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ABSTRACT

The process of solar radiative transfer at the land surface is important to energy, water, and carbon balance,
especially for vegetated areas. Currently the most commonly used two-stream model considers the plant
functional types (PFTs) within a grid to be independent of each other and their leaves to be horizontally ho-
mogeneous. This assumption is unrealistic in most cases. To consider canopy three-dimensional (3D) structural
effects, a new framework of 3D canopy radiative transfer model was developed and validated by numerical
simulations and shows a good agreement. A comparison with the two-stream model in the ofßine Community
Land Model (CLM4.0) shows that an increase of canopy absorption mainly happens with sparse vegetation or
with multilayer canopies with a large sun zenith angleusunand is due to increases of the ground and sky shadows
and of the optical pathlength because of the shadow overlapping between bushes and canopy layers. A decrease
of canopy absorption occurs in densely vegetated areas with smallusun. For a one-layer canopy, these decreases
are due to crown shape effects that enhance the transmission through the canopy edge. For a multilayer canopy,
aside from these shape effects, transmission is also increased by the decreased ground shadow due to the shadow
overlapping between layers. Ground absorption usually changes with opposite sign as that of the canopy ab-
sorption. Somewhat lower albedos are found over most vegetated areas throughout the year. The 3D model also
affects the calculation of the fraction of sunlit leaves and their corresponding absorption.

1. Introduction

The absorption of solar radiation on the land surface
is important for determining energy, water, and carbon
balances. How vegetation contributes to this absorp-
tion is an important question. For modeling, three com-
ponents of this process need to be calculated, that is,
reßected, absorbed, and transmitted radiation, as char-
acterized by the parameters albedo, canopy absorption,
and ground absorption, respectively. Albedo is most
readily observed by the remote sensing community
(Schaaf et al. 2002) and has already been used as a
constraint for land surface models (Lawrence and

Chase 2007). However, the other two components of
the incident radiation (i.e., the absorption by the canopy
and ground) are also very important and need to be
determined. Climate models usually divide the canopy
within a grid into different tiles for plant functional
types (PFTs) and bare soil. Two approaches have been
used for determining each radiation component, that is,
either a lookup table that requires good prior knowl-
edge, such as in the BiosphereÐAtmosphere Transfer
Scheme (BATS) model (Dickinson et al. 1986), or a
one-dimensional (1D) physical process model. Three
major types of 1D models were summarized by Wang
(2003); the most commonly used is the two-stream model
(Dickinson 1983; Sellers 1985; Sellers et al. 1996; Bonan
1996; Dai et al. 2004). The 1D models usually assume
that each PFT is isolated from any other and is 100%
homogeneously distributed within its land fractional
coverage fc in the grid and that the properties of the
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three radiation components are just the average of
those of each PFT weighted by thefc values.

The homogeneous representation of canopy struc-
ture, as noted above, is unrealistic in most cases. For
example, in savannas or other sparsely vegetated areas,
canopies are usually widely spaced with gaps in between.
Another example is the boreal region, where multiple
layers (trees, shrubs, and grasses) at different vertical
levels may coexist. More direct evidence of the hetero-
geneity of canopies is seen in the Moderate Resolution
Imaging Spectroradiometer (MODIS) Vegetation Con-
tinuous Fields (VCF) products (Hansen et al. 2003),
which contain proportional estimates for three cover
types (trees, herbaceous, and bare ground) at 500 m3
500 m resolution. The statistical results from the VCF
dataset show that, over all land, the percentage of grids
in which the percent bare soil cover . 95% is 21.29%,
mostly from the contributions of deserts; the percent
herbaceous cover. 95% is just 3.40%; and the percent
tree cover . 95% is only 0.03%. High percentages of
tree cover, even after converting to the crown cover
[dividing by 0.8 as suggested by Hansen et al. (2003)]
are infrequent. That is to say, 100% coverage of any
type is rare even at high resolution (500 m) on the land
surface. Rather, in most cases PFTs coexist with each
other. Even without considering the heterogeneity of a
single canopy [i.e., its three-dimensional (3D) effects],
the two-stream model cannot readily treat the actual
system due to its unrealistic assumptions and may in-
troduce a large bias, even possibly resulting in deÞci-
encies of the climate simulation.

