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Abstract An accurate and operational bidirectional reflectance distribution function (BDRF) canopy model is the basis of
quantitative vegetation remote sensing. The canopy reflectance should be approximated as the sum of the single scattering re-
flectance arising from the sun, p', and the multiple scattering reflectance arising from the canopy, p™, as their directional char-
acteristics are dramatically different. Based on the existing BRDF model, we obtain a new analytical expression of p' and p™ in
this paper, which is suitable for different illumination conditions and different vegetation canopies. According to the geomet-
rical optic model at the leaf scale, the anisotropy of p' can be ascribed to the geometry of the object, sun and the sensor, multi-
ple scale clumping, and the fraction of direct solar radiation and diffuse sky radiation. Then, we parameterize the area ratios of
four components: the sunlit foliage, sunlit ground, shadow foliage and shadow ground based on a Poisson distribution, and de-
velop a new approximate analytical single scattering reflectance model. Assuming G=0.5, a recollision probability theory
based scattering model is developed which considers the effects of diffuse sky radiation, scattering inside the canopy and re-
bounds between the canopy and soil. Validation using ground measurements of maize and black spruce forest proves the relia-

bility of the model.
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1. Introduction

The solar radiance reflected by vegetation (0.3-2.5 pum) is
bidirectionally reflected, and can be expressed by the bidi-
rectional reflectance distribution function (BRDF),

L@, ,p,,A)
WF@.,0,2)+EA)

p,9,.0,.9,,2)= ey

In eq. (1), L is the radiance of an object received by the
sensor, w;F and E are the irradiance of direct solar radiation
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and diffuse sky radiation, respectively, u;=cosé, 6 is the
solar zenith angle, ¢;, 6,, ¢, are the solar azimuth angle,
viewing zenith angle and viewing azimuth angle, respec-
tively, and A is the wavelength. An accurate and operational
canopy BRDF model is the priority for retrieving the leaf
area index (LAI) from remote sensing data (Zhu et al.,
2012). Numerous models have been developed, including
the geometrical optic (GO) model and radiative transfer
(RT) models, where computer simulations are the most
popular BRDF models (Verhoef, 1984; Xu, 2005; Liang,
2005).

In the GO model the discrete vegetation is the object of
study, the tree crown is assumed to have a regular geometry,
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and the crown and background surfaces are assumed to be
Lambertian. Only directional solar radiation is considered,
while the radiance received by the sensors is assumed to be
composed of signals from four components: sunlit crown,
sunlit ground, shaded crown and shaded ground. Their cor-
responding area ratios are denoted as K., K,, K,, K, (Li and
Strahler, 1985).

L=KL+K,L +KL+K]L, 2)

L., L, L, L, are the radiance of the sunlit crown, sunlit
ground, shadow crown and shadow ground, respectively. If
the crown is sparsely distributed in the receiver’s pixels, K,
K,, K, K, can be calculated according to geometric projec-
tion. Li and Strahler (1985) were the first to suggest that the
combined geometry of the object, sun and the sensor was
inferred as the main reason for anisotropic reflectance. This
approach was able to successfully explain and simulate hot
spots. Based on eq. (2), the four-scale GO model proposed
that the tree distribution pattern and foliage distribution
pattern within the trees were not random, and clumping on
different scales had profound effects on the forest BRDF
(Chen and Leblanc, 1997). Clumping can increase the gap
fraction and change the area ratio of the above-mentioned
four components and their contribution to multiple scatter-
ings.

The GO model was challenged in several aspects: (1) it is
difficult to calculate the area ratio of four components when
the crowns are very dense. To date, it is still difficult to
simplify the description of the clumping effect. (2) The
crown surface is a solid sphere, and the normal direction of
a surface element (ds) is changed, thus the irradiance of ds
correspondingly changes. So the radiance reflected by a
crown surface is non-Lambertian, even when the elements
are solid spheres with Lambertian surfaces. (3) As the
near-infrared band is indispensable to vegetation parameter
retrieval, observed radiances arising from multiple scatter-
ing processes cannot be neglect (Chen and Leblanc, 1997).
With these limitations in mind, how can we further the GO
model to solve these challenges and hence improve the veg-
etation BRDF.

Based on the principle of energy conservation, the disci-
plinarian of energy transfer during the collision was estab-
lished via RT modeling (Chandrasekhar, 1960). The pre-
condition of the RT equation is that the radiation process is
independent among the scattering particles. This can be
established when the scale of the scattered particles is less
than the wavelength (1), and the space between scattering
points is more than tenfold the wavelength, D>104 (Zhou et
al., 1991). In another words, diffraction satisfies these con-
ditions. RT models can successfully describe the interaction
process between sunlight and the atmosphere as the main
scatterers in the atmosphere are gas molecules and aerosols.
Thus, no shadows and hot spots can be deduced according
to RT modeling, thus contradicting the vegetation BRDF.
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Many studies tried to solve this problem, but all of these
works focused on correlations between the four components
in different directions, which were inherently based on the
GO model (Jupp and Strahler, 1991; Kuusk, 1991). The
integration of the GO model with RT modeling severely
damaged the uniformity of their logical deductions. The
existence of shadows and hotspots has proved that sin-
gle-scattering reflectance obeys the geometrical optic mod-
el. According to random multiple scattering, p™ is isotropic,
so that p' and p™ should be separated, hence: p=p'+p".

Along with the rapid development of computer technol-
ogy, the Monte Carlo method (MC) and the real-scenarios
simulation algorithm were widely used to simulate the
BRDF. Taking advantage of the inherent strengths of the
computational environment, these methods were able to
simulate real physical processes, and obtain an averaged
result. These numerical simulation not only supported re-
sults obtained from field tests, but also provided a modeling
reference database, but the model can’t satisfy the request of
very complicated conditions.

