background Ssc(λ): In order to estimate
the shaded background BRF, the probability Pa of a photon
penetrating the canopy and then reaching the background and
the collision probability Pb between a photon and foliage within
canopy should be determined.

In the sunlight direction, the probability of a photon pen-
etrating the canopy on slopes directly and then reaching the
background is the gap fraction Pig , which is given by GOST.
If the interactions occurred (n+ 1) times within the canopy
before this photon has reached the background, then the proba-
bility of the photon reaching the background is (1− Pig) · w ·
(1− p) · (p · w)n · sd. 1− Pig is the probability of a photon
directly reaching the foliage, where w = rL(λ) + τL(λ) is the
albedo of foliage and rL(λ) and τL(λ) are the reflectance and
transmittance of foliage, respectively. p is the probability that a
photon intercepting the canopy object will recollide with other
canopy elements rather than escaping the canopy space [18].
The detailed description of p can be found in the Appendix.
Therefore, 1− p is the probability of a photon escaping from
forest canopy after collision. sd is the downward fraction of the
total scattered radiation for canopies. Therefore, the total proba-
bility of a photon penetrating the canopy and reach background is

Pa = Pig + (1− Pig) · w · (1− p) · sd ·
1

1− p · w (8)

where the first term is the probability of a photon reaching
the background without collision and the second term is the
probability of a photon reaching the background after multiple
scattering. Considering multiple scattering using the p theory
[19], the downward fraction of the recollision probability of a
photon within the canopy is

Pb =
[
w · (1− p) · (w · p)0 + w · (1− p) · (w · p)1 + · · ·
+w · (1− p) · (w · p)+∞]

· sd

=
w · (1− p)

1− p · w · sd. (9)

The total probability of a photon penetrating the canopy (with
collision), reaching the background, and finally reflecting from
the background to the viewer above the canopy is (Pa − Pig) ·
RG · Pvg [Fig. 1(a)]. Pa − Pig is the probability of a photon
penetrating the canopy after collision. If a photon can reach
the background (n+ 1) times [Fig. 1(b)], the probability of the
photon being reflected to the view direction is Pa ·R2

G · Pb ·
(RG · Pb)

n · Pvg. Therefore, the total probability of a photon
being reflected from the background (the shaded background
BRF) on a slope is

Ssc(λ) = RG · Pvg ·
(
Pa − Pig +

Pa · Pb ·RG

1− Pb ·RG

)
. (10)

2) BRF of Shaded Foliage Sbs(λ): For estimating the
shaded foliage BRF, the upward fraction of the probability
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Fig. 1. Schematic of the scattering sequence of radiation reflected from
background. (a) Probability of a photon penetrating the canopy from sky (with
collision), reaching the background, and being reflected from the background
to the viewer. The dashed line means the incident radiation interacting with
foliage at least once. (b) Probability of a photon penetrating the canopy from
sky (with or without collision), reaching the background (n+ 1 times, n ≥ 1),
and being reflected from the background to the viewer.

Fig. 2. Schematic of the scattering sequence of radiation reflected from
foliage. (a) Probability of a photon that penetrates the canopy from the back-
ground (the dashed line means the reflected radiation interacting with foliage
at least once). (b) Probability of a photon that incidents from above the canopy,
being scattered within the canopy at least n+ 1 times (n ≥ 1).

of a photon penetrating the canopy from the background Pc

[Fig. 2(a)] and from the canopy itself Pd (scattered within
the canopy and without considering the first-order scattering)
[Fig. 2(b)] should be determined.

The upward fraction of the probability of a photon escaping
from the canopy after first collision is w · (1− p) · su, where
su is the upward fraction of the total scattered radiation (su =
1− sd). After (n+ 1) times of collision, the upward fraction
of this probability is w · (1− p) · (p · w)n · su. Therefore, the
total probability of a photon penetrating the canopy from the
background Pc is

Pc =
w · (1− p)

1− p · w · su. (11)

After (n+ 1) times of collision within the canopy, the upward
fraction of the probability of a photon which reaches to the top
of the sloping canopy [Fig. 2(b)] is

Pd =
(1− Pig) · w · p · w · (1− p)

1− p · w · su. (12)

If a photon comes from the top of the canopy and inter-
acts with the background once, the probability of this photon
escaping the canopy in the upward direction is Pa ·RG · Pc

(Fig. 3). If this photon interacts with the background (n+ 1)
times, the probability of escaping is Pa ·RG · (Pb ·RG)

n · Pc

(Fig. 3). Therefore, the total probability of the upward scatter-
ing from a sloping canopy after interacting with the background
is Pa ·RG · Pc/(1− Pb ·RG), while the total probability of the

Fig. 3. Schematic of the total scattered radiation by the foliage, when the
photon scattered between background and foliage n+ 1 times (n ≥ 1).

upward scattering from a sloping canopy is Pa ·RG · Pc/(1−
Pb ·RG) + Pd.

