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Abstract: Albedo characterizes the radiometric interface of land surfaces, especially
vegetation, and the atmosphere. Albedo is a critical input to many models, such as crop
growth models, hydrological models and climate models. For the extensive attention to
crop monitoring, a physical albedo model for crops is developed based on the law of
energy conservation and spectral invariants, which is derived from a prior forest albedo
model. The model inputs have been efficiently and physically parameterized, including the
dependency of albedo on the solar zenith/azimuth angle, the fraction of diffuse skylight in
the incident radiance, the canopy structure, the leaf reflectance/transmittance and the soil
reflectance characteristics. Both the anisotropy of soil reflectance and the clumping effect
of crop leaves at the canopy scale are considered, which contribute to the improvement of
the model accuracy. The comparison between the model results and Monte Carlo
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simulation results indicates that the canopy albedo has high accuracy with an
RMSE < 0.005. The validation using ground measurements has also demonstrated the
reliability of the model and that it can reflect the interaction mechanism between radiation
and the canopy-soil system.

Keywords: albedo; crop; spectral invariant

1. Introduction

Surface albedo determines the shortwave radiation budget and the energy transfers at the
soil-vegetation-atmosphere interface and further influences of ecosystem, hydrology and meteorology
processes, such as photosynthesis and evaporation [1]. As vegetation plays a crucial role in all of these
natural processes, carefully depicting the vegetation albedo is of prime interest when studying crop
monitoring [2], hydrological cycle modeling [3,4], weather forecasting and climate modeling [5].
Compared to other vegetation types, this crop requires extra attention, because it shows significant
seasonal variation and strong fluctuations caused by human activities. Its spectral characteristics
change along with its growth as the proportion of bare soil decreases. Currently, a great number of
research studies are beginning to focus on the modeling and inversion of crop characteristics,
especially the crop albedo [5,6].

Previously, the albedo of a certain land cover type was set to a constant in many application cases [7].
Along with the development of quantitative remote sensing (QRS) techniques, increasing near real-time
satellite albedo data have provided the opportunity to develop advanced land surface albedo
parameterization [8,9], such as the wide application of MODIS albedo products [9].

Albedo is usually calculated as the weighted average of black-sky albedo (BSA) and white-sky
albedo (WSA). BSA is the angular integration of the bidirectional reflectance distribution function
(BRDF) or bidirectional reflectance factor (BRF) over all viewing directions, whereas WSA is a
further integration of BSA over all illumination directions [10]. The vegetation albedo varies
intricately due to the abundant variation of the vegetation bidirectional reflectance distribution function
(BRDF) [8]. The vegetation BRDF modeling involves two physical processes: surface scattering and
volume scattering. They are best handled by geometric optic (GO) theory and radiative transfer (RT)
theory, respectively [11]. However, direct integration based on these models to obtain vegetation
albedo is too complex to formulate mathematically [12].

To solve this problem, a semi-empirical kernel-driven model based on the linear combination of
isotropic, geometric and volume scattering kernels has been developed [13,14]. The model has greatly
simplified the integration process. However, the model hides the land cover and crop structural
information in the statistical kernel coefficients, which cannot be directly used in crop monitoring [15].
Furthermore, the inversion of the model relies on atmospherically-corrected, cloud-cleared, multi-angular
and multi-date reflectance observations [13]. Thus, the temporal resolution of albedo is hard to improve,
and the model is not suitable for high spatial resolution data without prior knowledge [16].

As albedo is also defined as the ratio of upwelling flux (irradiance) to downward flux (irradiance) [10],
it can be estimated without integration by accumulating the upward and downward irradiances using
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numerical simulation methods [17]. The downward flux, i.e., the sum of the direct solar flux and the
diffuse solar flux, which is an integration of the sky radiance over all illumination directions, varies with
solar zenith angle and atmospheric visibility [10]. The upward flux depends on not only the downward
flux, but also the land surface characteristics. A common method used for calculation of the radiation
reflected by a canopy is the Monte Carle (MC) method, by which the intensity of the reflected radiation
can be obtained if a sufficient number of photons is traced [18,19]. Accurate as the MC simulation is, it
requires a complete description of the scene, and the radiation is obtained by counting without knowing
the mathematical relationships between the parameters.

The “p-theory” starts by depicting the manner in which photons interact with the canopy and
understory [20]. The recollision probability (p) is spectrally invariant and can be interpreted as the
probability that a photon scattered from a leaf will interact (“collide’’) with another leaf in the canopy,
which is used to predict the amount of radiation scattered by the canopy [21]. Based on the p-theory,
Manninen and Stenberg [22] estimated the vegetation-ground (forest floor) multiple scattering and
simulated the forest albedo. However, the p-theory is effective by assuming that the scatter phases of
leaves are isotropous, that is that the derivative models cannot describe the angular distribution of the
scattered radiation in regard to the collision of photons with leaves. This causes some discrepancy from
the realistic situation, which can be neglected on average at large scales [23]. As the calculation of the
absorbed radiation is more succinct than that of the reflected radiation, the albedo was calculated as the
complement of the canopy and soil absorption from the law of energy conservation by Stenberg [24].