MC simulations track the continuous progress of pho-
tons, and simulate the ratio of absorption and scattering en-
ergy along a collision course (North, 1996; Xu, 2005);
however, they do not consider the spatial distribution of the
scattering radiation. Each photon course is repeated ten mil-
lion times, just like the interaction between real photons and
canopy, until a simulation result becomes stable. Thus, a
precondition of the MC simulation is the independence of
each tracking process. The ratio of scattering and absorption
in the vegetation canopy depends on the optical properties
of the vegetation elements (leaf single scattering albedo w))
and the recollision probability; however, it is unrelated to
the vegetation illumination conditions (Knyazikhin et al.,
1998, 2011). Thus, MC models are unable to simulate
hotspots, and are also unable to simulate p', but they can be
used to simulate p™, as multiple scattering is approximately
isotropic. Assuming G=0.5, the approximate solution of p"
can also be derived according to recollision probability.

The real-scenarios simulation model is composed of two
parts: (1) the simulation of vegetation canopies, where
many software programs can produce visually realistic veg-
etation canopies (Liang, 2005); and (2) the simulation of the
process between electromagnetic waves and vegetation el-
ements, such as ray-tracing methods and radiosity simula-
tion methods, where the radiosity-graphics combined model
(RGM) is a typical example of the latter method (Qin and
Gerstl, 2000; Huang et al., 2013). When the location and
spatial distribution of leaves are used as input, the area rati-
os of the four components can be calculated, and the distri-
bution of irradiance in a scene can be simulated. In this ap-
proach, the BRDF of RGM can successfully simulate
hotspots (Qin and Gerstl, 2000; Huang et al., 2013).

On the basis of analyzing and summarizing the existing
models, we tried to explore the generality and individuality
of various vegetation canopies. If G=0.5, and the reflectance



XuXR,etal.

and transmittance of vegetation elements is approximately
Lambertian, we found that different canopies can be unified
by the clumping index and the gap fraction. According to
GO model at the leaf scale, we parameterized a new ap-
proximate analytic single scattering reflectance model. A
recollision probability theory based scattering model was
also developed. The unified model was established to de-
scribe the bidirectional reflectance characteristics for dif-
ferent canopies and different illuminations.

2. The principles of the unified vegetation
BRDF model

The canopy reflectance should be approximated as p=p'+p",
where p' represents the contribution of a single scattering
reflectance, and p™ represents the multiple scattering reflec-
tance (Qin and Jupp, 1993; Chen and Leblanc, 1997; Fan et
al., 2014). Their directional characteristics in 2n space are
dramatically different, where the former shows significant
anisotropy, such as hotspots and the bowl edge effect, while
the latter shows approximate isotropy. Their driving factors
are also different, implying that their solving methods are
also different. Then the contribution of sun light and the sky
scattering to the canopy BRDF can be expressed accurately.

The radiance received by sensors can be expressed as
L=L'+L", where L' and L™ are the radiance received by the
sensor from the vegetation-soil system through single scat-
tering and the multiple scattering, respectively,
p'=L'[(w;F+E), p"=L"/(u;F+E).

According to the GO model, L' can be expressed using
eq. (2). However, in this paper the GO model was trans-
ferred from the crown scale to the leaf scale, where the four
components are the sunlit foliage, the sunlit ground, the
shadow foliage and the shadow ground, respectively. Their
area ratios are denoted as K., K,, K,, K,, respectively. If
G=0.5, and the reflectance and transmittance of vegetation
elements is approximately Lambertian, the reflected radi-
ance of the four components is anisotropic, but we avoid the
hypothesis that the vegetation element is Lambertian. The
bidirectional gap fraction was derived instead from a Pois-
son distribution, and the clumping effect was also taken into
account, so that we could calculate the clumping effect of
dense vegetation. Then L., L,, L, L, can be approximately
calculated analytically to describe the contribution from the
sunlight and the sky scattering to the canopy BRDF.

L™ is the radiance caused by multiple scatterings, and it is
nearly isotropy. L"=M"/n, M" is exitance of the vegeta-
tion-soil system caused by multiple scatterings, where both
the solar and sky scatterings are light sources.

M" =u,Fp" o +EpPS .0, Pro and p5 ., are the direc-
tional hemisphere and hemispherical reflectance of the veg-
etation canopy caused by multiple scatterings, respectively.
p" = [(l— Bplo+ ,Bpg_)g]/ n, and we derived the ana-
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lytical formulae when p", and p; ., (Appendix 1,

available at http://earth.scichina.com).

If the scattering phase function of the vegetation ele-
ments (such as leaves) can be expressed as the sum of the
Lambertian reflectance and specular reflectance, and G=0.5,
the reflectance and transmittance of elements can be ap-
proximated as Lambertian scatterings on the canopy scale.
The escape probability of canopy photons is decided by the
canopy gap fraction (Knyazikhin et al., 1998, 2011; Mat-
tus, 2007). Thus, the recollision probability depends on the
vegetation structure, and the wavelength is irrelevant
(Panferov et al., 2001; Stenberg, 2007; Huang et al., 2007).
The ratio of p' and p”, and hence p",, and p[_, can be

calculated using recollision probability (Smolander and
Stenberg, 2005; Fan et al., 2014).

3. The approximately analytical formula of p'

3.1 The gap fraction

According to the Poisson distribution, the interception
probability of a photon caused by foliage in 2-D space is
G;,LAl, if the leaves are distributed randomly. The gap
fraction of vegetation canopies in the ecosystem scale in the
6. direction (Nilson, 1971) is,

G;,
-—=LAI,

P@,)=e " 3)

where G; and G, are the values of the G function in the solar
direction and viewing direction, respectively, u;=cos&,
u,=cosd,, and LAI, is the true average LAI of a pixel. In
fact, vegetation elements that can intercept photons include
foliage, branches, flower, spikes and so on. So, the LAI,
here is not the traditional leaf area index. Due to the com-
plexities of non-leaf components, which do not possess
characteristics in the 2-D plane, the plant area index (PAI),
which should include the half leaf and non-leaf area per unit
ground area, is introduced in this paper instead of the LAI.

