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1Institute for Climate and Global Change Research, School of Atmospheric Sciences, Nanjing University, Nanjing, China,
2Department of Geography and Department of Atmospheric and Oceanic Sciences, University of California, Los Angeles,
California, USA, 3Joint International Research Laboratory of Atmospheric and Earth System Sciences of Ministry of
Education, Nanjing, China, 4Collaborative Innovation Center of Climate Change, Jiangsu Province, Nanjing, China, 5State
Key Laboratory of Numerical Modeling for Atmospheric Sciences and Geophysical Fluid Dynamics, Institute of Atmospheric
Physics, Chinese Academy of Sciences, Beijing, China

Abstract The process of radiative transfer over vegetated areas has a profound impact on energy, water,
and carbon balances over the terrestrial surface. In this paper, a generalized radiative transfer scheme (GRTS)
within canopy is implemented in the Simplified Simple Biosphere land surface model (SSiB). The main
concept and structure of GRTS and its coupling methodology to a land model are presented. Different from
the two-stream method, the GRTS takes into account the effects of complex canopy morphology and
inhomogeneous optical properties of leaves on radiative transfer process within the canopy. In the offline
SSiB/GRTS simulation for the period of 2001–2012, the nonuniform leaf angle distribution within canopy
layers is considered in SSiB/GRTS in the areas of evergreen broadleaf trees. Compared with the SSiB/two
stream method, SSiB/GRTS produces lower canopy reflectance and higher transmittance, which leads to
more realistic albedo simulation. The canopy-absorbed radiation flux in SSiB/GRTS simulation is lower than
that in SSiB/two streammethod simulation throughout the year in the areas of evergreen broadleaf trees. The
largest difference of�18.4W/m2 occurs in the Amazon region in the autumn. The ground-absorbed radiation
flux increases in the SSiB/GRTS simulation, especially in the spring and autumn. The largest difference in the
ground-absorbed radiation flux between SSiB/GRTS simulation and SSiB/two stream method simulation is
25.45W/m2. In the boreal winter season, compared with the two-stream method in the SSiB, the GRTS gives
higher surface albedo in the areas with high snow cover fraction over leaf.

1. Introduction

The process of radiative transfer within canopy, which includes the reflected and absorbed radiation by
canopy and ground, has a profound impact on the distribution of the solar radiation between the surface
and the atmosphere. And this issue is essential for land surface modeling [Sellers, 1985; Yuan et al., 2014].
Surface albedo, which is important for the surface energy budget and surface-atmosphere interaction, is
defined as the ratio of reflected solar radiation to incident solar radiation. The sensitivity of the climate system
to surface albedo has been tested in many previous studies [Charney et al., 1977; Sud and Fennessy, 1982; Xue
and Shukla, 1993; Dirmeyer and Shukla, 1996], which indicates that the changes in surface albedo have an
effect on surface energy and affect latent and sensible heat fluxes, eventually leading to changes in atmo-
spheric circulation and precipitation. The surface albedo plays a key role in climate simulations [Wang
et al., 2006; Gu et al., 2002; Li et al., 2015]. Moreover, the visible radiation absorbed by the canopy is one of
the critical factors of affecting transpiration, photosynthesis, and carbon exchange between the canopy
and the atmosphere. In addition, the radiation absorbed by the ground is a basic control factor in determin-
ing the water and energy exchanges between the soil and snow. Therefore, the importance of canopy radia-
tive transfer process has been stressed in the development of biogeophysical and biogeochemical models.

Surface albedos simulated by climate models have been compared with satellite-derived albedos and large
differences have been found [Oleson et al., 2003]. The previous climate sensitivity studies have suggested that
an albedo error larger than 0.02–0.05 can lead to significant responses in climatemodels [Xue et al., 2010]. The
range of 0.02–0.05 is thus considered to be a constraint for the albedo accuracy requirement. Snow over the
canopy makes the albedo simulation more complex. And the snow-masking effect of vegetation has been
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proved to be a major error source for albedo simulation in climate models. For example, Loranty et al. [2014]
compared surface albedos from the Coupled Model Intercomparison Project Phase 5 (CMIP5) models with
Moderate Resolution Imaging Spectroradiometer (MODIS) products for the Northern Hemisphere and found
that the snow-masking effect of the canopy has a profound influence on the surface albedo in the high north-
ern latitudes. Brovkin et al. [2013] compared the surface albedos from the Earth system models with MODIS
surface albedo observations for the period of 2001 to 2010. The major bias of modeled surface albedo occurs
in the winter and spring in high northern latitude ecosystems. The high sensitivity of the albedo to the snow
cover simulation in the canopy can attribute to the disagreements between modeled and observed land sur-
face albedos. Wang et al. [2006] evaluated the surface albedos from 17 climate models over northern lati-
tudes the Western Hemisphere and found that these climate models overestimate the surface albedos by
up to 0.05 in the summer. Furthermore, the winter albedo bias is generally larger than that in the summer.

The two-stream approximation method was applied to the description of radiative transfer in atmospheres
[Meador and Weaver, 1980]. In early land surface models, this method was introduced to describe radiative
transfer process within the canopy [Dickinson, 1983; Sellers, 1985]. Some simplifications are assumed to derive
the equations for the two-stream method: (1) the incident diffuse sky radiation and the scattered radiation
in the canopy are isotropic in the upward and downward directions, (2) the structure of the canopy is uniform
in the vertical direction, and (3) the adaxial and abaxial leaf surfaces have the same optical properties. Under the
above simplifications, a simple but reasonably realistic analytical approach was developed to obtain land sur-
face albedo efficiently. The two-stream approximation method was widely applied to describe radiative
transfer process within canopy in current land surface models [Sellers et al., 1986, 1996; Dickinson et al.,
1986; Liang, 2004; Dai and Zeng, 1997; Niu et al., 2011].