To generate the shaded foliage BRF, a phase function is
introduced as an approximation according to Omari et al. [4].
The phase angle is defined as ξ∗ = cos−1(cos(θs) cos(θv)).
θs and θv are the solar and view zenith angles to the sloping
background. The phase function is defined as f(ξ∗) =
(1/(3π)(sin ξ∗ − ξ∗ cos ξ∗) + (1/3) cos ξ∗(τL(λ)/w(λ)).
Therefore, the shaded foliage BRF on sloping forests is

Sbs(λ) = f(ξ∗) ·
(
Pa ·RG · Pc

1− Pb ·RG
+ Pd

)
. (13)

III. RESULTS AND DISCUSSION

A. Topographic Effects on the BRF of Shaded Components

The BRF of a sunlit component consists of the BRF due to
the direct light and the BRF due to the diffuse light. Under the
Lambertian assumption, the BRF of the sunlit portions does
not vary with angle, although the sunlit area ratios viewed
change with angle. The shaded portion is influenced by diffuse
radiation in all directions and multiple sources (adjacent sunlit
leaves, adjacent shaded leaves, transmission through leaves,
sunlit background, and shaded background), and therefore, it is
angle dependent because the contributions from these sources
vary with angle. The topography of the underlying surface
influences all these diffuse sources and can modify significantly
the angular variation of the shaded portion of the BRF. For this
reason, only the topographic effects on the shaded BRF are
analyzed hereinafter.

The shaded components of BRF on sloping canopies have
been theoretically simulated to show the topographic effects on
the BRF of shaded components. In this paper, the following
forest stand parameters are assumed: There are 4000 stems of
trees per hectare with an average radius of the tree crown r of
0.85 m; the height of the lower part of the tree (trunk space) ha
equals 0.5 m; the length of the crown hb equals 2.5 m; and the
height of the cone equals 1.5 m.

The half apex angle α is 30◦, the clumping index Ω is 0.7,
and the needle-to-shoot ratio γE is 1.43. The solar zenith angle
θ′s and solar azimuth angle φs are set to 30◦ and 180◦, and
the view zenith angle θ′v and view azimuth angle φv are set
to 40◦ and 0◦, respectively. The azimuth angle φg of the sloping
background is set to 0◦ and 180◦, representing the forward and
backward scattering directions, respectively (Fig. 4). The mean
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Fig. 4. Sunlight, view, and background geometry of this example shows the
topographic effect on BRF of the shaded components. φgv is the relative
azimuth angle between the viewer and the sloping background.

width of element shadows cast within tree crowns Ws equals
0.17 m. su and sd are assumed to be 0.5. In the red band, the
reflectance (RT ) and transmittance (τL) of foliage are 0.05 and
0.05, respectively; the reflectance of background (rG) is 0.04.
In the NIR band, the reflectance (RT ) and transmittance (τL)
are 0.48 and 0.48, respectively, and the background reflectance
(rG) is 0.2.

Fig. 5 shows the topographic effects on the BRF of shaded
components. According to (8), (9), and (11)–(13), Sbs(λ) can be
arranged as f(ξ∗) · (Pig · f1(RG, w, p, Su, Sd)+(1−Pig) ·
f2(RG, w, p, Su, Sd)), where f1 and f2 are the functions
of RG, w, p, Su, and Sd. f1 is RG · w · (1− p) · Su/((1−
p · w)−RG · w · (1− p) · Sd), and f2 is RG · w · (1−p) ·
Su/((1− p · w)−RG·w · (1−p) · Sd) · w · (1−p) · Sd/(1−
p · w)+(w · w · p · (1− p) · Su/(1− p · w)). They are slightly
affected by slope, but Pig is strongly affected by slope. In
the red band, because f1 and f2 are approximately equal
to each other in this case, the BRF of shaded foliage is not
sensitive to the topographical factors for the same leaf area
index (LAI) [Fig. 5(a)]. It also shows that the BRF of shaded
foliage decreases with increasing LAI due to greater radiation
absorption by foliage at higher LAI.