For canopies distributed heterogeneously, the clumping
index ¢ can be used to modify eq. (3),

—é(@)gPAI

P(@)=e * 4)
where & (Q)LPAI is a dimensionless interception

factor. The accuracies of &(6) and PAI are crucial to eq. (4).

3.2 The relationship between & and 6

The pixel average LAI should not be affected by clumping.
Instead, clumping will change the spatial distribution pat-
terns of the considered canopies. It has been proven that the
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pixel average gap faction will increase when clumping is
considered. Thus, the clumping index £<1. If canopies are
distributed randomly in a pixel, and the total leaf area and
pixel area are LA and A, respectively, then, LAI,=LA/A. The

gap fraction in the O° viewing direction is P (0) =e A
If foliage are clustered and distributed randomly in the
sub-pixel, whose area is ay, then,

Lar, =EA_ A
1 al al

®)

The bare area of the pixel is a, (a;=4A—a,). Thus, the av-
erage gap fraction of the pixel (A) can be expressed as,

P(0)=P(LAL,) +“—2[1 -p(LaL,)], 6)

when a;=0, P =P(LAI,,)=P(LAI,), when a, is closed to

A, P is closed to 1 (As shown in Figure 1). When q; in-
creases from O to A, canopies will become more and more
aggregated, and P will increase from P(LAI) to 1 if
0P /da, >0. This shows that canopy aggregation can in-
crease the pixel average gap fraction (details in Appendix
2).

So, how can we determine the two unknown parameters
&(0) and PAI in eq. (4)? For row crops, if the principal plane
is perpendicular to the rows (as shown in Figure 2) and we

set the wunit distance in the y direction, then,
w=LA/(a, -H-1). The canopy gap fraction in the
0°-zenith-angle is,
P(0)=2(1-e 0 ) 4. oM, @
£(0)=- ! In P(0), (8)
GLAI

C

A . .
when 6=6,, 6. = tan ™" (EJ’ then, . is the crucial angle,

and &(6,)=1 (Appendix 3).

Z
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Figure 1 The relationship between pixel average gap fraction and canopy
clumping.

When ¢<(n/2), a,, a, and A increase. When the value of
6. increases to m/2, the relationship betweend(6) and @ 1is as
shown in Figure 3 (Yan et al., 2012).

As discrete vegetation is distributed freely and randomly,
it is hard to simulate the relationship between &(6) and 6.
Chen and Leblanc (1997) measured the gap fraction of
black spruce canopies. The measured results showed that
the measured gap fraction was closed to its simulated value
derived from the Poisson formula when @>15°. When
6>7.5°, P(7.5°) can be calculated using a Newman distribu-
tion. The crucial angle was closed to 15° according to aver-
age tree height and distance among tree crowns. The meas-
ured results also showed that {<1 when 6 <6., and & =1

when 6>6,, because gaps among tree crowns had disap-
peared. So, it could be approximated using a Poisson distri-
bution. Accordingly, the relationship between &(6) and 6
shown in Figure 3 has general meaning.

Based on the relationship between £(6) and 6, 6. can be
calculated when the vegetation canopy average height (H)
and average distance among the tree crowns are obtained. If
the G-value of non-leaf components are given (Miiller-

(a)

Figure 2 Vertical and horizontal sections of row crops.
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0 2] 90°

c

Figure 3 The relationship between &(6) and € (Yan et al., 2012).

Linow et al., 2015), the PAI can be retrieved using meas-
ured porosities when 6 >6, for 5(9) ~1. Then &(6) can be

derived. According to this method, the pixel PAI of black
spruce was 1.87 (G=0.5). The measured LAI of a single
tree was 4.5 (Chen and Leblanc, 1997), and the pixel aver-
age true leaf area index (LAI,) was 1.1451. The difference
between PAI and LAI, was caused by non-leaf components.
So, it was different between the LAI retrieved by remote
sensing methods and the traditional LAl (Chen and Leblanc,
1997). Because the contributions to BRDF coming from
foliage reflectance and non-leaf components reflectance
were disparate and the relationships between them and the
four components (K,, K., K;, K;) were complicated, compo-
nents related to sunlit trunks and shaded trunks were added.
In short, PAIs retrieved by remote sensing methods were
different to the traditionally defined LAls, and instead were
close to the PAI values retrieved from the multi-angle
measured gap fraction.
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3.3 Four components calculation

3.3.1 Four components calculation formulae
If we set the land surface as the base level, the area ra-
tios of the four components are the dimensionless intercep-
tion probability of scattering. This is decided by the correla-
tion between the gap fraction of the solar direction and the
gap fraction of viewing direction (Figure 4).
Then, K, can be expressed as,

—(+1,-1) 1
( ) —

K =e e el )

g

where e, e™ are the gap fraction in the solar direction

and viewing direction, respectively, and e’ describes the
correlation of the two directions. Figure 5 shows how to
calculate ...

Figure 4 The effect of the correlation between the solar and viewing
directions on the four components. Here i, v are the solar direction and
viewing direction, respectively. The two ovals are the area ratios of the
vegetation components projected to the land surface from the solar direc-
tion and the viewing direction, respectively. /;, [, are assumed to be dimen-
sionless interception probabilities in the solar direction and viewing direc-
tion, respectively.
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Figure 5 The /. value. Where in a: [.=0, in b: /. is neither O nor maximum, and in c: /. is maximum. When /=0,
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K, = e . e This reveals that i and v are

uncorrelated. In the cases of Figure 5, [;+1,—1.=0. So, 0< K < Kg < Kg <1.When PAI— oor 6,,~n/2, K,~0, when PAI—0, K,—~ 1.
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According to the definitions of the four components,
-,
K +K =¢
K +K,=1-¢™", (10)
K +K,+K +K =1.