However, the two-stream method cannot accurately describe the realistic radiative transfer process within
canopy due to the unrealistic assumptions in simplifying the governing equations. For example, the optical
properties of the adaxial and abaxial leaf surfaces are the same in the two-stream method, but in reality,
the difference is notable based on measurements. The adaxial and abaxial aspen and hazelnut leaf reflec-
tances were measured in the Boreas Project in the U.S., and the differences in optical properties are notable
[Mesarch et al., 1998]. Furthermore, the reflectance of the adaxial leaf surface would increase greatly when
snow covers the leaf surface, but the reflectance of the abaxial surface would change little. Thus, snow cover
makes a great difference in the optical properties of adaxial and abaxial leaf surfaces. This kind of difference
should be considered in the radiative transfer model.

To overcome the shortcoming in the two-stream method, Tian et al. [2007] developed an analytical four-
stream approximationmethod. The equations were derived by the approximation of four isotropic intensities
in a homogeneous canopy. The modeled albedo, transmittance, and absorptance became better in the four-
stream approximation method than that in the two-stream method. But this scheme still assumes the same
optical properties of the adaxial and abaxial leaf surfaces and a uniform vertical canopy structure. In addition,
the concepts of clumping index and gap probability were introduced into the radiative transfer model. Yang
et al. [2001] andWang et al. [2007] took into account the 3-D geometry of canopy to modify the two-stream
method. These models have improved albedo simulation, but they are highly dependent on correct esti-
mates of clumping indices or gap probability under different conditions. Recently, Yuan et al. [2014] devel-
oped a new framework of canopy radiative transfer model based on the 3-D structural canopy effects. The
simulations of this new model have shown good agreements with observations in several case studies. To
derive the analytical solution, however, some simple and ideal canopy structures have to be specified.

In this study, we have applied a layered radiative transfer scheme [Dai and Sun, 2006] based on previous stu-
dies [Goudriaan, 1977; Norman and Jarvis’s, 1975] to simulate the physical process of radiative transfer in the
canopy. This is a more general layered radiative transfer scheme, which is referred to as the generalized radia-
tive transfer scheme (GRTS). This new scheme can deal with radiative transfer process within the canopy,
which has nonuniform leaf optical properties and vertical structure. The GRTS had been compared to two-
stream method in some ideal experiments [Dai and Sun, 2006, 2007], but it has not been implemented in
the soil-vegetation-atmosphere-transfer (SVAT) models and evaluated using observed albedo data. We cou-
ple the GRTS with the Simplified Simple Biosphere (SSiB) land surface model [Xue et al., 1991, 1996a, 2003;
Zhan et al., 2003] and evaluate its performance in simulating the surface albedo and the absorption of radia-
tion by canopy and ground. SSiB is a biophysically based model that provides estimates of surface albedo for
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direct and diffuse radiation at visible
and near-infrared, surface radiation
fluxes, momentum, sensible heat,
latent heat, and carbon, as well as
runoff, soil moisture, and ice content,
snow water equivalent, surface tem-
peratures, net primary productivity,
and other variables relevant to sur-
face water, carbon, and energy bal-
ances [Xue et al., 1991; Sun and Xue,
2001; Li et al., 2010]. The two-stream
method is used to describe the radia-
tive transfer with canopy. An analyti-

cal solution was developed and incorporated to SSiB2 [Zhan et al., 2003]. And the SSiB has been validated
and evaluated by a lot of observational data from different sites and vegetation types [e.g., Xue et al.,
1996b, 2003] and widely used in global and regional climate studies [e.g., Xue et al., 2010; Chou et al.,
2002]. Two main goals of this study are (1) to examine the importance of nonuniform leaf angle distribution
in the broadleaf evergreen trees areas and (2) to examine the importance of nonuniform leaf optical proper-
ties in the boreal winter. The results are compared with those from the two-stream method and verified
against observational data. Possible reasons for the differences are analyzed. This paper is organized as
follows. A brief description of the GRTS is given in section 2. Section 3 describes the MODIS surface albedo
data sets, which are used for the model evaluation. Section 4 describes the evaluation and comparison of
simulated surface albedo using the two radiative transfer schemes. Discussion and conclusions are presented
in section 5.

2. Model Descriptions
2.1. General Expression for the Canopy Radiative Transfer Equation

The theory for radiative transfer scheme within the canopy developed previously and the derivation of the
canopy radiative transfer equation is very complicated [Myneni et al., 1988]. The final expression of the
generalized radiation transfer equation in the canopy that presented in these previous studies is written as

�μ
∂eI β′; L� �

∂L
þ G β′

� �eI β′; L� � ¼ ω
2
∫
1

�1
eI β; Lð ÞG βð ÞP β′; β

� �
dβ

þω
4
P β′; β0
� �

G β0ð ÞI0exp �G β0ð ÞL
μ0

� �
:

(1)

In equation (1), the first term on the left side describes the attenuation of diffuse radiation Ĩ(β′, L) within the
canopy, the second term describes the loss of diffuse radiation Ĩ(β′, L) that is intercepted by leaves, and

geometric function G β′
� �

is the relative projection area of leaf elements in the direction β′. The first term

on the right side describes the contribution of the diffuse light in the direction β′ coming from all directions
to Ĩ(β′, L), and the second term on the right side refers to the contribution to Ĩ(β′, L) by the scattering of direct
incident flux. Table 1 lists symbols with definition.