The remote sensing community has recognized the
importance of 3D geometry and applied some detailed
treatments to retrieve the albedo and leaf area index
(LAI) parameters (Li and Strahler 1985; Knyazikhin et al.
1998; Schaaf et al. 2002; Myneni et al. 2002), but these
treatments have not been translated into simple analyti-
cal solutions suitable for climate models. On the other
hand, the concepts of gap probability and clumping index
(Nilson 1971; Norman and Welles 1983; Li and Strahler
1988; Chen and Black 1991) have been introduced to take
into account the 3D effects of canopy, for example, through
the geometric opticalÐradiative transfer (GORT) model
(Li et al. 1995), which has been further developed by
combining with a two-stream model, such as the Ecolog-
ical Assimilation of Land and Climate Observations
(EALCO) model (Wang 2005) and the Analytical Clum-
ped Two-Stream (ACTS) model (Ni-Meister et al. 2010),
now being used in ecosystem models. Another approach
proposed by Pinty et al. (2004a, 2006) is to use effective
leaf optical properties and LAI, instead of true values,
as Þtting parameters incorporated into the two-stream
model to match the numerical results. Both approaches

are equivalent in modifying the optical properties in
a 1D model. However, they require good estimates of
clumping indices or effective optical properties under all
kinds of conditions.

Climate models run their computations on a global
mesh with as high resolution as is feasible. In addition,
with the advent of global quantitative derivation of ter-
restrial properties by remote sensing in terms of types,
resolution, and accuracy, a more detailed description
of radiative transfer processes on the land surface is
both possible and necessary. This paper establishes the
construction of a 3D canopy radiative transfer model
that takes into account the horizontal and vertical het-
erogeneities of the canopy, but with a simple physically
based formulation that has computational efÞciency
comparable to that of the 1D model it replaces. This 3D
model is a new framework based on the single bush model
(Dickinson et al. 2008; Dickinson 2008). A one-layer
canopy model is constructed that considers shadows, in-
tercanopy interactions, and the consequences of low sun
(elevation) angles. It is used to build a three-layer canopy
that considers shadows overlapping between layers. Two
types of numerical simulations are carried out to validate
the 3D model and its components, that is, the single bush
and one-layer and three-layer models. This 3D model is
applied and implemented into the Community Land
Model (CLM4.0) (Oleson et al. 2010) and compared with
the default two-stream model. Major differences are ex-
plicitly described and explained from a 3D viewpoint.

All canopy radiation modeling is founded on princi-
ples of ray tracing geometric optics, although in simple
cases, as in the 1D two-stream model, it can be expressed
in terms of differential equations. The modeling here is
directly in terms of geometric optical reasoning. Simple
1D canopies are constructed from leaf optical properties
and statistical models of leaf distribution. In 3D, one
more level of organization is included (i.e., statistical
models of bush distribution).

2. Model description

a. Single bush model

The single bush model starting point was developed
earlier (Dickinson et al. 2008; Dickinson 2008). Its basic
assumptions are that the bush is a spherical object and
that the leaves within it are homogeneous and have
a spherical leaf angle distribution (LAD). Optical depth
(t ) along the radius of single bush is designatedt 0 and
derived from LAI of a single bush as t 0 5 (3/8)LAI.
When the stem area index (SAI) is considered,t 0 5
(3/8)(LAI 1 SAI). Individual leaves were initially treated
as isotropic scatterers with a single scatter albedov . For
incident direct radiation from an overhead sun, the
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single bush model determines analytically various bush
optical properties, that is, the direct transmission Td,s,
Þrst-order scatteringF 1, second-order scatteringF 2, and
higher-order scattering F 31 phase functions. These are
all functions of t , and scattering phase functions de-
pend on the out-scattering angleuout as well. Further
improvements are made in the Þrst-order scattering to
consider individual leaves as bi-Lambertian scatterers
(with optical properties of reßectance r and trans-
mittance t). Since bi-Lambertian scattering has only
minor effects on the second- and higher-order scattering,
we continue to assume isotropic leaf scattering for their
calculations. We integrate the total scattering phase
function F over the upward and downward hemi-
spheres, considering the incident direct radiation at
a sun zenith angleusun (m5 cosusun) to get the single
bush albedo as and diffuse transmission Ti,s re-
spectively, as summarized in appendix A.