It is certain that all four components exist at the same
time, which is the foundation of the GO model.

K +K+K =e™ =1-K_,

(11)
K. =1l-¢,
-1,
K =e"-K,, (12)
K =(1-e")-K =e* -e", (13)

According to egs. (10)-(13), 0<K,, K,, K,, K<1; K, K,,
K,, K, are the probabilities of occurrence of the four com-
ponents, respectively; K +K,+K+K,=1, is necessary, but is
not a sufficient condition to GO because the properties of
light (i.e. the value of f and its variations) can affect the
vegetation BRDF.

For the GO model, calculating /. is a key problem, which
is determined by the correlation between the solar direction
and viewing direction. The [. calculation is based on the
Earth’s surface. However, the reference planes of the di-
mensionless interception probabilities calculated in the solar
and viewing directions are vertical to the two directions. So,
it is required to transform the projections.

3.3.2

The three determinants to /. are the sizes of /; and [,, the
shapes of [; and [,, and the distance between /; and [,. The

G
sizes of I; and I, are decided by @PAI . When 6,,=0

/’li,v
and the shapes of /; and [, are assumed as round, their radii
can be expressed as,

I, calculation

0)G(0) PAI
fivo = % (14)
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when 6,70, the shapes of /; and [, are still round in the
planes which are perpendicular to the i or v directions.
However, the projected shape on the surface should be el-
liptical. Its minor axis is still ry, and the major axis should
turn into r;,,, as shown in Figure 6a

r.

Fa = (15)
lui,v

a; and a, represent the central points of ellipse /; and ellipse
[, the on x-axis, respectively, as shown in Figure 6b and
then,

(16)

aq, :lHﬂl taneiw

v .
here, H=H,+H,, where H, is the canopy thickness, and H, is
the trunk height, and g, is the foliage volume density func-
tion (vegetation elements).

According to eq. (16), we should transform dimensional
H (height) into a dimensionless one. Thus, it is crucial to
determine the transformation relationships between them.
The volume density function () is introduced, and
w=LA/D. Here, LA represents the total leaf area in the cyl-
inder, D is the cylinder volume, and g is still dimensional

(ie. |L|"). If PAI= -H, PAI will become dimensionless,

and dimensional H can be transformed to a dimensionless
variable using g. Here 1/y, is the correspondence value
when the dimensionless variable is equal to 1. Then

H/ (1/ ,ul): H i, = PAI . The dimensionless factor should

be (H+Hp); when vegetation canopies extend to the
ground. When the solar and the viewing directions are both
in the principal plane, the coordinates of the intersecting
points (i.e., (x, ¥) in Figure 7) can be figured out through the
two simultaneous elliptic equations mentioned before.

Goa)u’ v an

SR (18)

—

LT~

\ Ax V'
]

<)
_/

(a)

Central
point point

(b)

Figure 6 Sketches of overlay areas computations. (a) Vertical projection; (b) vertical cross-section.

Central
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where /., which consists of /.; and [.,, is the overlay area of
two projected ellipses in the i and v directions, as shown in
Figure 7,

1 1.
l(«',i :2'7;0' i .(EIO_ZSIHZI \J

Il =2-r

c,v v,0

or

1 1.
o (Eto —Zsm 2t j , (19)

. . t .
where ¢, is the radian of ¢, and tozﬁm. When the in-

tersection x is between a; and a,. In other situations, one
value of #, can be still calculated using the method men-
tioned before, and the other, the updated 7, should be (1),
which is determined by the actual locations of intersections
of the two ellipses, especially the central points.

l.; and [, in the horizontal plane have been expanded to
1/cosé, and 1/cos b, respectively, so,

I,=1I_cos 6 + [, cosb,, (20)

when the viewing direction is not in the principal plane, the
computation method of /. is showed in Appendix 4.

3.4 The p1 approximate analytical expression consid-
ering skylight

Py, i-v and pg ;_, represent the directional-directional reflec-
tance of foliage and soil, respectively. The diffuse reflec-
tance, p,, 1, and p, 1, are their average values. If diffuse scat-
tering in the path of the incident light is ignored, the sunlit
L=wFip, 1 and L&=u;Fp, ;.

For shaded components, if Llf represents the down-

ward radiance of skylight, and its contribution to ground

radiant flux in one direction should be
A(6)GPAI

LY -cosf-e % .cosfdQ. Hence, the average contri-

bution S, in 2m space can be expressed as,

y/\

(x.y)
\ , ,
/ﬂTﬂT]T :\ ‘l S

Figure 7 A sketch of /.; and /., in the principal plane.
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£(0)GPAl

LY cosf-e ¢ cosOdQ. (21)

1
S =—
£ 2l

_s(o)Gpar
Because L,‘cos® and e ¢ -cosf areuncorrelated,

7§(€)GPAI
e cos @

S,= +La¢ cos¢9dQ~L . -c0s @dQ2
2 2w 2n (22)

£(0)GPAI

= Efacosﬁsinﬁ- e @0 dg.
0

£(6)GPAI

Let S':'Pcosesinﬂe_ cs¢ d@, then,

0

S, =SE

Pea, represents the hemispherical-directional reflectance
of the ground, then, L, =S'E- Pecrs .The average irradiance
S, to the  vegetation canopy should be,
S,=E-SE=(1-S"E , L=(1-S)E-p,q,
P,q, is the average hemispherical-directional reflectance

_E
WE+E’