2.2. General Structure of the GRTS

In the GRTS, the canopy is assumed to be horizontally infinite, continuous, and uniform in this new radiative
transfer scheme. And this scheme is required to have no horizontal interaction within one single layer. Thus,
the GRTS is a layered radiative transfer scheme, and the canopy is divided into several layers vertically. For the
convenience, the order number of each layer is assigned from top layers to bottom layers. For example, for
the top layer, j= 1, and for the soil surface, j=M. The schematic diagram of the scheme structure is shown in
Figure 1. In each layer, the leaf area index (LAI) should be very small to avoid mutual shading interaction and
multiple scattering. Thus, dLj ≤ 0.1 is used in this paper [Goudriaan, 1977].

In order to have a better understanding of the derivation, some notations are defined as follows. βk (k=1, 2, 3,
…, 9) is the incident inclination angle of diffuse radiation; βn′ (n= 1, 2, 3, …, 9) is the inclination angle of the

Table 1. List of Symbols With Definition

Symbol Definition

β inclination angle of incident diffuse radiation
β0 inclination angle of the direct sunbeam
β′ the inclination angle of scattered diffuse radiation
I0 the beam flux at the canopy top
L accumulated leaf area index from the canopy top
Ĩ(β′, L) the diffuse radiation flux
ω leaf scattering coefficient
P(β′, β) normalized scattering phase function of the radiation
μ μ = sin β
μ0 μ0 = sin β0
G mean geometric function
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scattered radiation which is intercepted by the leaves; θ is the leaf inclination angle; βk, βn′, and θ are shown in
Figure 2. Ĩd(βk, j) and Ĩu(βk, j) are the downward and upward diffuse radiation between layers j� 1 and j,
respectively. And they are functions of incident inclination angle βk.

2.3. General Expression for Geometric Function and Scattering Distribution Function

Geometric function describes the effective portion of the unit leaf area to intercept the light and the deriva-
tion of the function in GRTS can be found in the paper of Dai and Sun [2006]. The leaf angle distribution
function g(θ) is a mathematical description of the probability density function of angular orientation of the

leaves in the vegetation. When g(θ) is given, the mean geometric function G βk ; θð Þ can be written as

G βk ; θð Þ ¼
X9
n¼1

gn θð ÞG βk ; θð Þ: (2)

Therefore, for the leaves with a specific inclination θ in layer j, the intercepted fraction is proportional to the
average projection and inversely proportional to the sine of the inclination of the incident light; thus, it is
written as

Mi βk ; θð Þ ¼ dLjG βk ; θð Þ=sinβk : (3)

The nonintercepted radiation is

Mt βk ; θð Þ ¼ 1�Mi βk ; θð Þ (4)

In GRTS, according to the previous studies [Goudriaan, 1977; Wohlfahrt et al., 2000], the expression of aniso-

tropic scattering distribution function Bl β′n; θ
� �

is

Bl β′n; θ
� � ¼ Bu β′n

� �
Mi β′n; θ

� �
X9
k¼1

Bu βkð ÞMi βk ; θð Þ
: (5)

Figure 1. Schematic diagram of the generalized layered radiative transfer model.
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Bu is sky diffuse distribution function with the inclination angle β′n. The diffuse radiation within the canopy is
composed of two parts: (1) the sky diffuse radiation and (2) the direct beam radiation intercepted by the
canopy. For the sky diffuse radiation, the intensity is generally defined by a distribution in several subsectors
in the inclined direction. According to nine subsectors used in Dai and Sun [2006], Bu is given as

Bu n ¼ 1; 2; 3; …; 9ð Þ ¼ 0:030; 0:087; 0:133; 0:163; 0:174; 0:163; 0:133; 0:087; 0:030ð Þ:

2.4. Numerical Solution

In GRTS, for layer j, the adaxial leaf reflectance and transmittance are presented as ρj and τj and the abaxial

leaf reflectance and transmittance are presented as ρ′j and τ′j . The basic equation of the downward radiation

is eId j þ 1ð Þ ¼eId;nonintercepted þeId; intercepted þ Id; sunbeam: (6)

The downward radiation Ĩd(j+ 1) is composed of three parts. The first part is the radiation contributed by the

nonintercepted part of eId β′n; j
� �

. The second part includes the radiation contributed by scattering the

intercepted part of Ĩd(βk, j) and Ĩu(βk, j+ 1). The third part is the radiation contributed by the sunbeam.

1. eId; nonintercepted
The fraction of nonintercepted radiation through the layer of each leaf angle is gj λð ÞMt β′n; λ

� �
, so the total 9

angle is

eId; nonintercepted ¼
X9
n¼1

gj θð ÞMt β′n; θ
� �eId β′n; j

� �
: (7)

2. eId; intercepted
Ĩd,intercepted is composed of the contribution of Ĩd(βk, j) and Ĩu(βk, j+ 1). The fraction of intercepted radiation
penetrating through the layer of each leaf angle is gj θð ÞBl β′n; θ

� �
, and each incident inclination angle is Mi

(βk, θ). A downward radiation intercepted by layer j will be scattered (both reflected and transmitted) in all
directions and contribute toeId β′n; j þ 1

� �
. Figure 2 shows schematic diagram of the downward light diffusion

at specific leaf angle and incident inclination angle at abaxial and adaxial leaf surfaces. The leaf surface is
considered as a Lambertian scatterer, for diffuse radiation incident from above, the intercepted radiation

Figure 2. Schematic diagram of the downward light diffusion at specific incident inclination angles at abaxial and adaxial
leaf surfaces.
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scattering is composed of four parts. ρjζ f and ρ′jζ b are the radiation reflected by the adaxial and the abaxial
leaf surface, respectively. τjξ f and τ ′jξb are the radiation transmitted through the adaxial and abaxial leaf sur-
face, respectively. ξ f, ξb, ζ f, and ζ b are the ratios of the four parts to the total scattered contribution of Ĩd(βk, j)
toeId β′n; j þ 1