Numerical simulation shows that the scattering prop-
erties of incident diffuse radiation for a single bush are
adequately equivalent to that of incident direct radia-
tion with usun 5 608. So this approximation is used to
deal with the diffuse case.

b. One-layer canopy model

Our one-layer canopy consists of many individual
single bushes, which are placed in a random distribution
horizontally without any overlap of vertical projections
and has a fractional coverfc (the percentage of verti-
cally projected area of the canopy crowns). The area of
shadows cast by the bushes on the ground (ground
shadow) without overlap is S0 5 fc/m, which also applies
to multiple bushes with overhead sun or for very small
fc. For a low enough sun angle, shadows start to over-
lap, and the total shadow area with overlap is modiÞed
by statistical modeling to

S5
12 e2 fc/m

12 fce
2 1/m. (1)

The overlap of shadows will increase the average optical
depth compared to that of a single bush (i.e., the optical
depth for the one-layer canopy is correspondingly in-
creased tot 5 t 0S0/S).

A larger usun not only leads to more overlap of
shadows, but also to changes of the illumination of the
incident direct radiation to be more concentrated at
the top part of spherical bushes. With an increase ofusun,
the conditions of illumination become more like that of
a 1D case and albedo will increase. Dickinson (1983)
addressed this issue in discussing the albedo calculation
of a semi-inÞnite canopy. Unfortunately, the single bush
model cannot easily capture this feature. We account for

the increment of albedo aL due to the low sun angle
effects using a similar approach following the 1D case of
Dickinson (1983) approximated as

aL 5 (N 2 1)as(m5 1,t 0)fc

�
1
S

2
1
S0

�
, (2)

where N is the multiplicative factor of albedo at a usun

compared with albedo in the overhead sun case (usun 5 08
and m5 cosusun 5 1) for a semi-inÞnite canopy. It is
a function of usun and can be up to about 3 in the visible
(VIS) domain and 2 in the near-infrared (NIR) domain.
The term as (m5 1, t 0) is the single bush albedo withusun

5 08[Eq. (A15), appendix A]. Equation (2) also includes
the fc and shadow overlapping effects. Whenfc is very
small ( fc / 0), or there are very few overlapped shadows
(S ’ S0), then aL approaches 0 (i.e., the albedo becomes
the same as for the single bush case).

With an increase of fc, the intercanopy interactions be-
come more important and will increase canopy absorp-
tion. This additional absorption Ac is estimated simply (cf.
appendix B) and decreases the albedoa and Ti. The ad-
ditional albedo aL decreases the canopy absorptionA and
diffuse transmission Ti. After distributing the increased
items evenly to the decreased items, the Þnal results ofa,
Ti, and A for the one-layer canopy are as follows:

a 5 as(m, t ) 1 aL 2 0:5Ac , (3)

Ti 5 Ti,s(m, t ) 2 0:5aL 2 0:5Ac , (4)

and

A 5 12 a 2 Ti 2 Td , (5)

where Td is direct transmission of the one-layer canopy
and calculated asTd,s(t ) [Eq. (A1), appendix A]. These
properties for incident diffuse radiation are calculated
for direct usun 5 608. Corresponding values are desig-
nated with a star in its superscript, such asa* and A*.