The model of Stenberg [24] physically expresses the relationships between forest albedo and the
canopy and understory parameters. The model was derived for a given direction of illumination (solar
zenith angle). Commonly, ignoring the contribution of diffuse skylight may cause a 0.1%-2%
estimation error of canopy albedo [25]. Therefore, to apply the model in real sceneries, an angular
integration is necessary, although it would increase the calculation complexity. Fan et al. [26]
parameterized the composition of the incident radiation using the fraction of diffuse irradiance in
calculating canopy absorptance, which performs well for both continuous and non-continuous
vegetation. Besides, in regard to the crop, the anisotropic reflectance characteristics of the soil should
also be included, which dominate the IFOV before the closing of the crop canopy.

This paper aims to estimate the crop albedo in the base of the forest albedo model by
Manninen et al. [22] and Stenberg [24]. Considering the characteristics of crop canopy, the clumping
index of crop canopy was calculated to facilitate the model for non-continuous crop canopy, and the
composition of incident radiation was parameterized. Besides, the Hapke model was used to calculate the
directional-hemispheric reflectance and bi-hemispheric soil reflectance, both of which have been used in
the crop albedo model to depict the anisotropic reflectance of the soil [27].

According to the sensitivity analysis of the main inputs, the model is simplified. The process was
also checked and verified using Monte Carlo simulation. The final model was validated using
field measurements.

2. Model Description

Surface albedo is determined by the surface properties and the angular and spectral distributions of
the incident solar radiation. Vegetation canopy albedo depends on the leaf area index (LAI), leaf angle
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distribution, leaf transmittance, leaf reflectance and understory albedo, which is mainly influenced by
the soil moisture of the crop [8]. The model is supposed to make explicit the relationships between
these parameters and the vegetation canopy albedo.

Continuous vegetation is the simplest structural type for modeling. This section first introduces the
model for a continuous canopy and then uses the clumping index to extend the model to a
non-continuous crop. Finally, the model was simplified, so the dominant parameters and mechanisms
are clearer and more distinct.

2.1. Basic Model

The model originates from the albedo model by Manninen and Stenberg [22], further decomposed by
Stenberg et al. [24]. To adapt to the crop scenery, the model was further refined, which assumes the
actual incoming light as a combination of direct and diffuse radiation, calculates the clumping index of
the crop to add in the model and separates soil reflectance into directional-hemispherical and
bi-hemispherical reflectance to discriminate the essence of the direct and indirect collision. The
derivation of the model also refers to the FAPAR model by Fan et al. [26].

According to the law of energy conservation, the albedo (A) of vegetation land cover is the
complement of the canopy absorptance av(4) and the soil absorptance av(4), which can be
described as,

A(A)=1-av(1)—as(4) (1)

The av(4) includes the direct absorption of radiation by the canopy av,(4) and the part that is
reflected by the background and then absorbed by the vegetation av, (ﬂ,) :

av(d)=av,(1)+av, (1) )

The as(4) includes the fraction of solar radiation directly absorbed by the soil as, (1) and that
caused by vegetation-soil multiple scattering as, (1) (Figure 1).

as(A)=as,(1)+as,(4) ©)

The energy reaching the soil (f') includes two parts, the proportion of the incident radiation that
directly reaches the soil without interacting with the canopy (f1) and that after one or more scattering
events within the canopy (f2). f1 has a certain incidence angle, and the reflected radiation is determined
by the directional-hemispheric reflectance of the soil (rgd). Moreover, the reflected radiation from the

proportion that reaches the soil after one or more scattering events within the canopy (fn) is influenced
by the bi-hemispherical reflectance of the soil (rgh).

as, = f,-(1-r.(6.) (4)
a5, (1) = 1,00~ ®)
- _a%

r

C

- P, (6)
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where r_ is the diffuse reflectance of the vegetation canopy. g, is the fraction of incoming radiation
scattered downwards (i.e., forward). i, is the average interception probability of the diffuse skylight by

the canopy, which can be interpreted as the angular integration of the directional canopy interception

of the incoming radiation i, [22].
QG LAl ~
The canopy interception i, is expressed as i,=1—e ¢ based on the Poisson law. I, is integrated

from the directional interception probability i, [22].
Q.G,-LAI

i"ozlj' 1-e ©s¢ |cos@sinfdode (7
7[2”

In practice, i, can be obtained from numerical integration. Fan et al. [26] proposed an empirical
exponential function of i, for the spherical vegetation type.
f, depends on the canopy transmittance, as well as the composition of the incident radiation. S

discriminates the contribution of the direct sunlight and the diffuse skylight.

f, =1~ p) A-ip)*+Bl~i)) (8)
f,(1) is the sum of two parts, the reflected direct sunlight after the first collision with the soil
( flrgdi,rc*) and the proportion that reaches the soil after one or more interception by the canopy through

scattering ( f,).
£ (2) = firgliors + 1, (9)
f, also depends on the factor of the diffuse skylight and the directional/diffuse interception by the

vegetation canopy through scattering.
f,=(ip-@=B)+iy- B)-1, (10)
Then, a physical model of vegetation albedo has been formed as follows (symbols listed in Table 1),
A(2)=1-av(4)—as(4)

(i .n— ¢ i rgh o .1_04(/1)
av(2)=| (iy- A=) +i,- B)+ f o b o 1)

[@-B)-(-i)+BA-Ty) |-(1-1] ) (1)
as(2)= +[(1_,B)io+i~oﬁ]'ﬁ'(l_ r;)

réa-r

H@-9)- @ irpa-i) ] = (1)

“lg "o e
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Figure 1. lllustration of the composition of soil absorption.