� �
. They are functions of β′n, βk, and θ: ξ f ¼ ξ f βk ; β

′
n; θ

� �
, ξb ¼ ξb βk ; β

′
n; θ

� �
, ζ f ¼ ζ f βk ; β

′
n; θ

� �
, and

ζ b ¼ ζ b βk ; β
′
n; λ

� �
. The optical geometry method is used to calculate the ratio of each part. The detailed deri-

vation of this method can be found in the Dai and Sun [2006]. The contribution by scattering the intercepted
fraction of Ĩd(βk, j) is X9

n¼1

gj θð ÞBl β′n; θ
� �X9

k¼1

Mi βk ; θð ÞeId βk ; jð Þ ρjζ f þ ρ′jζ b þ τjξ f þ τ′jξb
� �" #

: (8)

The contribution by scattering the intercepted fraction of Ĩu(βk, j+ 1) is very similar to Ĩd(βk, j), and Ĩd,intercepted is

eId; intercepted ¼
X9
n¼1

gj θð ÞBl β′n; θ
� �X9

k¼1

Mi βk ; θð Þ frac1d þ frac2dð Þ
" #

; (9)

frac1d ¼eId βk ; jð Þ ρjζ f þ ρ′jζ b þ τjξ f þ τ′jξb
� �

; (10)

frac2d ¼eIu βk ; j þ 1ð Þ ρjξb þ ρ′jξ f þ τjζ b þ τ′jζ f
� �

: (11)

3. Id; sunbeam

The penetrating part of the direct beam is transferred continuously downward in its original direction.
And the intercepted direct beam turns into diffuse radiation and scatters in all directions. The attenuation
of the direct beam within the canopy obeys Beer’s law as follows:

I Lj
� � ¼ I L1ð Þe�Lj�1�Gj β0 ;θð Þ

sinβ0 ; (12)

where I(L1) is the direct beam at the top of the canopy, I(Lj) is the direct beam at layer j with accumulated leaf
area Lj�1, and

Gj β0;θð Þ
sinβ0

is the extinction coefficient of the direct beam.

The fraction of intercepted direct beam through the layer of each leaf angle is g θð ÞBl β′n; θ
� �

, and the

contribution fraction of intercepted direct beam of each layer is

ρjζ f ;B þ ρ′jζ b;B þ τjξ f ;B þ τ ′jξb;B
� �

: (13)

ξ f,B, ξb,B, ζ f,B, and ζ b,B are the same functions as ξ f, ξb, ζ f,and ζ b, but they use beam inclination angle β0 instead
of βk. The subscript B refers to direct beam. So ξ f ;B ¼ ξ f ;B β0; β

′
n; θ

� �
, ξb;B ¼ ξb;B β0; β

′
n; θ

� �
, ζ f ;B ¼ ζ f ;B β0; β

′
n; θ

� �
,

and ζ b;B ¼ ζ b;B β0; β
′
n; θ

� �
.

The contribution of sunbeam is

Id; sunbeam ¼
X9
n¼1

gj θð ÞBl β′n; θ
� �

IB z ¼ Lj
� ��dLj�Gj β0; θð Þ

sinβ0
ρjζ f ;B þ ρ′jζ b;B þ τjξ f ;B þ τ ′jξb;B

� �� 	
: (14)

The basic equation of the downward radiation iseId j þ 1ð Þ ¼eId;nonintercepted þeId; intercepted þ Id; sunbeam; (15)

eId; nonintercepted ¼
X9
n¼1

gj θð ÞMt β′n; θ
� �eId β′n; j

� �
; (16)

Id; sunbeam ¼
X9
n¼1

gj θð ÞBl β′n; θ
� �

IB z ¼ Lj
� ��dLj�Gj β0; θð Þ

sinβ0
ρjζ f ;B þ ρ′jζ b;B þ τjξ f ;B þ τ ′jξb;B

� �� 	
; (17)

eId; intercepted ¼
X9
n¼1

gj θð ÞBl β′n; θ
� �X9

k¼1

Mi βk ; θð Þ frac1d þ frac2dð Þ
" #

; (18)

frac1d ¼eId βk ; jð Þ ρjζ f þ ρ′jζ b þ τjξ f þ τ′jξb
� �

; (19)

frac2d ¼eIu βk ; j þ 1ð Þ ρjξb þ ρ′jξ f þ τjζ b þ τ′jζ f
� �

: (20)
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Similarly, the basic equation of the upward radiation iseIu jð Þ ¼eIu;nonintercepted þeIu; intercepted þ Iu; sunbeam; (21)

eIu; nonintercepted ¼
X9
n¼1

gj θð ÞMt β′n; θ
� �eIu β′n; j þ 1

� �
; (22)

Iu; sunbeam ¼
X9
n¼1

gj θð ÞBl β′n; θ
� �

IB z ¼ Lj
� ��dLj�Gj β0; θð Þ

sinβ0
ρjξ

′
f ;B þ ρ′jξ

′
b;B þ τjζ ′f ;B þ τ ′jζ

′
b;B

� �� 	
; (23)

eIu; intercepted ¼
X9
n¼1

gj θð ÞBl β′n; θ
� �X9

k¼1

Mi βk ; θð Þ frac1u þ frac2uð Þ
" #

; (24)

frac1u ¼eId βk ; jð Þ ρjξ
′
f þ ρ′jξ

′
b þ τjζ ′f þ τ ′jζ

′
b

� �
; (25)

frac2u ¼eIu βk ; j þ 1ð Þ ρjξ
′
f þ ρ′jξ

′
d þ τjζ ′f þ τ ′jζ

′
d

� �
: (26)

Figure 3 is a flow chart of the GRTS coupling to SSiB. This flow chart starts from the SSiB vegetation input
data for GRTS. Then the new value of canopy reflectance and transmittance can be obtained by an analy-
tical solution in GRTS. If the value is not close to its previous value, then the canopy reflectance and trans-
mittance can be recomputed. When the value is close to its previous value, the albedo, net radiation (Rn)
can be obtained.