The above solutions are constructed for a black
ground (100% absorption) and canopy-shaded area
only. To determine reßection of the ground (with re-
ßectance rg), we Þrst calculate the initial radiation
reaching it, T 5 1 2 S 1 S(Td 1 Ti). This term will be
reßected by the ground back upward as diffuse radia-
tion. A fraction of this, rgTS*a*, is scattered by the
canopy back toward the ground, whereS* is the fraction
of sky covered by canopy (i.e., sky shadow). Further
such groundÐcanopy reßections can be added in. The
radiation reßected between the ground and canopy is
a geometric series, and the common ratioq is rgS*a*.
Hence, the total transmission [T] is T/(1 2 q). In the same
way, the canopy absorption from multiple reßections
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between canopy and groundAm is rgTS*A*/(1 2 q). The
total canopy absorption [A], ground absorption [G], and
collective albedo [a] are obtained as

[A] 5 SA 1 Am , (6)

[G] 5 (1 2 rg)[T ] , (7)

and

[a] 5 12 [A] 2 [G]. (8)

A factor Sbefore A in Eq. (6) is to convert the canopy
absorption from the canopy-shaded area to the entire
area.

c. Three-layer canopy model

The canopy is divided into three layers. Such division
may be based on different PFTs of different heights
(e.g., trees, shrubs, and grass) or different age classes
(forming upper story, intermediate, and lower story
components). Each layer is calculated as a one-layer
canopy. In addition, we assume that there is no overlap
of vertical projections between the canopy crowns of
layers. Each layer has their respective crown radiusR
and central point height h as illustrated in Fig. 1. The
top canopy layer is designated layer 1, and the bottom
layer is designated layer 3. If more than one PFT occurs
in a single layer, the layer fc is the sum of the fc of the
PFTs, and the other canopy properties, such as LAI
and v , are the average of PFTs weighted by theirfc

values.
The overlap of shadows between layers is important

for the transfer of incident direct radiation, especially in
the VIS domain where leaves are highly absorbing. The

basic rule followed in treating overlap is that the
ÔÔself-area shadowÕÕ (deÞned as the shadow area pro-
jected on a lower layer overlapped with its vertical
projection, such asS12, S13, and S23 in Fig. 1) projected
on a lower layer cannot overlap with the lower layerÕs
shadow. Otherwise, layer shadows can overlap with each
other randomly. The calculation of the self-area shadow
is described in appendix C.

We Þrst partition the direct radiation transfer between
the different layers and ground. Let I [from]/ [to] denote the
incident direct radiation (unit source, designated I0) from
layer [from] to layer [to]. The subscript 0 means the po-
sition just above the canopy, andg means the position
just above the ground. The direct radiation from I0 to
each canopy layer or reaching the ground without passing
through the canopy is

I0/ 1 5 S1,

I0/ 2 5 (1 2 S1 1 S12)S2,

I0/ 3 5 [1 2 (S1 2 S13) 2 (S2 2 S23)

1 (S1 2 S12)(S2 2 S23)]S3, and

I0/ g 5 12 S1 2 S2 2 S3 1 (S1 2 S12)S2 1 (S1 2 S13)S3

1 (S2 2 S23)S3 2 (S1 2 S12)(S2 2 S23)S3,

(9)

where S[n] represents the shadow of layern. The direct
radiation to layer 1 can further transmit directly to
lower layers, which are calculated as

I1/ 2 5 Td,1(S1 2 S12)S2,

I1/ 3 5 Td,1[S1 2 S13 2 (S1 2 S12)(S2 2 S23)]S3, and

I1/ g 5 Td,1[S1 2 (S1 2 S12)S2 2 (S1 2 S13)S3

1 (S1 2 S12)(S2 2 S23)S3] , (10)

where Td,1 is the direct transmission of layer 1. In the
same way, we can get

I2/ 3 5 Td,2(I 0/ 2 1 I1/ 2)
(S2 2 S23)S3

S2
,

I2/ g 5 Td,2(I 0/ 2 1 I1/ 2)
S2 2 (S2 2 S23)S3

S2
, (11)

and

I3/ g 5 Td,3(I0/ 3 1 I1/ 3 1 I2/ 3) . (12)