In the NIR band, f2 (from 0.2257 to 0.3404) is much
larger than f1 (from 0.0486 to 0.079), and therefore, the BRF
of shaded foliage is determined by the quantity of incident
radiation received by foliage (1− Pig). For this reason, the
shaded foliage BRF on the shaded slope (φgv = 0◦, where
φgv is the relative azimuth angle between the viewer and the
sloping background) is higher than that on the sunlit slope
(φgv = 180◦) due to greater radiation incident on the foliage
[Fig. 5(b)]. Furthermore, the steeper a shaded slope is, the
higher the shaded foliage BRF is, and the steeper a sunlit slope
is, the lower the BRF of shaded foliage is.

The shaded background BRF (Ssc(λ)) is obviously in-
fluenced by topographic factors in the red and NIR bands
[Fig. 5(c) and (d)]. According to (8) and (10), Ssc(λ) can
be arranged as Pb ·RG · Pvg · (Pa ·RG/(1− Pb ·RG) + (1−
Pig)), where 1− Pig is the probability of the canopy receiving
direct radiation. Therefore, Ssc(λ) is mainly determined by
the incident radiation received by the foliage in the sunlight
direction and emergent radiation from the background in the
view direction. Ssc(λ) of the shaded slope (φgv = 0◦) is larger
than that in the sunlit slope (φgv = 180◦). On the shaded slope,
Ssc(λ) increases with increasing slope due to foliage being

Fig. 5. Variations of BRF of the shaded components with slope and aspect
in the red and NIR bands. The LAI varies from two to ten. φgv is the relative
azimuth angle between the viewer and the sloping background.

exposed to more incident radiation and more radiation reflected
from the shaded background in the view direction. However,
on the sunlit slope, the shaded background BRF decreases
with increasing slope due to foliage receiving less incident
radiation while emergent radiation decreases in the view di-
rection. Fig. 5(c) and (d) also shows that Ssc(λ) decreases
with increasing LAI in the red and NIR bands. Simply, the less
incident radiation reaching the background under greater LAI
conditions, the less reflected radiation is able to escape through
the canopy from the background.

The ratios of the shaded foliage BRF (sfBRF) to the total
forest BRF (tBRF) and the shaded background BRF (sbBRF)
to the total forest BRF (tBRF) are used for assessing the impact
of multiple scattering on the total forest BRF under different
topographic conditions (Fig. 6). Fig. 6 shows that multiple scat-
tering on shaded slopes is larger than that on sunlit slopes for
both shaded foliage and background in the red and NIR bands.
The influence of multiple scattering on the total forest BRF
increases with increasing slope on the shaded part of the sloping
surface and decreases with increasing slope on the sunlit part.
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Fig. 6. Ratios between the shaded foliage BRF values and the total forest BRF
values vary with slope and aspect in the red and NIR bands. LAI varies from
two to ten. sfBRF/tBRF is the ratio of the shaded foliage BRF values to the
total forest BRF values, and sbBRF/tBRF is the ratio of the shaded background
BRF values to the total forest BRF values. φgv is the relative azimuth angle
between the viewer and the sloping background.

In the red band, the shaded foliage BRF is only 0.3%–0.9% of
the total BRF [Fig. 6(a)], and the shaded background BRF is
only 0%–2.5% of the total BRF [Fig. 6(b)]. This indicates that
the total BRF is captured by the first-order scattering, although
the multiply scattered BRF is affected by topographical factors
in the red band. According to model assumptions that first-
order scattering is determined by canopy structure in the red
band, the total BRF does as well. However, the shaded foliage
BRF can reach up to 7%–40% of the total BRF [Fig. 6(c)], and
the shaded background BRF can reach up to 1%–31% of the
total BRF [Fig. 6(d)], indicating that both topographic factors
and multiple scattering schemes have strong influences on the
total BRF of forest on slopes. For sfBRF/tBRF [Fig. 6(a) and
(c)], it can be found that the topographic influence on multiple
scattering is more pronounced at greater LAI values due to
increased reflection with the same level of incident radiation.
For sbBRF/tBRF [Fig. 6(b) and (d)], the influence of shaded

TABLE I
INPUT PARAMETERS OF THE NEW MODEL TO SIMULATE

THE BRF OF THE THREE FORESTS

background BRF on the forest scene decreases with increasing
LAI under the same topographical conditions because the prob-
ability of the photons scattered by the background escaping the
canopy decreases with increasing LAI.