Table 1. Explanations of the symbols in the albedo model (the last four lines list the
unknown parameters in the Hapke model).

Symbol Term
O,/¢p, the solar zenith/azimuth angle
0,/ ¢, the view zenith/azimuth angle
o' the view azimuth relative to the solar azimuth
Io/ |~0 the canopy direct/diffuse interception
the recollision probability that a photon scattered from a leaf will interact (“collide™)
P with another leaf in the canopy,
q, the fraction of incoming radiation scattered downwards (i.e., forward)
p diffuse skylight proportion of total incident radiation
P the gap fraction
Q the clumping index
u the leaf volume density function; H is the canopy height
G, the mean projection of a unit foliage area along the direction with a zenith angle of &
o =R +T, , where R and T, are the reflectance and transmittance of
! leaves, respectively.
@, the average single scattering albedo of the particles composing the soil surface.
row width/row space at a given azimuth angle ¢ ; a, is the row width, and a, is the
Al/Az . . . °
gap width perpendicular to the ridge (¢ =0)
rgd / rgh directional-hemispheric reflectance of the soil/bi-hemispheric reflectance of the soil
b c the coefficients of the Legendre polynomial expansion used to express the particle
’ phase function P(Q)
B, describes the magnitude of the hot spot
h characterizes the width of the hot spot

2.2. For Noncontinuous Vegetation

2.2.1. Clumping Effect

There are two groups of parameters determined by the canopy structure, which is affected by the
clumping degree of the canopy. One is the canopy interception iy, I, and transmittance t,, and the

other is the recollision probability p. With an assumption of continuous homogeneous vegetation under
ideal conditions, these parameters can be directly calculated from the leaf area index (LAI) [26,28].
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However, in nature, canopy transmittance increases in some directions, because leaves clump within
crowns and among crowns [29]. The clumping effect has been considered in the calculation of the p
parameter by Stenberg [28].

The clumping index Q (0<Q<1) is able to describe the clumping effect [30]. For non-continuous
or non-uniform vegetation, the average gap fraction can be derived with the assistance of the
clumping index [31].

P(0.9) =exp(—@% LAL,) 12)

Here, LAI, is an equivalent element area index determined by both the leaves and the stalks, which
can be transformed to effective LAI (LAI,) by multiplying Q. In reverse, the clumping index can be
retrieved from the average gap fraction given the direction ( z=cos(¢) ), LAI, and G.

Q:_,uln(P(H,(o)) -
G, LAl

The actual crop is always planted in rows (ridges). The clumping effect of crop is mainly caused at
the canopy scale, i.e., the regular configuration between the rows. Each row is abstracted as a
rectangular porous solid stretch along the ridge direction [33] (Figure 2).

In the calculation of Q, LAls is difficult to quantify, because the contribution of crop stalks at
different zenith angles is hardly measurable. Here, we adopted an approximation method. For
randomly-distributed canopy structures, the distribution can be described using the Poisson theory.
Meanwhile, for non-continuous vegetation with patches at various scales, the Neyman-type
distribution fits more accurately, which assumes canopy first combined in groups, and the spatial
distribution of the center of a group follows the Poisson process [32]. There is a parameter mz in the
Neyman distribution function that corresponds to the a priori value of the mean size of clusters. As the
mz is smaller, the Neyman distribution and Poisson distribution become closer. Assuming leaves
distribute randomly within each row, it can be inferred that the crop will behave like continuous
vegetation when the 6, is larger than a threshold zenith angle (6, =atan(A/H)), as the soil is

invisible, which results in the clumping index levels going to an asymptote (~1). Therefore, the LAls
can be approximated to spatially-averaged leaf area index LAI, in calculating the average gap fraction.
Therefore, the clumping index can be approximately calculated from Equation (14), which is also
proven by Yan et al. [33],

#In(P(0,9))
~ G,LAI,
Yan et al. [33] derived the average gap fraction with a high accuracy; however, an integral method was
misused in the calculation. Instead, the canopy should be segmented into many micro-slices, whose
gap fraction add up to the final result.

Q= (14)
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Figure 2. Illustration of average gap fraction calculation of row crops in a vertical plane
with x points to an azimuth angle of ¢ (the azimuth increases in the clockwise direction

with its origin along the row direction). A = A1 + Az.