Adding the above results, the accumulated direct radi-
ation to each layer is

FIG . 1. A sketch of the canopy structures in the 3D canopy
model. Bushes of different radii are organized into levels of pre-
scribed heights and randomly spaced at that level. Their interaction
is characterized by vertical projections indicated by shaded col-
umns, and shadows indicated by the arrows (i.e., light rays). Self-
area shadows on underlying layers are indicated by theSÕs. Three
layers are designed in this study.
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I 1 5 I0/ 1,

I2 5 I0/ 2 1 I1/ 2,

I3 5 I0/ 3 1 I1/ 3 1 I2/ 3, and

Ig 5 I0/ g 1 I1/ g 1 I2/ g 1 I3/ g . (13)

The fraction of direct radiation absorbed as direct by
layer n is given by the product of radiation attenuated and
fraction of attenuated radiation that is directly absorbed:

In(1 2 Td,n)(1 2 v n). (14)

The Psun, fraction of canopy top exposed to sunlight, for
layer n is calculated by dividing the accumulated direct
radiation by its shadow area:

Psun 5 In/Sn . (15)

For the top layer, Psun 5 1, which means a 100% sunlit
cover. For a lower layer,Psuncan be less than 1 if shaded
by the upper layers. In this case, it means the available
incident direct radiation is modiÞed and the fractions of
sunlit LAI ( Fsun) will be further affected. The quantity
Psun was used in a revisedFsun (section 4a).

The major calculation process of the three-layer
model uses a system of linear equations. Six variables,
I [ ,1* , IY,1* , I [ ,2* , IY,2* , I [ ,3* , and IY,3* as shown in Fig. 2, are
chosen as the unknowns. They stand for the total upward
and downward diffuse radiation ßux of corresponding
layers noted by the subscript [n]. The value of I [[ ,Y],[n]* is
the result of both transmission and reßection of the layer
n and can be expressed as follows:

I [ ,1* 5 I1a1 1 I [ ,2* S1*Ti,1* 1 I [ ,2* (1 2 S1* ) 1 I0*S1*a1* ,

(16a)

IY,1* 5 I1Ti,1 1 I0*S1*Ti,1* 1 I0* (1 2 S1*) 1 I [ ,2* S1*a1* ,

(16b)

I [ ,2* 5 I2a2 1 I [ ,3* S2*T i,2* 1 I [ ,3* (1 2 S2*) 1 IY,1* S2*a2* ,

(16c)

IY,2* 5 I2Ti,2 1 IY,1* S2*Ti,2* 1 IY,1* (1 2 S2*) 1 I [ ,3* S2*a2* ,

(16d)

I [ ,3* 5 I3a3 1 (IY,3* 1 Ig)rgS3*T i,3*

1 (IY,3* 1 Ig)rg(1 2 S3* ) 1 IY,2* S3*a3* , (16e)

and

IY,3* 5 I3Ti,3 1 IY,2* S3*T i,3* 1 IY,2* (1 2 S3*)

1 (IY,3* 1 Ig)rgS3*a3* , (16f)

where I0* stands for the incident diffuse radiation that is
also considered as the unit source. For the incident di-
rect radiation case, I 0* 5 0 and I [n] is precalculated [Eq.
(13)]. For incident diffuse radiation case, I 0* 5 1 and
I [n] 5 0. Equations (16a)Ð(16f) represent an equilibrium
state, which means the multiple reßections and trans-
missions between layers have been taken into account.
After a simple transformation of Eqs. (16a)Ð(16f), the
matrix forms can be expressed as