Here,

of the foliage. Let f=

P=(1-B)K.p,.., +(1-B)K.p,,.,

, (23)
+SﬁKJ%QW+@—S)KJ%mW

This equation is based upon two approximations: (1) We
ignore the effects of diffuse scattering in the sunlight path
on sunlit components, and the direct sunlight has no contri-
bution to the shaded components, and (2) we assume

pv,iﬂ' =pv,Qﬂ' =pv,L ’ ,Og,,-,v =pg,va =10g,L N
Thus, the approximate analytical expression of p' should
be,

p'=(1=P)K,p. +(1=B)K.p,,

(24)
S BK.p,, +(1-5)BK,p,

4. Multiple scattering reflectance

4.1 Expression of the recollision probability

When the photons impinge upon a canopy at the zenith an-
gle 6, some of them are intercepted by the vegetation ele-
ment, where the probability of having two interactions with
one photon within the canopy is called the one-time recolli-
sion probability (p'). Because there is a negative exponen-
tial relationship between the gap fraction and
—&(O)G(O)LAIlug, the photon interception probability also
shows a negative exponential relationship with H, which
means that more photons are intercepted by the upper layer
of the canopy than by the lower layers, and intercepted
photons have more chance to escape from the upper surface
than the lower surface. This asymmetry effect directly re-
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lates to the change of 6.

Assuming that N, photons are incident upon a canopy
with solar zenith angle 6, and collide with the vegetation
element at a depth of &, the amount of photons that escape
from the upper surface, the bottom surface and remain in
the canopy are E',,, E’,, and E’,, respectively. The

probabilities of photons from layer dh at a depth & that es-
cape through canopy upwards, downwards and remain in
the canopy are qi,h , 61:1,;, and e}, respectively. The total

photon escape and capture probabilities can be expressed as:

_S0)G(G)u-h

H

Ei=] Me OO g1, -an, @5)
0 Hi
" _£(6)G(6)u;-h OYG(O)u

B v SO0 26)
0 H;

_E0)G)uh
Elzf Ne w LOGOM g o
0 #

where Q!, Q) and p' represent the escaped probability of
photons from the canopy upwards, downwards and recollide

with the canopy, respectively, and their sum is 1. We have

_E@)GEmH
1 1 1_ H;
E +E,+E' =N,o(1-¢ ),
_E6)G@)mH
1 _ ol 1
0 =E!/ No(l-e )
&)@ uH
1 1 ;
O,=E,/Nowl-e *“ ), (28)
&)@ uH

p1 =E' / Nyo(l—e Hi ),
P'=1-(0,+0)),
where qi,h is the average gap fraction of the upper hemi-

sphere, and q;,,, is the average gap fraction of the bottom

hemisphere, which can be expressed as:

_EB)G(O,)uh
qu h __J. ﬂv e dQv’ (29)
1 _&(6,)G(,)u (H=h)
Gup=7=|  He o dg,, (30)
T 2mdon

&(6,) and G(6,) can be obtained from field measurements.
Since dQ=sinfddd¢;, ¢,, and g,, can be expressed as:

1 _ bk 1 -b(H-h)
qu,h =ac ’ Qd,h =ac

pirical parameters. When &£(6,)=1, G(6,)=0.5 and u=1, the
three parameters are 0.5, 1.1 and 0.8, respectively. Eq. (28)
can be verified by MC simulations (Figure 8).

In Figure 8, the solid line represents the recollision

, where a, b and ¢ are em-
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Figure 8 The relationship between p' and LAI for different incident
angles.

probability derived from eq. (28), and the points represent
the recollision probability derived from MC simulations. In
the simulation, the leaf transmittance and reflectance were
set to 0.44 and 0.4, respectively. The probabilities of pho-
tons to escape from the upper surface or bottom surface and
remain in canopy after the first collision can be expressed as
follows, respectively.

LAI,
(LAl ——J' dh J' e OO g0y
O, (LAl,) AL 2%
s 31)
02 J' " e dh,
LAI, Yo
o (LAl) = % 0 Tt g, (32)
p"=1-(Q;+Q;)p". (33)

The relationship between Q" (LAI,) and Q) (LAI,) and

the relationship between p™ and LAI, are shown in Figure 9.

4.2 Analytical expression of the multiple scattering
reflectance

The interaction between radiation and the canopy can be
divided into two separate processes (Figure 10): (1) photons
are absorbed and scattered in the canopy when the ground

Probability

LAI

Figure 9 The relationship between Q' (LAI,) and Qj(LAl,), and the
relationship between p™ and LAI,.
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NN

\/

S

Figure 10 Absorption and scattering of photons in a vegetation soil sys-
tem.

reflectance is zero, p,=0; and (2) photons rebound between
the canopy and the ground multiple times, and are then ab-
sorbed or scattered by the canopy when the ground reflec-
tance is not zero (p,7#0). Therefore, taking the effect of
diffuse sky radiation and multiple photon scatterings into
account, the multiple scattering reflectance can be ap-
proached as a sum of six parts.

4.2.1 Multiple scattering reflectance when ground reflec-
tance equals zero

When p,=0, the sum of the probabilities of the total scat-
tering (Sysp(4)) and the total absorption (a(A)) of direct radi-
ation can be expressed as:

S o (A, 0)+(2,60)=i,(0)), (34)

where  the  canopy
_&GLAL,

i((G)=1-e *

rect radiation in the canopy can be expressed as:

w[Zpl (1 _ pm)
1-w,p”

interception  probability  is

. Therefore, multiple scatterings of di-

Sl;nsD(Hi) :io (35)

where o, is single leaf albedo. With the approximation
p'=p"=p, then,

2 p(@i)(l—p).