Figure 3. Flow chart of the GRTS coupling to SSiB.
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3. Data and Method
3.1. MODIS Albedo Data

MODIS albedo products are used in this
study. Currently, the data products are
available at 500m resolution in the
sinusoidal projection and 0.05° in the
latitude/longitude projection for every
8 days since early 2000 [Schaaf et al.,
2002; Gao et al., 2005]. The MCD43C
product is used in this study and pro-
vides both black-sky albedo (BSA) and
white-sky albedo (WSA). MODIS albedo
products have been extensively used
as a benchmark for evaluating other
satellite data and albedo simulations
from climate models [Wang et al., 2004;
Stroeve et al., 2005; Cescatti et al., 2012;
He et al., 2012, 2014].

BSA is a function of solar zenith angle, and it is defined as the albedo without the diffuse radiation compo-
nent. WSA is independent of solar zenith angle, and it is defined as the albedo without the direct radiation
component. The all sky albedo is calculated combining BSA and WSA [Lucht et al., 2000]:

α ¼ 1� f difð Þαbs þ f difαws; (27)

where α is the all sky albedo, fdif is the diffuse skylight fraction, and αbs and αws are the BSA and WSA,
respectively.

In previous papers, the diffuse skylight fraction has not been taken into consideration when calculating the
all-sky albedo [Zhang et al., 2010]. He et al. [2014], however, used the monthly diffuse and direct downward
radiation from the National Centers for Environmental Prediction (NCEP) reanalysis to calculate the diffuse
skylight fraction [Kalnay et al., 1996] and found that the diffuse skylight fraction varies over both time and
space. In this study, we use monthly diffuse and direct downward radiation data from NCEP to calculate
the diffuse skylight fraction.

3.2. Flux Observation Station and Data

The flux observation data are collected at Semiarid Climate Observatory and Laboratory (SACOL, 104.08°E,
35.57°N), which is one of the reference sites in the Coordinated Energy and Water Cycle Observation
Project [Huang et al., 2008]. This site is located at Yuzhong campus of Lanzhou University in Gansu province,
which is a typical semiarid region of northwest China. The surface is mainly covered by short grass. The
measurements of boundary layer meteorological parameters, surface radiation, surface flux, soil heat, and
water moisture are used for evaluation in this study.

4. Sensitivity Studies
4.1. Comparison of Results Between the Two-Stream Method and GRTS With the Nonuniform Leaf
Optical Properties

We design two sets of numerical experiments using the GRTS and the two-stream method to assess possible
errors and uncertainty of the two methods: one tests the effect for visible radiation (referred to as Exp. VIS)
and the other is for near-infrared radiation effect (referred to as Exp. NIR). For simplicity’s sake, in all these
experiments, transmittance is assigned to be 0.1. For the two-streammethod, the leaf reflectance is assigned
to be 0.07 and 0.5 in Exp. VIS and Exp. NIR, respectively. But for the GRTS, in Exp. VIS, the adaxial and abaxial
leaf reflectances are ρ= 0.11 and ρ′= 0.07 and in Exp. NIR ρ= 0.5 and ρ′= 0.3. And the Sun zenith angle is 30° in
the two experiments. The different leaf area indices and soil reflectances assigned in the two experiments
representing different vegetation and soil conditions. Details regarding the combinations of different LAIs
and soil reflectances are listed in Table 2.

Table 2. Designed Experiments With Various Combinations of LAI and
Soil Reflectance

Case LAI Soil Reflectance

Case 1 0.5 0.1

Case 2 0.5 0.5

Case 3 0.5 0.8

Case 4 1.0 0.1

Case 5 1.0 0.5

Case 6 1.0 0.8

Case 7 3.0 0.1

Case 8 3.0 0.5

Case 9 3.0 0.8

Case 10 5.0 0.1

Case 11 5.0 0.5

Case 12 5.0 0.8
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Figure 4 shows the comparison of canopy reflectance, canopy absorption, and ground absorption calculated
by GRTS and the two-stream method for VIS band. In the VIS band, differences in canopy reflectance
and absorption between the GRTS and the two-stream method for diffuse radiation are larger than that
for direct beam. The maximum difference in the canopy reflectance is 0.05 with diffuse radiation and 0.03
with direct beam. Themaximumdifference in the canopy absorption is 0.06with diffuse radiation and 0.03with
direct beam. Thedifference in theground absorption is smaller than that in canopy reflectance andabsorption.

Figure 5 shows the comparison of canopy reflectance, canopy absorption, and ground absorption by the
GRTS and the two-stream method for NIR band. In the NIR band, the maximum difference in the direct beam
is 0.06 with canopy reflectance, 0.05 with canopy absorption, and 0.05 with ground absorption, respectively.
Differences in canopy reflectance, canopy absorption, and ground absorption for diffuse radiation are small.

4.2. Comparison of Results Between Uniform and Nonuniform Leaf Angle Distributions

The canopy has a very complicated morphology, and the canopy structure is not uniform in the vertical direc-
tion generally. The leaf angle distribution may be different at different canopy heights, especially in the forest

Figure 4. Comparisons of canopy reflectance (blue), canopy absorption (red) and ground absorption (green) between the
generalized radiative transfer model and two-stream method for the VIS band: (a) diffuse radiation and (b) direct beam.