1 2 ~T 1
1 2 ~a1

2 ~a2 1 2 ~T 2

2 ~T 2 1 2 ~a2

2 ~a3 1 2 ~T 3rg

2 ~T 3 12 rg~a3

0

B
B
B
B
B
B
B
B
B
@

1

C
C
C
C
C
C
C
C
C
A

I [ ,1*
IY,1*
I [ ,2*
IY,2*
I [ ,3*
IY,3*

0

B
B
B
B
B
B
B
@

1

C
C
C
C
C
C
C
A

5

I1a1
I1Ti,1
I2a2
I2Ti,2

I 3a3 1 Igrg
~T 3

I3Ti,3 1 Igrg~a3

0

B
B
B
B
B
B
B
B
@

1

C
C
C
C
C
C
C
C
A

, (17)

for the incident direct radiation case, and

FIG . 2. A sketch of the three-layer canopy model calculation.
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1 2 ~T 1
1 2 ~a1

2 ~a2 1 2 ~T 2

2 ~T 2 1 2 ~a2

2 ~a3 1 2 ~T 3rg

2 ~T 3 12 rg~a3

0

B
B
B
B
B
B
B
B
B
@

1

C
C
C
C
C
C
C
C
C
A

I [ ,1*
IY,1*
I [ ,2*
IY,2*
I [ ,3*
IY,3*

0

B
B
B
B
B
B
B
@

1

C
C
C
C
C
C
C
A

5

I0* ~a1

I0*
~T 1

0
0
0
0

0

B
B
B
B
B
B
B
@

1

C
C
C
C
C
C
C
A

, (18)

for incident diffuse radiation case, where ~an 5 Sn*an*
and ~T n 5 Sn*T n* 2 Sn* 1 1. The matrices of coefÞcients
in Eqs. (17) and (18) are the same, each with a 63 6
matrix (the 0 elements are shown with blanks). Thus,
we can combine the two equations in a simple matrix
form:

AX 5 B , (19)

where A contains the common coefÞcients. The matrix
X 5 (x, x*) consists of two column vectors, that is, the
solutions for direct [Eq. (17)] and diffuse [Eq. (18)] ra-
diation. The matrix B 5 (b, b*) also consists of two
column constant vectors for the direct and diffuse radi-
ation, respectively.

There are many algorithms for solving Eq. (19). We
chose Gaussian elimination with slight modiÞcations.
There are three beneÞcial characteristics of Eq. (19).
One is that the diagonal elements in the matrix A are
already the pivots, which means it is not necessary to
Þnd the largest absolute value of each column and
exchange rows to move the entry to the pivot position
during the elimination processes. Another one is that
there are lots of 0 elements in theA, which means less
row reductions are needed. The last one is that the
direct and diffuse radiation can be solved for the same
operations. Normally, Eq. (19) has a solution under
all conditions (e.g., missing layers exist) unless two
1.0 values occur in a row for values~a1, ~a2, ~a3, and rg.
However, this situation is not expected to happen
under natural conditions. After solving for X, the al-
bedo and absorption for each layer and ground can be
written as

[a] 5 I [ ,1* ,

[A1] 5 I1A1 1 I [ ,2* S1*A1* ,

[A2] 5 I2A2 1 (IY,1* 1 I [ ,3* )S2*A2* ,

[A3] 5 I3A3 1 [IY,2* 1 (Ig 1 IY,3* )rg]S3*A3* , and

[G] 5 (Ig 1 IY,3* )(1 2 rg) , (20)

for the direct case, and

[a*] 5 I [ ,1* ,

[A1* ] 5 S1*A1* 1 I [ ,2* S1*A1* ,

[A2* ] 5 (IY,1* 1 I [ ,3* )S2*A2* ,

[A3* ] 5 [IY,2* 1 (Ig 1 IY,3* )rg]S3*A3* , and

[G*] 5 IY,3* (1 2 rg) , (21)

for the diffuse case. All the PFTs, including bare soil,
share the same albedo and ground absorption. Each
PFT within a layer shares the samePsun as calculated in
Eq. (15). The layer absorption, as well as the direct ra-
diation absorbed as direct, is distributed to its PFTs
according to the weights calculated by the individual
PFT results using the one-layer model.