Sb.s'Dm(ei):i()(gi)wl 1 wp
-

(36)

In fact, the effect of p' is bigger than p™. As the value of p”
is related to &, p can be expressed as a empirical function of
6. Assuming that G=0.5, the reflectance and transmittance
of leaves in the canopy have Lambertian characteristics, and
the multiple scattering is approximately isotropic. Hence,
the probability that photons escape from the upper and bot-
tom surfaces after the first collision can be both expressed
as:

L _Leip(-p) -
2 "™ 2 l-aop

when p,=0, the multiple scattering reflectance related to
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direct solar radiation then escapes upwards after being scat-
tered more than once in the canopy is represented by p/"

(Figure 11). The direct solar radiation is intercepted by the
sunlit surface of leaves. The average irradiance of the leaves

iswF. p" canbe expressed as:

‘p(1-p)

m _ _ H la)[ l
PIG) =(1-B(6)in(6)7 ap

when p,=0, the multiple scattering reflectance due to diffuse
sky radiation is represented by p,'. Diffuse sky radiation
only interacts with shady leaf surfaces. The average irradi-
ance by diffuse sky radiation is E(1—S). When i, replaced

: = 1
by i,, where i, =—

i,dQ2 , the formula to calculate
2md2n

P, is derived as follows.

n nr Latp(l=p
pz :ﬂ(l_S )ZO_M

1 (39)
2 l-gp =

here the fraction of diffuse sky radiation to total radiation is

expressed as f = , where (;F and E represent the
uF+E

average irradiance by direct solar radiation and diffuse sky
radiation, respectively.

4.2.2  Multiple scattering reflectance when considering the
ground

The direct solar radiation and diffuse sky radiation should
be considered separately when the ground reflectance is not
zero. For direct solar radiation, photons that interact with
soil and then escape from upper surface can be divided into
two parts (Figure 12): (1) for the photons that transmit
through gaps to ground, and are then scattered upwards by
canopy after rebounds between the canopy and ground, their

m

reflectance is represented by p;".

\_ /777

m

Similar to p;', the reflec-

NN

Figure 11 Schematic diagram of p/".

9
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Figure 12 Schematic diagram of p}' and p;'.

tance caused by photons that transmit through the canopy
are rebounded by the ground, then transmit through the
canopy directly can be expressed as

(1-8)(1-i,(8)) p, (1-1,) . which is a part of p'. (2)
Photons are intercepted by the canopy, then scattered up-

wards by the canopy after being scattered more than once
between the canopy and the ground. Their reflectance is
represented by p;'. Photons transmitted into the canopy can
also escape after a single or multiple scattering in the cano-
py without reaching ground. They are related to p' or
p" respectively.

m

p5 1s composed of two parts, and can be expressed as

follows:

:%(Zn+2n,)

Pyl 1 “0)
. g"0%c
=(1—ﬁ)(1—lo)m<1+ﬁ’g (1-i ));

.1

T ——2170 Sy (41)

m

Similar to p}", p,' can be calculated according to the

following equation:
1 ,

Py = ;(Zn+2n )

= (1 - ﬂ) i

42)
pgr B <1_i~0 +i~or:)_
T

1- ol

The reflectance related to diffuse sky radiation that is
transmitted through the canopy, rebounds between the can-
opy and the ground, and escapes upward from the canopy is

m

ps . The reflectance related to diffuse sky radiation that is
transmitted to the ground, and rebounds between the canopy

and the ground, and escapes upward is p;'. Each of these

can be calculated according to the equations below, respec-
tively.

:/,».S/(l_;o)l_";#[npg (-0 @y

g0%c

P =ﬂ(1—5')%[l‘%+%ﬂ*]i- “
g 0'c

The multiple scattering reflectance is the sum of these six
parts:

PU =Py s Py e g (45)

4.2.3  Analysis of the change pattern of p"

PAI is a key parameter that describes the canopy’s charac-
teristics and affects the multiple scattering reflectance. For
an infinite horizontal canopy, the multiple scattering reflec-
tance increases at first, along with an increase in PAI. Then,
the multiple scattering reflectance increases at a declining
rate. After reaching a maximum value, it keeps stable or
declines slightly. The change of the multiple scattering re-
flectance and its six parts along with an increase in PAI is
shown in Figure 13a.

Clumping can also change the gap fraction greatly, and it
is an important influential factor for multiple scatterings.
The clumping index determines the change pattern of the
multiple scattering reflectance along with an increase of
PAI. As Figure 13b shows, the bigger the clumping index is,
the sooner the multiple scattering reflectance reaches its
maximum value. The difference in the change patterns is

mainly caused by p", py', p; and p;'. The fraction

of pi' and p;'to the total amount is very limited, which is

about one tenth of p;' and p}'. Therefore, the effect of

m

ps and p;" can be neglected.

Single leaf albedo affects the multiple scattering reflec-
tance remarkably. According to simulations, p™ increases
greatly as w; increases from 0.2 to 0.8, and the maximum
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value can increase by a factor of 20 (Figure 14a). The six
parts of p™ affect the change of the total amount differently.

A
shows, the summit value of p/"

plays the most important role, and as Figure 14b
increases by a factor of 3,

as «; changes from 0.2 to 0.8. The contributions of p;',

m

P Pi
nitude. The contributions of p;' and p;' are smaller than

and are smaller than p" by one order of mag-

p5' by one order of magnitude, and amount to less than 2%

of the total amount, hence they can be neglected.

Ground reflectance affects the multiple scattering reflec-
tance greatly under low PAI conditions, especially when
PAI is in the range of 0 to 4. Along with a ground reflec-
tance increase from O to 0.5, the multiple scattering reflec-

m

tance increases dramatically when PAI=1 (Figure 15). p;

and p;' determine the change of p™ caused by different

m

ground reflectance. While the effects of p.' and p;" are

limited, the contribution of p;° and p;' to total amount is

m

about one tenth of p;' and p,', therefore they can be ne-

glected. p" and p;' are related to radiance that does not

reach the ground, and they do not change along with the
ground reflectance.

