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A parameterized SAILH model for LAI retrieval
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Abstract:

The paper proposes a parameterized model based on the vegetation canopy radiative transfer model SAILH. This

model simplifies the calculation of the nine intermediate variables of the SAILH model, and adapts an explicit formula to calcu-

late the contribution of the single scattering in the illuminated canopy. We evaluate the retrieval accuracy and efficiency of the

parameterized model with simulated data and ground-based measurements which are taken in the satellite-aircraft-ground syn-

chronous experiment over the Heihe river basin in 2008.The results shows that the retrieval efficiency is improved greatly by the
parameterized models but the retrieval accuracy is kept. It is also found that the stability of the parameterized model is better

than the SAILH model.
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1 INTRODUCTION

LAI (Leaf Area Index) is defined as sum of the one-side leaf
area or half of the total leaf area per unit ground surface area
(Chen, 1992). LAI is an important vegetation structural pa-
rameter, which is one of the basic parameters to characterize the
canopy structure; it is related with many biological and physical
processes of vegetation, such as photosynthesis, respiration,
transpiration. Meanwhile it can also indicate the condition
growth of the crops, so it is used commonly for crop yield es-
timation.

At present, the quantitative LAI retrieval methods using re-
mote sensing are mainly classified as the empirical statistical
model based method and the physical model inversion based
method. The empirical statistical models use the vegetation
index as the variable and retrieve LAI by establishing the statis-
tical relationship between VIs and LAI (Fang & Zhang, 2003).
This method dominates the LAI retrieval due to its simple ex-
pression and less parameters. Otherwise this method is lack of
physical meaning, and the developed relationships between the
VIs and LAI are dependent on the specific time and specific
region. As a result, it is hard to expand its use in temporal and
spatial dimensions. On the contrary, the physical models are
more realistic and applicable. All the parameters of the models
have physical meanings. There are some shortcomings in
physical models, including too much parameters which are
introduced into the models in order to describe the earth’s sur-
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face features accurately as much as possible, and their expres-
sion are also very complicated.

Although the multi-spectral and multi-angle remote sensing
technology provides more observational information, the re-
mote sensing retrieval still faces the ill-posed problem, and the
physical model retrieval is too slow to meet a wide range of
application requirements. Therefore, it is important to find a
parameterized model with certain physical meaning and simple
form at the same time for the generation of large area LAI
products. In this paper, we proposes a parameterized model
based on the SAILH model, and then we compare the retrieval
accuracy, efficiency and stability between the parameterized
model and the SAILH model with simulated data and
ground-based measurements which are taken in the Heihe river
basin.

2 INTRODUCTION OF THE SAILH MODEL

Canopy reflectance models can be divided into three kinds
of model in accordance with whether it is established according
to the theoretical analysis, that is the empirical models,
semi-empirical models and physical models (Zhao, 2007),
while the physical models can be divided into radiative transfer
models, geometric optics models, and computer simulation
models. SAILH model is one kind of the radiative transfer
models. The basis of the radiative transfer models is the radia-
tive transfer equation, which is an integral - differential equa-
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tion. In theory, the equation is solvable if the boundary condi-
tions are determined. So far, there is no rigorous analytical so-
lution to the radiation transfer equation but only a variety of
approximate solutions (Xu, 2006). The commonly used solution
is the K-M equation proposed by Kubelka and Munk. The inci-
dent light is divided into four parts in the SAIL model (Scatter-
ing by Arbitrarily Inclined Leaves) (Verhoef, 1984) based on
the K-M equation, that are the upward and downward radiation
flux density as well as the upward and downward parallel ra-
diation irradiation. By solving nine intermediate variables (in-
cluding the extinction coefficient (ks) of the direct radiation
flux density, attenuation coefficient (atf), back-scattering coef-
ficient (sig), forward and backward scattering coefficient of the
direct radiation (sf, sb), conversion coefficients from upward,
downward radiation flux density and upward parallel radiation
to the observed radiance(uf, ub, w), the extinction coefficient of
the radiation flux density on the observed direction (ko)), the
canopy reflectance can be got. So SAIL model is a four-stream
linear differential equation with nine coefficients. Its input pa-
rameters include three structural parameters and four spectral
parameters, where the three structural parameters are the leaf
area index and the two parameters which are used to describe
the leaf inclined angles. The four spectral parameters are the
ratio of sky light, leaf reflectance, leaf transmittance and soil
reflectance.