A row unit A can be divided into four parts, namely a, b, ¢ and d. Part a can be treated as
continuous canopy. Parts b and d have equal gap fractions. They have been segmented into
micro-slices, and each micro-slice can be considered as continuous canopy, as long as it is thin enough.
The gap fraction of the four parts can be calculated as follows,

E=6Xp(—ﬂ Sy uH],Qzl; P =1,

cosé
_ Ggru-i-Ax
_ "o sing _GyuH (15)
Pb:Pd:ZIl __cos@ 1 e oo |
H-tand G,-u-H
n-Ax=H-tané

where A =g, /sing, A, =a, /sing and &, and a, refer to the row width and row space, respectively,
when the x-axis is perpendicular to the ridge (¢ =90"). The average gap fraction of a crop unit is the
weighted average of the four parts.

A—-H-tand — H-tan0 =
P#,o)=—— P, +2- ‘B, +
( ¢) A a A b
B . Gy-u-H |
[A—H-tan&—z.s'nej-e cosf (16)
A-Htand o 1 G, -u
A ° A i
+(A2—H-tan9+2-3m9J
- Ge‘u -

2.2.2. Anisotropic Soil Reflectance

For continuous vegetation, the influence of soil anisotropy on canopy albedo is not as obvious as
that for the crop, especially in the beginning of the growing season [34]. For this crop albedo model,
the Hapke model was used to simulate the BRDF of soil and to build a look-up table of soil rgd through
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angular integration. rgh was further obtained through illumination hemisphere integration of rgd. The
Hapke model is expressed as Equation (17); refer to [35] for detailed information.

o, 1
r@o.,0,0)=—— 11+ B P H(cos@.)H (cosd,) -1
000 0) = e s, (L BOIP(@) +H (€056, H (cos6,) -1

where

B(g) = 8

[1+(1/h)t(;1n(g/2)]’ 17)
P(g)=1+bcosg+c[(3cos’ g—-1)/2],

3 1+2x)
H(x) _{[1+ zJ(l—w)x]}'

2.3. Model Simplification

Sufficient detail, as Equation (11), shows that the entire model is slightly complicated and has
increased inversion difficulties. In fact, the contributions of some components are really limited, so
much as to be neglected. The model was simplified and reorganized as Equation (18). There are two
simplified parts in av(A4), both of which relate to the absorption of soil-reflected radiation by the
canopy. One is neglecting the difference between directional and hemispherical canopy interception
(i, and 1,) only before the first collision between photons and the soil surface. The other is omitting
the factor r-i;-r; in the denominator, as it is close to zero. Similarly to as(1), two simplifications
were made. One is that the first part of f, (1) (Equation (9)) is neglected, because the absorption from

the multi-collision after the first direct collision between canopy and soil is too small. The difference
between rgd and rgh is mainly embodied in the first direct collision and multi-indirect collision. Second

is that the factor rgh ‘I, -1 is omitted, the same as that in av( 4 ). The difference between the simplified

model and the original model is simulated and illustrated in Figure 3.
A(A)=1-av(A)—as(4)
av(2) = (iy +(, ~10)- B+L-10) 1) -1 ) AL
1= pay(2) (18)
a5(2) <[ )80, ~) - (117 )+ [+ () 121

The simplified model gave a clear physical explanation of the vegetation albedo. There are three
mutual factors for vegetation absorption and soil absorption: the vegetation interception, the factor of

diffuse skylight and the soil reflectance characteristics. Moreover, the vegetation absorption is also

. : . 1- . .

influenced by the spectral absorption coefficient (ac(/l):ﬁ), which is determined by the
— @

recollision probability p and the leaf single scattering albedo (), ).
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Figure 3. The ratio between the simplified value and the original value of av (left) and as
(right). #=0.1,p =05 A1=0.3, A2=0.2, ¢ =0.23.

3. Sensitivity and Scenario Analysis

The factors discussed above, including the proportion of diffuse skylight, leaf area index and soil
reflectance, contribute to the variation of vegetation albedo, as they influence canopy absorptance and
soil absorptance. The sensitivity of albedo to these three parameters is analyzed in this section. The
analysis of the first two parameters (Sections 3.1 and 3.2) was conducted on continuous vegetation,
whereas the last one was conducted on crop, where the influence of soil reflectance is more significant.
In the following simulations, G, were set as 0.5. The directional-hemispherical reflectance (r; ) of soil

were simulated using the Hapke model. The five parameters of the Hapke model were set to:
o, = 0.54; B,=0.33; h=0.21; b = 0.86; ¢ = 0.70.

3.1. Variation of Albedo with the Diffuse Fraction

In this algorithm, the vegetation albedo was derived from vegetation absorptance av(/’t) and soil
absorptance as(A). For vegetation, the fraction of the incident diffuse radiation £ has an important

impact on vegetation and soil absorptance. The sensitivity analysis was conducted on continuous
vegetation. The simulation result in Figure 4 demonstrates that av(4) is dominated by av, (1) and that
as(A) is dominated byas, (1). However, as the opposite effects of 4 on av, () and as, (1) (referring
to Equation (18)) offset each other, the albedo does not vary significantly with g. If the LAI is large

enough and the reflectance of the leaves is smaller than that of the soil, the albedo would slightly increase
with A, which explains the difference between vegetation albedo on cloudy days and sunny days.