The multiple scattering reflectance of a homogeneous
canopy increases slightly along with an increase in the solar
zenith angle, as Figure 16 shows. The solar zenith angle

0012 7 a)
0.01 T T
/ D
00084{ /@ e
X 0.006 / yd — =2
P/ —ry
0.004 { / // e
/ 7
0002 1/ fm Lt
e e
0 2 4 6 8 10
PAI
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describes direct solar radiation. Therefore, the effect of the
solar zenith angle on the multiple scattering reflectance will
be more slight when £ increases.

p describes the fraction of direct solar radiation. When S

m

Ps
increase of f, the multiple scattering reflectance related to
diffuse radiation will be increasingly closer to that of direct

is small, p;' and can be neglected. Along with the

radiation. When f=0.5, p,', pi' and p;' are approxi-

mately the same as p", p;' and p;', respectively. Sim-

ulation results indicate that direct radiation and diffuse radi-
ation play quite similar roles to producing multiple scatter-

ing radiation. Actually, the portion of p!' and p;' in p"

are more than 20% (Figure 17) when S reaches 0.4. There-
fore, they cannot be neglected in this situation.

4.2.4 Approximation of p"

According to the analysis, the six parts of the multiple scat-
tering reflectance can be merged to three parts:

m _

P P +,02 +,03 s

i Iy o
=|—+p|=-S
A [2 ﬂ[z

m

pi1 is the sum of p)

(46)

i _i)|erp(-p) 1
2 2)) l-op 21

and p;'. When £ is smaller than 0.4,

(47)

m

Ps

and can be neglected. Then p, and p; can be ap-

o

0.012
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0.006

0.004
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Figure 13 (a) The change of the multiple scattering reflectance and its six parts along with an increase of PAI, (b) The effect of the clumping index on the

multiple scattering reflectance. ©;=0.6, p,=0.2, 6=30°, f=0.1.
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(a) The effect of single leaf albedo on the multiple scattering reflectance, (b) the effect of single leaf albedo on p|

. B=0.1, p=0.2, 6=30°.
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When f becomes 0.4 or greater, p;, is the sum of p;' and

ps , psis the sum of p;' and p;'. They can be expressed

as:
EQ . ' s .
Py =(1=iy+ B(S =87, ~1+i, )
T % 50)
Pl -\ 1 (
- 1+ 1-1 s
U T T T T 1 1_pgl0rc*( pg( 0)) n
0 2 4 6 8 10
PAI .
. . by NG, (1 -p )
Figure 15 The effect of ground reflectance on the multiple scattering £s 2—(1— ﬂS )
reflectance. w=0.6, $=0.1, 6=30°. 2 1- w,p (51)
w, (1
P |1-ia-05 1 p)) 1
0.012 1 1= p,i,r, l-wp )2n
0.01 1
0.008 - . .
. 5. Results and discussion
< 0.006 -
0.004 - —¢
—e30° 5.1 The unified model experimental validation
0.002 - e ege
0 ; . . . . We used the field measured BRDF data of maize canopies
0 2 4 6 8 10

PAI

Figure 16 The multiple scattering reflectance at different solar zenith
angles. w=0.6, =0.1, p,=0.2.

proximated as,

in Zhangye, Gansu Province obtained on July 1st, 2008,
which belongs to one of the scientific achievements in the
Heihe Watershed Allied Telemetry Experimental Research
(WATER), to validate our model. The maize was in the
time of closing. The synchronously measured canopy struc-
ture and other environmental parameters are listed in Table
1, and the simulated and measured values are showed in

. pglor: ¥ 1 Figure 18
0, =(1-B)1-i) ) ———(1+p, (1-i)))—, (48) g .
: ( )( 0)1— Pl ( ¢ ( 0)) 2n We used the data collected by Chen and Leblanc (1997)
of discrete forests to validate the unified BRDF model. The
_ ( - ,6') iy @, (1— p) main vegetation type was black spruce. The field measured
Ps = 2 l-wp canopy structure and other environmental parameters are
] (49) also listed in Table 1. Here, LAl was derived from a single
’D—{ 1-7, (1 -05 L_I))J i tree LAI and the number of trees, which was the pixel aver-
l_pgl()rc l-awp 2n age leaf area index. PAI is the plant area index, which
0.012 - @ 00129
.| 1 *—\.\ X 4
0.01 //f'% . 0.01 — T ——
0.008 { 0.008 - / ——p7" —e—p7 ——pT ——pr
- * e Q" —— O™ oM
2 0,006 / — 5 =" & 0.006 - / pe —ps P
——p7 ——p7 T T
0.004 4 ——p7 ——p7 0.004 -
0.002 / —= 0.002 /
0 — 0 - $ + .
0 2 4 6 8 10 0 2 4 6 8 10
PAI PAI

Figure 17 The multiple scattering reflectance and its six parts for different . (a) f=0.2, (b) =0.4, ©=0.6, p=0.1, 6=30°.

Table 1 The input parameters to the unified BRDF model

Vegetation a;(m) a,(m) H(m) LAI G(6) o Pi ?y p Py, red P red Pv. nir P, nir
Maize 0.48 0.14 1.52 4.52 0.5 27° 13° 10° 0.3 0.078 0.14 0.40 0.22
Hl(m) HZ(m) PAI(/ LAIa G(g) - - - ﬁ Py, red Pg, red Py, nir Pg, nir

Black spruce 6.5 0.5 1.87 1.145 0.5 - - - 0.15 0.13 0.06 0.53 0.2
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considers non-leaf elements such as trunks, and was ob-
tained from the LAI. The diameter at breast height and other
relevant parameters, including the ratio of sky scatterings,
was acquired through measurements. The simulated and
measured BRDF results are shown in Figure 19.