Figure 5. Same as Figure 4 but for the NIR band.
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regions. Jiang [1996] measured a forest canopy and found that the forest canopy has various leaf angle
distributions (LAD) in the vertical direction. The lower layers mostly have planophile LAD; this is caused by
the weak light in the lower canopy, and more transmitted radiation can be captured by the horizontal and
extended leaves. The upper layers have plagiophile LAD, and this helps more radiation transmitted to the
lower layers. The leaf angles in the middle layers are distributed between planophiles and plagiophiles
(Figure 1). The measurement of leaf angles of deciduous plants in east Tennessee of the U.S. also showed
the similar results. The average leaf angle is about 33° in the entire canopy. But the average leaf angles are
38° in the upper canopy layer, 20° in the middle, and 10° in the lower layer [Wang and Wang, 1999].
Hence, in the radiative transfer scheme, the nonuniform canopy structure should be taken into consideration
for the forest areas. The MODIS Vegetation Continuous Fields (VCF) products are available at 500m resolution
and provide fractions of three cover types, including trees, herbaceous, and bare ground. Based on the VCF
data set, Yuan et al. [2014] found that at a single grid, it is rare that only one type of vegetation has a high-
percentage cover even within high-resolution grid. Coexisting vegetation covers are widely presented at
each grid point.

The GRTS can deal with different leaf angles or multiple layers within a canopy. In order to evaluate possible
errors due to a uniform LAD, several sensitivity studies using GRTS are conducted. We use the NIR band and
visible band to explore the difference between the uniform and nonuniform LAD. For the NIR band, leaf trans-
mittance is 0.1 and the adaxial and abaxial reflectances are 0.5 and 0.3. For the VIS band, leaf transmittance is
0.1 and the adaxial and abaxial reflectances are 0.11 and 0.07, the same as in previous experiments. The aver-
age leaf angles are 30° for the uniform LAD. The leaf angles are 50° at the upper layer and 10° at the lower
layer for the nonuniform LAD structure. We compare the results under the two conditions by GRTS with sphe-
rical leaves under diffuse radiation and direct beam with the LAI varying from 0.5 to 8.

Figure 6 shows differences in canopy reflectance between these two LADs for NIR band. The difference for
high LAIs is larger than that for low LAIs. The biggest difference for diffuse radiation is 0.03 and 0.04 for direct
beam. The results for canopy absorption are similar to that for canopy reflectance, and the largest difference
is 0.04 for diffuse radiation and 0.06 for direct beam. The differences in ground absorption are small (not
shown). Differences in canopy reflectance between these two LADs for the VIS band (Figure 7) show similar
results. From Figures 6 and 7, we can see that the uniform LAD has higher canopy reflectance than the
nonuniform LAD. To investigate the canopy reflectance difference between these two LADs, we calculate
the geometric function for direct beam in these two cases. The value is 0.81 for uniform LAD and 0.76 for
nonuniform LAD. The higher value of geometric function means that there will have more intercepted light,
which can lead a higher canopy reflectance and a lower transmittance. This result indicates that the applica-
tion of the two-stream method to a canopy with uniform structure will introduce nonnegligible errors.
Moreover, the GRTS is a layered scheme, and LAI in each layer is less than 0.1, which can avoid the effect

Figure 6. The (a) canopy reflectance and (b) canopy absorption with the uniform and nonuniform leaf inclination angle for
the NIR band.
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of mutual interactions within the same layer according to the work of Goudriaan [1977]. If we increase the LAI
of each layer in the cases with high LAI, the canopy reflectance will increase (figure is not shown). This may be
caused by the mutual shading interactions between each layer. But in the two-stream method, the canopy is
assumed to be one layer. Thereby, GRTS will be more realistic than the two-stream scheme, especially for the
regions with high LAIs.

5. Model Evaluation
5.1. Flux Observation Evaluation

The meteorological measurements at half-hour intervals data from SACOL is use as the forcing data for the
single point SSiB2 model. The control SACOL run is conducted using the two-stream method, and the sensi-
tivity run using the GRTS is referred to as the GRTS SACOL run. Both experiments cover the period from 2009
to 2010. The first year is taken as a spin-up time, and the results of second year are analyzed below. The
upward and downward, shortwave and longwave radiation are measured in this site. And the monthly aver-
age albedo is calculated as the ratio between the upward and downward shortwave radiation.

Figure 7. Same as Figure 6 but for the VIS band.

Figure 8. The (a) monthly mean surface albedo and (b) upward shortwave radiation in the observation, control run, and
GRTS run in 2010.
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The observed and simulated surface albedo is shown in Figure 8a. Although the surface albedo in the control
SACOL run and GRTS SACOL run are both higher than the observed albedo, but the albedo in the GRTS run is
consistently closer to the observation than that from the control SACOL run. Subsequently, the upward short-
wave radiation in GTRS SACOL run is also more consistent with the observation data than that in the control
SACOL run (Figure 8b).

5.2. Two-Dimensional Offline Model Evaluation

The single-point land surface model coupled with GRTS has shown the improvements of simulating the
surface albedo and upward shortwave radiation. To test the GRTS application in two dimension regions,
we ran the 2-D offline Simplified Simple Biosphere version 2 (SSiB2) land surface model coupled with
GRTS. The model is driven by the Princeton University Hydroclimatology Group Bias Corrected
Meteorological Forcing Dataset [Sheffield et al., 2006] at a resolution of 1.0° × 1.0°.