3. Numerical validation

Two types of numerical simulations were performed
to validate the 3D canopy model against more detailed
computation. One is the full (optical) path (FP) simu-
lation, and the other is the Monte Carlo (MC) simula-
tion. For the FP simulation, we divided the spherical
bush into small unit cubes (30 cubes along the radius)
with equal sizes in Cartesian coordinates. Each cube
performs as an individual volume of leaves that can both
absorb and scatter radiation as a point source. The FP
can simulate each order of scattering of a single bush
effectively because it can more easily achieve a steady
state than the MC simulation, especially for higher-
order scattering. The MC simulation follows North
(1996)Õs formulation, but with more details for 3D can-
opy structures and the radiation recording. It was im-
plemented in a 100 m 3 100 m square size area, and
100 million uniformly spaced photons were generated as
direct or diffuse radiation incident on the top of the
canopy. Compared with the FP simulation, the MC is
more effective at the simulation of a 3D canopy with
complicated structures. It was also used to simulate a
single bush for mutual validation of the FP and MC
simulations (i.e., to make sure of the correctness of both
simulations). Neither simulation accounts for the hot-
spot effect, which makes but a minor contribution to
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the albedo calculation but affects some remote sensing
issues.

To benchmark the MC simulation, we compared it
with a Forest Light interaction model (FLIGHT), ver-
sion 5.0 (North 1996), in a baseline scenario in the
canopy Radiation Transfer Model Intercomparison
(RAMI) exercise phases 1, 2, and 3 (Pinty et al. 2001,
2004b; Widlowski et al. 2007). This scene contains 15
ßoating canopy spheres treated as a turbid medium. For
details of the parameter setting, refer to Pinty et al.
(2001; or the website http://rami-benchmark.jrc.ec.
europa.eu). Four experiments were simulated with
two usun (208and 508) in two bands. We ran MC and
FLIGHT both 100 times for each experiment. The re-
sults are shown in Table 1. The absolute values of the
mean differences in albedo, canopy absorption, and
ground absorption are all less than 0.001. The MC and
FP were compared in simulating the Þrst- and second-
order scattering phase functions of a single spherical
bush. Figure 3 gives an example of the scattering phase
function of two angles. The mean differences for dif-
ferent LAI values between the MC and FP are an order
of 0.001 or less.

a. Single bush model validation

The FP simulation was used to validate the single bush
model, for the very simple case in which the leaves
within the spherical bush are isotropic scatterers and
the sun is overhead. The normalized Þrst-order, second-
order, and higher-order scattering phase functions (F 1,
F 2, and F 31 , respectively) from the 3D model, FP, and
their differences are shown in Fig. 4. OnlyF 31 depends
on v . The Þgure shows that the differences ofF 1 and F 2

compared with FP are all within 0.05, while F 31 has
a larger bias (. 0.10) in the large LAI ( . 6) case, re-
sulting from the assumption of isotropic scattering of
F 31 . Since all these results are normalized, by being

multiplied by a factor (0.25v /p for F 1 and 0.25v 2/p for
F 2 and F 31 ), the actual biases are much smaller, espe-
cially for the VIS domain in which v is small. More ac-
curate formulations are possible for the single bush
model, but in fact its bias is already much less than that
originating from the canopy horizontal and vertical struc-
tures. Therefore, we maintain simplicity, allowing analytic
integrals for the albedo and diffuse transmission.

b. One-layer canopy model validation

The one-layer canopy model was tested for sevenfc
values (0.1, 0.2,. . . , 0.7), ten values ofusun (08, 108, . . . ,
808 and diffuse radiation) and three LAI (1, 3, and 6)
values. Leaves are bi-Lambertian scatterers and have
a spherical LAD. The average radius R and height
h of bushes were preset. The radiusR and height h
values are assumed to have normal distributions ofR ;
N(R,s 5 0:2R) and h ; N(h, s 5 0:2h). For each case,
we generate 100 samples from MC simulations and use