B. Modeled Results in Comparison With MODIS Data

Moderate Resolution Imaging Spectroradiometer (MODIS)
MOD09GA reflectance data at the 500-m spatial resolution are
used to validate this new model. Three sloping forest locations
are selected according to slope and aspect maps generated using
digital elevation models downloaded from the U.S. Geological
Survey. Cloud-free reflectance values in the red and NIR bands
over the course of one month at each of these three locations
as well as the corresponding sunlight and view angular data
with 1-km spatial resolution are collected for this validation
purpose. The first study site is located at Chongqing City,
China (29.6217◦N/107.3798◦E). Pine (Pinus massoniana) is
the major conifer species at this study site. Eighteen cloud-free
days from August 1 to 31 of 2011 are selected. The slope is
20◦, and the aspect is 89◦ from the north. The second study
site is located at Hulunbuir City, China (50.72◦N/122.7309◦E).
Pine (Larix gmelinii) is the major conifer species in this study
site. Seven cloud-free days from August 1 to 31 of 2011 are
selected. The slope is 18◦, and the aspect is 101◦ from the
north. The third study site is located at Huma County, China
(51.9989◦N/123.5387◦E). Pine (Larix gmelinii) is the major
conifer species in this study site. Twelve cloud-free days from
August 1 to 31 of 2011 are selected. The slope is 15◦, and the
aspect is 164◦ from the north.
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Fig. 7. Modeled BRF values with and without considering the topographic
effect are compared with the MODIS BRF values on sloping terrains in the red
band and NIR bands. Multiple scattering is considered in these simulations.

The input parameters of the new model for the three forests
on slopes are listed in Table I. It is difficult to give obser-
vation data sets exactly for these 250 000 m2 (500-m spatial
resolution) pixels in the remote sensing images. We have made
the best guess to determine the model input using common
parameter values of forest within reasonable ranges. The same
input parameters are used to simulate BRF using the new model
with or without considering topographic factors and multiple
scattering schemes. Therefore, the differences of these modeled
results are not derived from these input parameters.

Fig. 7 shows the comparison of the surface reflectance (BRF
product) retrieved from the MODIS image with the BRF simu-
lated using the new method for these three sloping forest pixels.
The simulated BRF of red and NIR bands which considers
topographic effects compares well with the MODIS surface
reflectance with R2 values of 0.8614 and 0.7573 and rRMSE
values (the ratio of the root-mean-square error to the arithmetic
average of estimation result) of 0.1339 and 0.0850, respectively.
If topographic effects are not considered (the slope and aspect
are set as 0◦), the correlations between the simulated BRF and
MODIS surface reflectance values degrade considerably, with
R2 equaling 0.7771 and 0.5176 and rRMSE values of 0.1839
and 0.1155 in the red and NIR bands, respectively. Whether
or not topographic factors are considered, both sfBRF/tBRF
and sbBRF/tBRF are less than 1% in the red band; however,
in the NIR band, sfBRF/tBRF and sbBRF/tBRF can reach up
to 21% and 19% in this case, respectively. This indicates that

the differences of simulated BRF between the model results
with and without the topographic consideration are derived
from topographic factors which are largely unaffected by the
multiple scattering scheme in the red band. In the NIR band,
these simulated results are not only affected by topographic
factors but also affected by multiple scattering schemes. To
summarize, the modeled BRF with consideration of both multi-
ple scattering and topographic factors is closest to the MODIS
surface reflectance. If the topographic factors are considered
and the multiple scattering schemes are ignored, the simulated
BRF values are slightly smaller than those MODIS surface
reflectance values (nontopographic results in the red band), and
simulated results with consideration of multiple scattering only
are the worst among all simulations.

The first location is selected as an example to illustrate that
the BRF of sloping forests is affected by multiple scattering
in multiangle observations. Within these 18 cloud-free MODIS
observations, there exist two kinds of combinations of the view
azimuth angles, sunlight azimuth angles, and sunlight zenith
angles. The two combinations are as follows: 1) the view az-
imuth angles approximately equaling 0◦, the sunlight azimuth
angles approximately equaling 140◦, and the sunlight zenith an-
gles approximately equaling 20◦ and 2) the view azimuth
angles approximately equaling 97◦, the sunlight azimuth angles
approximately equaling 121◦, and the sunlight zenith angles
approximately equaling 27◦. The variations of these view zenith
angles are from 23◦ to 60◦ and from 1◦ to 62◦ for these
two kinds of combinations, respectively. Therefore, with the
consideration of the first-order and multiple scattering, the BRF
values in these two planes are simulated according to these
two angle combinations and compared with the MODIS surface
reflectance.