3.2. Variation of Vegetation Albedo along with LAI

Along with the growth of LAI, the fraction of energy absorbed by the vegetation canopy increases,
while the energy absorbed by soil decreases. However, because of the multiple interactions of photons
at the soil-vegetation-atmosphere interface, the variation of albedo manifests in a complex manner.



Remote Sens. 2015, 7 15546

The influence of LAI on albedo is mainly determined by the canopy interception (i, and i,) and the
recollision possibility p. The increase of LAl would trigger the growth of i,, i, and p, and then
av(4) would increase and as(1) decrease (Figure 5). Thus, the final variation of albedo results from

the relative size of the leaf and soil reflectance. In Figure 5a, the canopy absorptance increases sharply

as LAI grows, which is not adequately compensated by the decreasing of soil absorptance and leads to
the decrease of canopy albedo. In Figure 5b, because w, is larger, the increasing of canopy

absorptance is not as significant as the decrease of soil absorptance. Therefore, the canopy albedo
slightly increases with the growth of LAI.

0.7

—t+—av, —e—av, —8—as, —A— as, —— albedo

0.6o 1
0.5 i\G\E\E\S\G\B\E\E\G\;
1

albedo and components of absorption

0.4}
0.3- ¥
0.24 |
S S A S S S S—

0.1
D D G S - e e— e 3
0‘ = o T - T = T i T
0 0.2 0.4 0.6 0.8 1

B

Figure 4. The determinants of the canopy albedo as a function of the fraction of diffuse
radiation. The base values include LAl =3, 6, =20 and o, = 0.23 (at the green band). S

was varied from zero to one in steps of 0.1, while other parameters were held constant.

{—Q— av, —e—av, —8—as, —A— as, —%*— albedo

2

I o o
EN o o

o
)

albedo and components of absorption
albedo and components of absorption

Figure 5. The determinants of the canopy albedo as functions of LAI: (a) @, = 0.23 (green
band), r} =0.22, 6, =20"; (b) @ =0.7 (near-infrared band), r =0.22, 6, =20".



Remote Sens. 2015, 7 15547

3.3. Influence of Leaf Foliage Distribution on Canopy Albedo

G, is the mean projection of a unit foliage area along the direction with a zenith angle of @, which
is one of the parameters to describe canopy structure. There are five commonly-used G function types,
including erectophile, plagiophile, spherical (G = 0.5), extremophile and planophile [36]. In this
model, the G function is employed to calculate the i, , i, and P(6,¢). To clarify the impact of leaf

foliage distribution on calculated albedo, a comparison was conducted between the albedo derived
from these five G function types [36] with increasing LAI and other parameters constant.

Figure 6 manifests that the influence of G function is not apparent when LAI is extremely small or
large (less than one or more than six) when @, = 0.23, r" =0.22, 6, =20 . The maximum discrepancy

is about 0.006 when LAl is three.

0.2
EREC PLAG SPHE EXTR =—e—PLAN

0.15
o
o
(3]
e=
©

0.1

© S o
0.05
0 2 4 6 8 10
LAI

Figure 6. The canopy albedo derived from different G functions with changing LAI. (EREC-
erectophile, PLAG-plagiophile, SPHE-spherical, EXTR-extremophile and PLAN-planophile)

3.4. Dependence of Canopy Albedo on Wavelength

Albedo and canopy/soil absorption (A(4),av(4) and as(1)) change along with wavelength, owing

d

to the spectrum-dependent parameters, including a,, r, , rgh and g . Figure 7 shows the variation of

A(2),av(A) and as(4) derived by Equation (11), where spectral @, 1, r' and S are obtained from
field measurements of maize crop. Figure 7 demonstrates that av(i) and as(/i) appear to have the
opposite variation trend and together determine the characteristics of A(i) . av(/l) manifests a valley at

the near-infrared band (760 nm to 1300 nm) due to the structure of leaf cells. The less energy absorbed
by the leaves, the more energy reaches the ground. Therefore, as(l) levels are maximum at the near-

infrared band.
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Figure 7. Spectral albedo and components of absorption.
3.5. Influence of Soil Anisotropy on Canopy Albedo

The albedo model discriminating the rgh and rgd is referred to as the anisotropy soil model, and the
albedo model treating the soil as a Lambertian surface (rg“) is called the isotropy soil model.

Figure 8 illustrates the discrepancy between the albedo derived from the isotropy soil model, which
uses the soil rgd as a constant, and that derived from the anisotropy soil model using varying rgd as

depicted in Figure 9. When the solar zenith angle is less than 60< the albedo derived from the isotropy
soil model is larger.

0.02

3 | 0°—e—10°—&—20°——30° = 40°—e—50°—%— 607
Qo
< 001 -
o
) — o °
;E;_ 0 = s =— —— - = é
§ W
0 -0.01 LAI

0 2 4 6 8

(a)

5 002
g | 0°—e— 10°—4—20°——30° = 40°—e—50°—— 607
Q0
< 001
o = & = e —— ———————a
> ‘ ———— —n
c < g g & < < < <
g 0 T T T T
e
2
0 001 B

0.1 0.3 0.5 0.7 0.9

(b)

Figure 8. Cont.
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Figure 8. The discrepancy between albedo derived from the isotropy and anisotropy soil
models. (a,b,c) the discrepancy of albedo varying with the LAI, g and the gap width of

crops. Each line corresponds to a certain 6. The default values include @, = 0.23, A1=0.3,
H =1, ¢=90°(perpendicular to the ridge). (a) f#=0.2, A2= 0.2, LAI was varied from 0.1
to nine. (b) LAl =2, A2=0.2, B was varied from 0.1 to one. (c) LAl =2, #=0.2, the gap
width (Az2) was varied from 0.1 to one.