As the SAIL model can not simulate the hot-spot effect well,
Kuusk added the hot-spot effect to the SAIL model and devel-
oped the SAILH model (Kuusk, 1991). Hotspot effect is caused
by the single scattering of the illuminated canopy. Therefore,
Kuusk established the relevant probability model between the
direction of observation and the direction of the incident light to
consider the canopy hot-spot effect based on the SAIL model.
In SAILH model, the contribution of the single scattering of the
whole canopy is decomposed into multi-layer single-scattering
contribution and summed together as the contribution of the
whole canopy. In the calculation of the single scattering contri-
bution of each layer, a bi-directional transmission density func-
tion is used. The bi-directional transmission density function

calculation needs to introduce a new parameter—the hot-spot

effect factor. Then there are eight input parameters in SAILH
model (See Table 1, the meanings of these parameters can be
found in the appendix).

Table 1 Input parameters’ settings of the SAILH model

LAI On & s L skyl P T Ps
2 45° 0.1 0.1 0.10 0.08 0.08 0.10

3 ESTABLISHMENT OF THE PARAMETERIZED
MODEL

In practical applications, remote sensing is the most effec-
tive technique which is able to get large-scale and time series
LALI of different surface types. A large number of studies have

shown that using remote sensing technology can extract re-
gional and global LAI rapidly and periodically, and can provide
spatial and temporal distribution of LAI (Hui et al., 2003). Al-
though SAILH model is a widely accepted model to describe
the directional reflectance of continuous vegetation canopy, its
practicality is limited due to its complicated calculation and low
retrieval efficiency. So in order to improve the retrieval effi-
ciency and keep the accuracy, it is necessary to make some
reasonable simplifications to the model. We proposed a param-
eterized model based on SAILH model in this paper, and evalu-
ated the retrieval accuracy, efficiency and stability of the pa-
rameterized model based on the simulated data and
ground-based measured data.

This work aimed at the following two steps: (1) Simplifying
the calculation of the nine intermediate variables of the SAILH
model. (2) Simplifying the calculation the contribution of the
single scattering of the illuminated canopy.

3.1 Simplification of the calculation of the nine inter-
mediate variables of the SAILH Model

The main reason of the low retrieval efficiency of SAILH
model is that when calculating the canopy reflectance, the leaf
inclined angles of continuous canopy are divided into 13 angles
and the nine intermediate variables are expressed as the func-
tions of these leaf inclined angles, then the result is calculated
by summing these 13 terms iteratively. If we can simplify the
calculations of these nine intermediate variables and keep the
rest calculations in SAILH model, we may improve the effi-
ciency greatly. Through analyzing and comparing the calcula-
tion of the nine intermediate variables in SAILH model, we
have the simplified calculations shown in Table 2, where, LAI
is the leaf area index, LAI' = LTAI , and 4 is the canopy height;
4 is the leaf inclined angle, and f{ &) represents the leaf inclina-
tion density function; f and f, are the critical angles of the
light direction and the observed direction respectively, the cal-
culation of these two variables can be found in Verhoef (1984);
G(6)(i=s, v) is the G function (subscript s represents the illu-
mination direction, and v represents the observed direction, the
same as follows), g=cosé(i=s, v), « is the angle between the
light direction and the observed direction, and its calculation
equation is:

a= cos_l(,us/,tv +sing; sin b, cos(¢; —,)) 1)

In the calculation of nine intermediate variables, the most
complex one is @, which indicates that if the illumination direc-
tion and the observed direction intersect at the same side of the
leaf, the leaf reflectance should be used to represent the reflec-
tion of the leaf to the light, otherwise the leaf transmittance
should be used to represent the weaken of the leaf to the light. In
this sense, @ represents a similar concept with the scattering
phase function, but the difference is that it contains LAIL so in
the calculation later, we use the scattering phase function to
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Table 2 The expressions of the nine intermediate variables in SAILH model and parameterized model