Fig. 8(a) and (b) shows the comparisons between the sim-
ulated BRF and MODIS surface reflectance values for the
first combination in the red and NIR bands, respectively, and
Fig. 8(c) and (d) shows the comparisons between the simulated
BRF and MODIS surface reflectance values for the second
combination in the red and NIR bands, respectively. Similar to
the preamble analysis, the BRF values are largely unaffected
by multiple scattering in the red band. However, the NIR band
is pronouncedly affected by multiple scattering. Generally, the
simulated BRF values with consideration of multiple scattering
are closer to MODIS surface reflectance. However, there are
still slight differences between the simulated BRF and MODIS
surface reflectance values after considering multiple scattering.
This can be related to the inexact angular matching between
the model and the observation, and the approximation of the
complex topographical variations within the 500-m pixels with
2-D (smooth and extensive) slopes.

IV. CONCLUSION

In this paper, a hybrid GO–RT model for parameterizing and
simulating the BRF of forests on sloping surfaces has been
developed. The following conclusions can be drawn from this
study.

1) LAI and topographic factors have pronounced influences
on the BRF of shaded forest components. Although the
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Fig. 8. Simulated BRF values compared with the MODIS BRF values at
multiple angles in the red and NIR bands. The multiple scattering schemes and
first-order scattering are considered in the simulated BRF, respectively.

shaded components of BRF are negligible (less than 3%
of the total BRF) in the red band, the total forest BRF is
strongly influenced (reaches up to 40% of the total BRF)
by multiple scattering in the NIR band.

2) The new BRF model with consideration of the multiple
scattering and topographic factors closely reproduced
MODIS surface reflectance in three selected MODIS
pixels on sloping terrains (red band: R2 = 0.8614,
rRMSE = 0.1339; NIR band: R2 = 0.7573, rRMSE =
0.0850). If the topographic factors are considered and the
multiple scattering is ignored, the simulated BRF values
are slightly underestimated in the red band (R2 = 0.7771
and rRMSE = 0.1839). Simulated results with consider-
ation of multiple scattering and without topographic fac-
tors are worst among all simulations (R2 = 0.5176 and
rRMSE = 0.1155 in the NIR band), suggesting that the
importance in considering topography is optical remote
sensing.

The new model developed in this study shows the ability to
simulate BRF of shaded forest components as well as the total
BRF on slopes. It provides a foundation for developing a forest
reflectance model for sloping forests which includes multiple
scattering between neighboring sloping surfaces in complex
terrains. It will also be an effective tool to improve the retrieval
of the forest parameters on sloping surfaces using remotely
sensed images.

APPENDIX

The parameter p is defined in previous studies as the mean
recollision probability [19], [20]. They interpreted it as the
probability of having two or more interactions of one photon
within the canopy. The parameter p provides a useful way to
model the scattering behavior of a forest canopy [4].

Smolander and Stenberg [20] indicate that the p value is
practically insensitive to the solar zenith angle in the range of
solar angles commonly used in satellite remote sensing, and it
should be expressed for conifer (PCC) and broadleaf canopies
(PLC), separately. For a broadleaf canopy

PLC = Pmax ·
[
1− e−k·LAI′b

]
(14)

where the empirical coefficients are Pmax = 0.88, k = 0.7, and
b = 0.75. For a conifer canopy

PCC = Psh + (1− Psh) · PLC(LAIm) (15)

where PLC(LAIm) is the recollision probability of the
broadleaf canopy with LAI equal to the modified LAI (LAIm)
for the conifer canopy. LAIm = LAI′/γE , where γE is the ratio
of half the total of needle area in a shoot to half the total shoot
area [21]. LAI′ is the LAI in the normal direction of the sloping
forests. In the GOST model, LAI is defined as one-half the
total leaf area per unit horizontally projected ground surface
area. Therefore, LAI′ = LAI · cos(θg), where θg is the slope
of the forest background. Psh is the shoot structural parameter.
Smolander and Stenberg [22] indicate that the Psh is closely
related to 1− 4STAR, where STAR is defined as the spherically
averaged shoot silhouette to total area ratio

STAR =
1

TNA
· 1

4π

∫
4π

SSA(Ω)dΩ (16)

where TNA denotes the total needle area of the shoot and
SSA(Ω) is the shoot silhouette area in direction Ω. Therefore,
the relationship between γE and STAR is

STAR =
1

4π · γE
. (17)

Therefore, Psh can be arranged as

Psh = 1− 1

π · γE
. (18)
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