TABLE 1. Comparison between MC and FLIGHT for a RAMI1Ð3 baseline scenario. The results are averages of 100 simulations and the
numbers in parentheses are the standard deviations.

usun Band MC FLIGHT Difference

Albedo 208 Red 0.0410 (0.0001) 0.0412 (0.0001) 2 0.0002
NIR 0.2853 (0.0004) 0.2849 (0.0005) 0.0004

508 Red 0.0337 (0.0001) 0.0338 (0.0001) 2 0.0001
NIR 0.3401 (0.0004) 0.3396 (0.0004) 0.0005

Canopy absorption 208 Red 0.4650 (0.0002) 0.4647 (0.0010) 0.0003
NIR 0.1033 (0.0002) 0.1027 (0.0008) 0.0006

508 Red 0.6022 (0.0003) 0.6023 (0.0010) 2 0.0001
NIR 0.1336 (0.0003) 0.1330 (0.0009) 0.0006

Ground absorption 208 Red 0.4940 (0.0002) 0.4941 (0.0009) 2 0.0001
NIR 0.6113 (0.0004) 0.6116 (0.0011) 2 0.0003

508 Red 0.3642 (0.0003) 0.3639 (0.0009) 0.0002
NIR 0.5263 (0.0004) 0.5265 (0.0013) 2 0.0002

FIG . 3. Comparison of Þrst-order (F 1, normalized by dividing by
0.25v /p ) and second-order scattering phase function (F 2, normal-
ized by dividing by 0.25v 2/p ) at out-scattering angles 308and 1208
(uout, deÞned relative to the vertical direction, going from 0 for
backward direction to p for forward direction) between FP and
MC simulations for a single spherical bush. Leaves are isotropic
scatterers with v 5 0.85.
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the average results to compare with the 3D model in
solid circles of a scatterplot as shown in Fig. 5. The two-
stream results are also included as hollow circles.

As seen in Fig. 5, the 3D model agrees well with the
results of the MC simulation in terms of albedo [a],
canopy absorption [A], and ground absorption [G] for
different LAI values and in both spectral domains, es-
pecially for the albedo, for which the RMSE are almost
always within 0.01 except for the NIR domain at large
LAI values. For canopy and ground absorption, the
RMSE values are all within 0.04. The RMSE increases
with increasing LAI in both spectral domains and
overall RMSE of canopy absorption and ground ab-
sorption in the VIS domain are both 0.024, and in the
NIR domain are 0.020 and 0.026. The corresponding
RMSE values of the two-stream model increase to 0.122
and 0.095 in the VIS domain and to 0.068 and 0.059
in the NIR domain. In sum, for the assumed one-layer
geometry, the 3D model errors are typically in the range

of 0.01Ð0.02, in some instances a little higher; whereas,
the 1D model errors are in the order of 0.1. In some
limiting cases both models have small similar errors, that
is, the two-stream model behaves similarly to the 3D and
MC for small LAI values (LAI 5 1) in [a], [A ], and [G],
as well as in the medium usun [; (308Ð608)] case. For
small fc, the agreement is only apparent, a result of small
canopy absorption and albedo.

The 3D model reproduces two features of canopy and
ground absorption not given by the two-stream model.
One of these is most pronounced at low sun angle (large
usun) with medium fc value, and the other is most pro-
nounced at smallusun with large fc and LAI values. The
Þrst difference is the effects of shadows. Shadowing re-
duces the radiation reaching the ground, and the sky
shadow further reduces the reßected radiation back to
the sky. The latter is especially signiÞcant for snow
cover. The other major difference is the heterogeneity
of radiative path lengths. In particular, the radiation can

FIG . 4. Normalized scattering phase function for a single bush for the Þrst-orderF 1, second-orderF 2, and third- and higher-order
scatteringF 31 (v 5 0.15 and 0.85, respectively). The contour plots are their values vs LAI and out-scattering angleuout. Diff in the bottom
panel is 3D model minus FP.
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