The control run is conducted using the two-streammethod, and the sensitivity run using the GRTS is referred
to as the GRTS run. Both experiments cover the period from 2000 to 2012. The first year is taken as a spin-up
time, and the results of the last 12 years are analyzed below. According to the forest leaf angle observations

Figure 9. Annual mean error of land surface albedo in simulations of control run (left) and GRTS run (right): (a, b) Amazon; (c, d) Central Africa; and (e, f) Southeast
Asia. The dotted regions indicate regions covered by broadleaf evergreen trees in SSiB2.
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[Wang and Wang, 1999], we use a nonuniform canopy structure, and the average leaf angles are 40° in the
upper canopy layer, 20° in the middle, and 10° in the lower layers in broadleaf evergreen regions.

Differences in surface albedo between the GRTS run and the control run in Amazon, central Africa, and
Southeast Asian, where the broadleaf evergreen trees cover most areas, are shown in Figure 9. The surface
albedo in the control run is higher thanMODIS surface albedo over most of these regions. The broadleaf ever-
green regions have a nonuniform canopy structure with high LAI during the entire year, and the control run
produces a relatively larger albedo. And this error may be caused by the nonuniform leaf angle distribution
(LAD), which is not considered in the two-stream method. The error of the surface albedo in the GRTS run is
smaller than that in the control run over most of broadleaf evergreen regions. The result from GRTS run is very
close to the MODIS satellite data, and the error is generally less than 0.01. Table 3 shows the seasonal bias of
surface albedo over Amazon, Central Africa and Southeast Asia. The GRTS run has better simulations in the
spring and autumn than in the winter and summer. Moreover, the bias reveals that the surface albedo in
GRTS run is more consistent with the satellite data than that in the control run with the two-stream method
in the broadleaf evergreen regions. Similar to the bias results, the root-mean-square errors (table is not
shown) reveal that the surface albedo in GRTS run is better than that in the control run with the two-
stream method.

All sky albedo of MODIS composes of four parts: BSA_NIR, WSA_NIR, BSA_VIS, and WSA_VIS; the same as the
land surface model. Figure 10 shows the simulated four bands of albedo and the MODIS products. In the con-
trol run, the simulated four bands of albedo are higher than MODIS products over most of the regions in the
figure, especially for the BSA_NIR and WSA_NIR. The GRTS improves the performance of the BSA_NIR,
WSA_NIR, and WSA_VIS albedo simulation, which are more noticeable in NIR domain. Only for the BSA_VIS
the simulation becomes slightly worse in some areas.

The surface albedo would affect the surface energy balance. We compare the 12 year mean differences in
canopy-absorbed and ground-absorbed radiation fluxes in Amazon, central Africa, and Southeast Asia
(Figure 11) between the control run and the GRTS run. Most of broadleaf evergreen regions show a decrease
in canopy absorption and an increase in ground absorption in the GRTS run compared to that in the control
run. The canopy absorption usually changes in the opposite direction to changes in the ground absorption.
The statistical results of the regional mean values for each season are shown in Table 4. The canopy-absorbed
radiation flux shows lower values throughout the year in these three regions. The largest difference of
�18.4Wm�2 occurs in the Amazon region in the autumn. The ground-absorbed radiation flux increases
throughout the year, especially in the spring and autumn. All the differences are larger than 13Wm�2, and
the largest difference is 25.45Wm�2.

We assume that R is the downward radiation, Ra is the canopy reflected radiation, Rc is the canopy absorption,
Rg is the ground absorption, Rt is the canopy transmission, and ρs is the soil reflectance:

R ¼ Ra þ Rc þ Rg; (28)

Rg ¼ Rt� 1� ρsð Þ: (29)

From the analysis in section 4.2, we know that the nonuniform LAD has a lower canopy reflectance and a
higher transmittance. Thus, GRTS run has a lower albedo than that in the control run. The GRTS run has higher
canopy transmission and thus higher ground absorption according to (29). Despite the decrease in the
canopy reflected radiation and the increase in the ground absorption in the GRTS run, the magnitude of
increase in the canopy reflected radiation is small. As a result, the canopy absorption is higher in the control
run than that in the GRTS run.

Table 3. Seasonal Bias of Land Surface Albedo Averaged for the Three Regions

Amazon Central Africa Southeast Asia

CTL GRTS CTL GRTS CTL GRTS

Winter 0.03 0.02 0.04 0.03 0.05 0.04
Spring 0.03 0.00 0.04 0.01 0.06 0.02
Summer 0.03 0.02 0.03 0.01 0.05 0.04
Autumn 0.03 0.00 0.03 0.00 0.05 0.02
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Figure 10. Annual mean error of land surface albedo in simulations of (a, c, e, and g) control run and (b, d, f, and h) GRTS run: (Figures 10a and 10b) WSA_NIR,
(Figures 10c and 10d) BSA_ NIR, (Figures 10e and 10f) WSA_VIS, and (Figures 10g and 10h) BSA_VIS. The dotted regions indicate regions covered by broadleaf
evergreen trees in SSiB2.
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During the winter season when there is snow on the leaf surface, the reflectance of the adaxial leaf surface
increases greatly, but the reflectance of the abaxial surface changes little with or without snow cover. The
adaxial and abaxial optical differences should be included in the radiative transfer model under conditions
of snow cover. But the difference between adaxial and abaxial optical properties is not distinguished in

Figure 11. Annual mean differences in surface radiation fluxes (GRTS runminus control run). (a, b) Amazon; (c, d) Central Africa; and (e, f) Southeast Asia. (Figures 11a,
11c, and 11e) Canopy-absorbed radiation flux and (Figures 11b, 11d, and 11f) ground-absorbed radiation flux. Dotted regions indicate regions covered by broadleaf
evergreen trees. Unit: Wm�2.