According to Figure 9, this is because rgd becomes larger than rgh (which is equal to 0.2194 in this
case) when the solar zenith angle is beyond 60< and the albedo increases while rgd increases, as
Equation (17) explains.
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0.25 -

= of soil

0.2 -

0.15 ‘
0 50 100
SZA(° )

Figure 9. Variation of the directional-hemispherical reflectance rgd along with the solar
zenith angle (SZA).

In Figure 8a, the gap between the albedo at different SZA narrows, while the LAI increases,
because soil is dominant in the field of view (FOV) at small LAI, whereas the fraction of vegetation in

FOV increases, and the influence of soil reflectance decreases with the increase of LAI.
In Figure 8b, the gap between the albedo at different £ narrows with the increase of £. This is

because the albedo derived from the isotropy soil model is barely changed with g, whereas the albedo
derived from the anisotropy soil model grows with the increase of 3.

In Figure 8c, the gap between the albedo widens with the increase of the gap width and a constant
row width, because the dominancy of soil reflectance grows with the gap width.

In this case, the difference of albedo caused by the anisotropy of the soil is approximately +0.02,
which needs to be considered when the accuracy demand is high.
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4. Model Validation
4.1. Validation by MC Simulation
4.1.1. Method

The model was validated using a Monte Carlo (MC) method. MC simulation is a numerical
statistical method by which the radiative transfer process of photons in the canopy is simulated and the
structural parameters of the canopy are predefined [18,26,37,38]. The main steps of the simulation
include: generating the incident photons, determining the scenarios regarding photons colliding with
leaves or soil, randomly assigning the scattering direction, calculating the free paths of the photons and
counting the photons satisfying specific conditions.

The MC method was used to validate the albedo model under uniform continuous vegetation and
crop conditions, respectively. White sky albedo (WSA) is the angular integration of black sky albedo
(BSA) in the illumination hemisphere, so the BSA is mainly validated here. The diurnal variation of
BSA depends on the solar zenith angle, and the long-term BSA mainly changes with effective LAI
(LALl,). Therefore, the validation is conducted on two dimensions. One dimension is the LAI, and the
other is the SZA. For uniform continuous vegetation, BSA remains constant with ¢, . Nevertheless, for
the crop canopy, BSA would change with the variation of ¢, as that would change the ratio between
the crop width and canopy height. Therefore, two groups of perpendicular directions were selected
with ¢, values of 0°and 90 respectively. The parameters of the Hapke model were set as w = 0.543,
Bo=0.33, h = 0.21, b = 0.86 and ¢ = 0.70, which were suitable for the soil characteristics of the
measured soil in the research.

The main parameters involved include:

Leaf area index of the canopy: zero to nine;

Photon incident zenith angle (: zero to 60;

Photon incident azimuth angle (9: zero, 90;

Leaf angle distribution type: spherical (G = 0.5);

Termination threshold of photon energy: 0.001 (controls when the round of simulation is terminated);
Photon number: 106;

Soil directional-hemispherical reflectance rgd : see Figure 9;

Soil bi-hemispherical reflectance rg“: 0.2194;

The leaf reflectance and leaf transmittance were obtained from the Leaf Optical Properties
Experiment 93 (LOPEX93) database [26].

4.1.2. Comparison of Continuous Vegetation

The model-calculated black sky albedo (BSA) agrees well with the MC simulation result
(Figure 10). The albedo decreases monotonically with LAI. A larger incident zenith angle corresponds
to a higher albedo value.

The discrepancy between the two groups of results was evaluated in terms of Pearson’s correlation
when the leaf angular distribution type is spherical, the coefficient (r) and the root mean square error
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(RMSE) (Figure 11). Results show that BSA simulated by MC and the model had a strong positive
correlation (r >0.999) and small discrepancy (RMSE < 0.003) under all solar zenith angles < 60<

0.25
—0° MC o 0° model
0.2 —230°MC o 30° model
—50°MC ¢ 50° model
o 0.15
©
[«B]
2
< 01
Q o
0.05
0
0 2 4 6 8 10
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Figure 10. Relationships between LAI and black-sky albedo (BSA) as predicted by the
model (circles and diamonds) and MC (solid lines) under different solar zenith angles
(SZA, deployed at 0< 30=and 50 at the green band (530 nm). The difference in the width
of lines and the size of markers shows the variation on SZA.

albedo (model against MC)
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Figure 11. Pearson’s correlation coefficient (r) (bar graph) and root mean square error
(RMSE) (line chart) between the model-simulated and MC-simulated BSA of continuous
vegetation under different solar zenith angles at the green band (530 nm).