From Figures 18 and 19, it can be seen that the unified
BRDF model can be effectively applied to crops and forest
canopies. For row crops, the differences between the simu-
lated values and measured values are obvious for some zen-
ith angles (Figure 18). Because observed objects are corn
planted by humans with a low degree of homogeneity, the
field of view for ground multi-angle observation platform is
so narrow that its stability cannot meet the experiments’
requirements. The main input parameters, such as a;(m),
a,(m), LAI and G, can only be acquired through traditional
field measurements rather than through remote-sensing
methods nowadays. If these parameters do not match with
the scales of the remote sensing data, it will introduce errors
to the results for heterogeneous vegetation (Zhang et al.,
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2010).

5.2 Effects of direct sunlight and sky scattering on the
vegetation BRDF

The ratio of direct sun light and scattered light was decided
by atmospheric transmittance. The less the atmospheric
transmittance is, the less the amount of w;F; that reaches the
ground. When the amount of scattering increases, f also
increases. The atmospheric scattering path increases along
with an increase of &; however, the total scattering yx;F; de-
creases. The field measured BRDF of black spruce indicates
that the hot spot value when 6=-50° was smaller than
measurements when 6=-40°, and bowl edge effects in-
creases (Chen and Leblanc, 1997). fis a function of &, im-
plying it was the cause of the anisotropy radiances of the
four components, even if we assumed the components were
Lambertian.

©
% +Simulated Value
4 Measured Value

0.36 T T T T T d
-60 -40 -20 0 20 40 60
View angle (°)

The comparisons between simulated and measured results for the corn canopies. (a) Red band; (b) near-infrared band.
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Figure 19 The comparisons between simulated and measured results of discrete forest canopies. (a) Red band (6=-40°); (b) near-infrared band (6=-40°);

(¢) Red band (6=-55°); (d) near-infrareD band (6=—60°).
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Changes in wavelength could lead to the variations of
wiF; and E when 2>0.5 pm. The sun could be regarded as a
black body with a temperature of 6000 K, and its radiation

is  proportional to A”°. However, atmospher-
ic molecular scattering is proportional to 4™, and aero-
sol scattering is proportional to A3~27L So, Brir>Prea, and
the hot spot intensity in the near-infrared band was weaker
than it was in the red optical band; however, bowl edge ef-
fects do the opposite. The measured black spruce BRDF
data proved the relationship between 1,;F; and E on the veg-
etation canopy BRDF. Next, numerical simulations were
carried out (Figure 20).

We assumed & =1, G=0.5 and PAI=1.87, and let

b=G;LAI,, x=u;, K=0.5867. The solar zenith angle was —40°,
and the viewing zenith angle ranged from —75° to 75° with
intervals of 15°. The value £ in the red optical band ranged
from 0.1 to 0.5, with intervals of 0.05. The value of § in the
near-infrared band ranged from 0.1 to 0.5, with intervals of
0.05. The reflectance for the different bands are listed in
Table 2. The relationships between £ and BRDF in the prin-
cipal plane are shown in Figure 20, which proves that the
effects of § on the vegetation BRDF cannot be ignored.

5.3 Effects of the clumping index on p1

For similar vegetation types, different clumping indices will
lead to different gap fractions. Thus, p' will be disparate.
The relevant parameters measured by Chen and Leblanc
(1997) were used to determine the relationships between
pr'e 4 and ¢ when 6=-40° and 6=—40°. The discrete vege-
tation PAI=1.87, LAI=1.145, the total height and canopy
height of trees were H=7 m and H=6.5 m, respectively. The
clumping index ranged from 0.1 to 1, with intervals of 0.1.
The p' of hot spots was figured out under different clump-
ing indices (as shown in Figure 21). It is essential for vege-
tation BRDF to obtain an accurate clumping index.

0.06 A
0.05 A1

0.04 4

Reflectance

0.03 4

0.01 1 ——B=025 ——B=030 B=035
——p=0.40 B=045 B=0.50

Sci China Earth Sci

March (2017) Vol.60 No.3

6. Conclusion

The unified model of BRDF for vegetation canopy has sev-
eral characteristics: (1) it is based on vegetation element,
and provides an approximate analytical expression of the
vegetation BRDF and makes the inversion of vegetation
indexed more convenient. (2) The model considers the
BRDF as the sum of the single scattering reflectance and the
multiple scattering reflectance, and calculates these two
parts separately. It is helpful to understand vegetation
BRDF intensively. (3) Unity is the most remarkable feature
of the model, which means it can be applied to many kinds
of vegetation in the spectral range from 0.3 to 2.5 pum. The
model can also be applied to different atmospheric condi-
tions. It provides a chance for the application of quantitative
vegetation remote sensing model in the global change sim-
ulation.

The unified BRDF model has been preliminarily estab-
lished. A large amount of measured data are now needed to
verify this model. This will be our work in the future. The
purpose of this model is to calculate the leaf area index. The
unified model is an analytical model, suitable for different
kinds of vegetation, and the input parameters are limited.
Our next step will be to use an efficient inversion method
for different vegetation indexes to take advantage of the
model.

However, some canopy structural parameters, such as
plant height and the value of G function, are difficult to ob-
tain from passive visible light remote sensing. Instead, these
indexes are usually obtained from field measurements or
empirical knowledge. This then limits the application of

Table 2 Reflectance of components

Red band Near-infrared band
Foliage reflectance (p.) 0.13 0.53
Ground reflectance (p,) 0.06 0.20
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Figure 20 The relationships between £ and BRDF in principal plane. (a) Red band; (b) near-infrared band. (a) Red band; (b) near-infrared band.
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Figure 21 The relationships between clumping indices and p'.

remote sensing models. Using other active remote sensing
methods, for example Lidar (light detection and ranging), to
cooperate with passive methods will be the trend in the fu-
ture.

In this study, the clumping index is a key variable to
unify different kinds of vegetation. A functional relationship
between the clumping index and canopy structural parame-
ters is the basis of the inversion of the vegetation parame-
ters, especially LAl Limited by length of the article, an an-
alytical expression of the clumping index will be discussed
in another paper.
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