Table 4. Seasonal Differences (GRTS Run Minus Control Run) in Surface Radiation Fluxes Averaged Over the
Three Regionsa

Canopy-Absorbed Radiation Flux Ground-Absorbed Radiation Flux

Amazon Central Africa Southeast Asia Amazon Central Africa Southeast Asia

Winter �11.67 �13.05 �13.26 14.35 16.16 16.22
Spring �15.07 �17.20 �17.52 21.57 24.08 24.56
Summer �12.08 �10.44 �10.90 15.07 13.11 13.57
Autumn �18.40 �15.21 �18.37 25.33 21.49 25.45

aUnits for radiation fluxes are Wm�2.
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the two-stream method. The GRTS takes into account the difference between adaxial and abaxial leaf optical
properties as shown in Figure 2.

We compare the surface albedo using the averages of 12 year boreal winter (December, January, and
February) mean results. The differences between the GRTS run and the control run in the Northern
Hemisphere are shown in Figure 12. The surface albedo from the control run is smaller than MODIS surface
albedo over most regions in the boreal winter. The region within latitudes 40–60°N shows a big negative
bias of albedo compared to that from the MODIS data, and the difference is about �0.24 in some areas.
The control run has a larger negative albedo bias in these areas mainly because the two-stream model
cannot capture the high albedo value caused by snow cover in the dominant canopy in the winter. The pre-
vious studies also show that climate models have a large bias in simulating surface albedo in the region
with snow cover [Wang et al., 2006; Brovkin et al., 2013]. The surface albedo from the GRTS run is larger than
that from the control run over most of the boreal region. Central North America and most of central Europe
show an increase in surface albedo in the GRTS run compared with that in the control run. Some of the
large surface albedo differences between the control run and the GRTS run appear to be correlated with
high snow cover fraction over the leaf in the model. Since the abaxial leaf in the GRTS has a lower albedo
(no snow cover is considered), more reflected radiation from the ground would be transmitted upward and
enhance the total canopy albedo. Figure 13 shows the differences in canopy-absorbed and ground-
absorbed radiation fluxes in the winter from 2001 to 2012. Most of central Europe, East Asian, and India
show a decrease in canopy absorption of about 10Wm�2 and an increase in ground absorption of about
8Wm�2 in the GRTS run compared with that in the control run. Central Asian and central western United
States have an increase in canopy absorption of about 6Wm�2 and a decrease in ground absorption of
about 4Wm�2.

6. Discussion and Conclusions

The two-stream radiative transfer model, which is widely used in current land surface models, is unrealistic in
their assumptions of the same optical properties of adaxial and abaxial leaf surfaces and uniform LAD within
the canopy. To have a more accurate description of the radiative transfer process, the GRTS parameterization

Figure 12. Mean differences in land surface albedo in the winter (DJF): (a) control run minus MODIS and (b) GRTS run minus control run.
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has been developed. This model can be used in more general cases: nonuniform optical properties of adaxial
and abaxial leaf surfaces and the nonuniform canopy structure in the vertical direction. The assumptions of
the new scheme are expected to be more general and closer to reality. Sensitivity studies suggest that the
nonuniform leaf angle distribution and leaf optical properties should be taken into account in the radiative
transfer scheme. We coupled GRTS into the SSiB2 land surface model and compared it with the default
two-stream model. This is a prototype study to implement GRTS in SSiB. This coupling approach, however,
can be applied to any other land models.

The simulation of surface albedo in GRTS, which has nonuniform leaf angle distribution in the broadleaf ever-
green trees areas, is better than that in the two-steam model. The canopy-absorbed radiation flux shows
lower values throughout the year in the broadleaf evergreen trees areas. The biggest difference is
�18.4W/m2 in the Amazon region in the autumn. The ground-absorbed radiation flux increases throughout
the year, especially in the spring and autumn.

In the boreal wintertime, the large surface albedo differences between the control run and the GRTS run
appear to be correlated with high snow cover fraction over leaf. And the GRTS has a better performance of
simulating surface albedo in these areas. The partition between canopy absorption and ground absorption
has been changed in the GRTS compared with the two-stream method. With more details information in
comprehensive observational data, we will be able to further evaluate the model performance in these
aspects and improve the model parameterization.

The vegetation and soil parameters (e.g., LAI, the fraction of greenness, leaf optical properties, and soil reflec-
tance) in the land surface model have a profound impact on the simulations of surface albedo, canopy
absorption, and ground absorption. Accurate representations of the plant function type and vegetation para-
meters are needed in the land surface model [Qu and Hall, 2014; Wang et al., 2016; Liu et al., 2016]. We will
improve the vegetation distribution in the model based on satellite products. In addition, the soil albedo is
a very important parameter in the simulation of the total surface albedo, especially in areas with small LAI.
The observational MODIS data also show the dependence of soil albedo on the zenith angle [Wang et al.,
2004]. However, the soil albedo represented in the current SSiB land surface model is the mean value of each
soil type, which is independent of the zenith angle. This affects the simulation of surface albedo. Soil albedo

Figure 13. Mean differences in surface radiation fluxes in the winter (DJF) (GRTS runminus control run). (a) Canopy-absorbed radiation flux and (b) ground-absorbed
radiation flux; unit: Wm�2.
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will be adjusted through a fitting with the MODIS albedo data [Lawrence and Chase, 2007] in order to get a
better match in the future. Nevertheless, GRTS is one step forward to provide a more realistic description
of radiative transfer process within the canopy for use in climate modeling studies.
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