As well as the BSA, the av(4) and as(1) are of high accuracy according to the results illustrated
in Figures 12 and 13. av(4) increases while as(4) decreases monotonically with LAl and SZA. Both
av(4) and as(A) derived from the model and from MC at different SZAs have strong agreements,

with a high correlation (r >0.999) and a small discrepancy (RMSE < 0.002).
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Figure 12. (a) Relationships between LAI and av as predicted by the model (circles and
diamonds) and MC (lines) under different solar zenith angles at the green band; (b) the
corresponding r and RMSE.
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Figure 13. (a) Relationships between LAI and as as predicted by the model (circles and
diamonds) and MC (lines) under different solar zenith angles at the green band; (b) the
corresponding r and RMSE.

4.1.3. Validation for the Row Crop Canopy

To understand the variation of simulation error under different LAI and incident zenith angles for
the crop, the row width, gap width and canopy height were held constant at 0.3 m, 0.2 m and 1 m,
respectively, while LAl was varied from zero to nine and SZA varied from 0°to 60<in 10steps. Soil
albedos were pre-simulated using the Hapke model. Figure 14 shows the validation results of the crop
canopy when ¢=0" (along the row direction) and ¢ =90" (perpendicular to the row). The high
correlation coefficients and low RMSEs show that the values derived from the model are accurate for
the crop canopy, as well as the continuous vegetation.



Remote Sens. 2015, 7 15553

0.25 crop albedo (model against MC)
—10°MC o 10° model
0.2 —30°MC O 30° model 1 v = = g = = [ 0005
——50°MC ¢ 50° model :
0.998 0.004
o 0.15
2 0.996 0.003 W
2 - =
< 01 0.994 0002 &
0.05 0992 = i B ) u B 0001
TR I
0 0° 10° 20° 30° 40° 50° 60°
0 2 4 6 8 10
LAI EEZITEI [ oo vmm e s RMSE
(a)
0.25 albedo (model against MC)
' ——10° MC o 10° model S S - B - B = I - B == B s B
0.2 —30° MC O 30° model :
—50° MC ©  50° model 0.998 0.004
g o1 0.996 0.003,
(<]
: ; :
0.1 0.994 0.00%
0.05 0.992 0.001
0
; ; ; : : " PP <N 5 N N < O = 5 N =
LAl 0° 10° 20° 30° 40° 50° 60°
=== eecemmee RMSE
(b)

Figure 14. Relationships between LAI and crop albedo as predicted by the model (circles
and diamonds) and MC (lines) under different solar zenith angles at the green band ¢ =0

(@) and =90 (b).
4.2. Validation Using Ground Measurements

The behavior of the albedo model developed in this study was also tested using measured
parameters as input, and the result was compared to the measured albedo. The input parameters include
the LAI, the fraction of diffuse radiation, the height and width of the row canopy, leaf
reflectance/transmittance, soil albedo and the G function, which are obtained from field measurements.
The albedo measurements include the spectral albedo and the shortwave albedo. The conversion from
spectral albedo to broadband albedo has used the measured downward radiation as the weight, as
detailed in Liang (2002).

4.2.1. Site Description

The study site at the Huailai Remote Sensing Station, which is located in Huailai, Hebei province,
China (40.349N, 115.785<E), is one of the eco-hydrology and flux sites around China (Figure 15).
The dominant crop of the Huailai Site is maize. The albedo model was tested using ground
measurements of maize at two different growing stages. During the seedling stage, maize can be
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considered a non-continuous canopy, and until the canopy is closing, the maize can be considered a
continuous canopy.

maize

U Huailai Site : [
1 . ' - e 3 m maize
9W°E 105°E 120°E b § -

Figure 15. Position and aerial view photograph of the Huailai site.
4.2.2. Measurements

The albedo was collected at different periods of maize growth (Figure 16 and Table 2).

June 15 FJulyles. T

Figure 16. Position and aerial view photograph of the Huailai site.

(1) Spectral albedo of maize and soil: The spectral albedo was calculated as the ratio of the spectral
downward to the upwelling radiation. The spectral surface radiosity was collected using an Analytical
Spectral Devices (ASD) FieldSpec3 (FS3) spectroradiometer with the manufacturer's remote cosine
receptor (RCR) foreoptic (~81°HFOV) held 0.5 m above the maize canopy (corresponding to a
footprint of 3 m in radius. The diffuse incoming radiation is measured at the open terrain area with a
black plane shading the direct incident radiation; the fraction of the diffuse radiation was calculated as
the ratio of diffuse incoming radiation to downward radiation.

(2) Shortwave albedo: The shortwave albedo was derived from the upward/downward shortwave
radiation, which was measured using a CNR4. The CNR4 was mounted on a pole and suspended from
the platform of the tower crane, which allowed for position, height and level adjustment. The
down-looking pyranometers looked down at the maize. Radiation was measured every 10 seconds and
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time averaged to one-minute intervals. The data logger clocks were synchronized to the second.
Albedos were calculated as the ratio of reflected to incident radiation.

(3) G function: G is the mean projection of the leaf area unit in a plane perpendicular to the sunrays
(Jonckheere I, 2004); G was estimated through the measurement of the probability density of the leaf angle
distribution of the observed maize, which is the distribution of the leaf normals with respect to the upper
hemisphere and was measured using a protractor. According to the statistical analysis of Ross (1981), the G
function was simulated through the weighted average leaf angle of the observed maize (Figure 17).

1
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Figure 17. Relationship of the G function value with the zenith angle.

(4) Leaf reflectance/transmittance was measured using the Analytical Spectral Devices (ASD)
FieldSpec3 (FS3) spectroradiometer with a leaf clip (Figure 18). The spectral measurement was
averaged from three leaves, which were sampled from the top, middle and bottom of the plant.

reflectance transmittance
1 0
0.8 0.2
0.6 0.4
0.4 0.6
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0 1
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wavelength (nm)
Figure 18. The measured reflectance and transmittance of maize leaves.

(5) The LAI was measured by using a destructive sampling method within a 5 m x5 m quadrant
that belongs to the harvesting method. The LAI was accurately calculated using a C1-202.

(6) The width of one crop period was measured at the early period of the maize as the distance
between two plants side-by-side between two rows.
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(7) The sun zenith angle values were the actual ones at the location of the measurements.

Table 2. The measured parameters on three individual dates.

Solar Solar Row Gap Canopy CNR4
Date Time LAI Zenith Azimuth  Width Width Height (m) Measured
Angle (9 Angle (9 (m) (m) Albedo
30 May 2015 9:36 0.14 38.26 252.92 0.16 0.32 0.283 0.172
14 June 2015  13:48 0.80 25.20 126.08 0.38 0.10 0.46 0.239
8 July 2014 13:10 3.18 20.54 146.70 - - 2.184 0.245

4.2.3. Comparison Results

The model-simulated spectral albedo of the maize canopy agreed well with the ground-based
spectral albedo (Figure 19). The spectral variation of the maize canopy can be accurately simulated
using the proposed model for 30 May 2015. During this period, the maize was at the seedling stage, so
the soil reflectance has a significant influence on the canopy albedo, which represents the situation on
which the model focuses. The RMSE between the measured and modeled spectral albedo is 0.007.

However, there is an obvious discrepancy between the calculated spectral albedo and the measured
spectral albedo for 15 June 2015. Referring to the comparison result (Table 3) between the broadband
albedo, it also proved that the calculated result has overestimated the canopy albedo. Given the strong
correspondence between the calculated albedo and the ASD spectroradiometer albedo, we suspect that
the discrepancy was caused by the overestimation of soil albedo in calculating the albedo. The soil
albedo was measured from the adjacent bare farmland in which the soil was quite dry, while the maize
was just irrigated and the underground soil was wetter. The larger soil moisture corresponds to lower
soil reflectance.

None of the spectral albedo of the maize canopy was collected on 8 July 2015, as the canopy height
was above 2 m, which exceeded the limit that the handheld 1-m fiber probe could reach, so the
calculated albedo for 8 July 2015 was directly validated using the broadband albedo measured with the
CNRA4. The calculated albedo was overestimated by approximately 0.004, which is 1.63%. During this
period, the closing of the crop allowed the maize to be treated as continuous vegetation.
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Figure 19. Cont.
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Figure 19. Comparison between the measured spectral albedo and model-simulated albedo
on (a) 30 May and (b) 15 June.

From the comparison of the spectral albedo collected on 30 May 2015 and 15 June 2015, it has been
proven that the albedo of agricultural surfaces changes considerably at different stages of the growing
season. In the earlier stage, the canopy albedo is mainly determined by the optical characteristics of the
soil particles, such as the moisture content of the topsoil. As the crop grows, the dominancy of the
physical condition of the leaves and the structure of the crop becomes pronounced.

Table 3. Comparison between the broadband albedo directly measured using the CNR4 from
the Analytical Spectral Devices (ASD)-measured and model-simulated spectral albedo.

Date CNR4 Measured Albedo ASD Broadband Albedo Model Broadband Albedo
30 May 2015 0.177 0.177 0.172
15 June 2015 0.239 0.230 0.259
8 July 2014 0.245 - 0.249

5. Conclusions

In this research, a physical model depicting crop albedo was derived from a forest albedo model. The
model calculates albedo as a complement of canopy and soil absorptance. It considers multiple
scatterings, both within the canopy and between the canopy and the soil, as well as diffuse sky radiation.

The model can be extended to row crops and discrete vegetation canopies using effective LAI
instead of LAI. It has been proven that the new model is reliable and effective at acquiring vegetation
albedo by comparing the results of the model and those of MC simulations. The model can typically be
used in a simplified form, which builds a basis for the model to be used for remote sensing data in the
future. Ground validation of the model showed that the discrepancy between the model-simulated
albedo and the field measurements of continuous vegetation and crops is small in both spectral and
broadband albedo.

As a physical model, it is more robust than empirical models in theory and would be more attractive
for the assessment or monitoring of biophysical characteristics of vegetation. For an albedo diurnal
course study, it would be a good choice to use this model, as the direct and diffuse irradiations are
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treated separately. Moreover, the model can be applied in vegetation albedo inversion from remote
sensing data. These would be the next steps of the research.
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