SAILH model (Verhoef, 1984)

Parameterized, model

att ZELAI’ x (1 - pT” + % x cos? 6] x f(&l))j
sig Z(LAI' x (pT” + % x cos? ) f(HI)D

S Z(pzrxks(ﬁl)fpgr><LAI'><COSZ¢9]xf(Hl)]

sb 2(p;rr><ks(61)+p;TxLAl'xcoszﬂle(el))

ks Z[% x LAI' x {(,55 - g) cos 6, +sin 3, tan 6, sin 6, } x f(&l)]
ko Z[2xLAI’{(ﬂV el ]xf(eo]

T sin 3, tan @, sin 6,

uf Z(p;’xko(ﬂ)—”;’xLAI'xcoszaxf(an]

ub Z[pzrxko(ﬁl)+pz_TxLAI'xcoszale(el))

w seeverhoef(1984)

LAIx(lpr”Jr%xZ(cosz 4 xf(@l))]

LAIx(pTH+ p;T x Y (cos 6, xf(gl))j

p+T. G(6,)x LAl
2 28

p+rXG(€S)><LAI+p—r
2 H 2

7% xLAIx Y (cos” 6 x £(6))

x LAI x z (cos* G, x 1(8))

G(6,)x LAI
ILIS

G(6,)x LAI
“,

p+rXG(9v)><LAI_p—r
2

x LAI x Z:(cos2 0% f(6))
1,

LHXM_,,ExLAIXZ(COSZ 6% £(6))
2 M, 2
+7

x(sina—axcosa)+§xcosa

approximate the calculation of % in SAILH model.

The two-parameter elliptic distribution is used to describe the
leaf inclined angle distribution in SAILH model. In order to
make a better approximation to the scattering phase function of
this distribution, we choose the scattering phase function of
spherical distribution to replace it. We can get a better approxi-

mation using this scattering phase function instead of Al

when £<0.9, but when leaf angle distributions are the extreme
types, there will be a little bias to the results. When the leaf an-
gle distribution is approximately perpendicular, the relative error
introduced is 30%; and when the leaf angle distribution is ap-
proximately planar, the relative error introduced is 20%. Fig. 1
shows that when the input parameters were set as shown in Ta-
ble 1, the comparison of the nine intermediate variables calcu-
lated by SAILH model and the parameterized model. In Fig.1,
the sun zenith angle is set at 35°, the view zenith angle is from
0° to 60° with an increment of 10°, and the relative azimuth
angle between the sun and the view is 0° which represented in
the principle plane, and the positive values of the view zenith
angles represents the backward observations. We can get from
Fig. 1 that the results of the nine intermediate variables calcu-
lated by SAILH model and parameterized model are very close
to each other without considering the extreme leaf inclined angle
distribution case, and we get the same answers in both the red
and near-infrared bands.

3.2 The calculation of the contribution of the single
scattering of the illuminated canopy

Supposed that the continuous vegetation canopy is com-
posed by a series of horizontal and uniform layers, then the
contribution of single scattering of the illuminated canopy

PC1 can be calculated as follows (Kuusk, 1991).

S CLC YT

where 77(£2,€2,) is the scattering phase function, u(z) is the
leaf area density, and P(z,£3,€2) is the bi-directional gap
probability function and it can be calculated as follows.
P(z2,42,9) = R(2) P, (2)Cys(2,42,£2) ©)
In Eq.(3), Py(z) and P,(z) are the average gap probability of the
sunlight and view direction respectively, and Cpyg(z,£2,42,)is

the hotspot factor and its calculation can be found in the article
written by Kuusk (1991). When calculating Eq. (2) in SAILH
model, it is assumed that the leaf area density u;(z) does not
changed with canopy height and is put outside of the integration
sign referred as a constant and participates in the calculation of
the nine variables, and then only make integration to the
bi-directional gap probability function P(z,£2,€2,). Since the
integration can’t get a clear analytical expression, so a simpson
method is used in SAILH, that is, the whole canopy is divided
into 20 layers, and then sums the results of these 20 layers as
the result of integration. However, if make integration to

J:ML(Z)P(Z,!%,Q,)dz directly, then we can get an analytical

expression to calculate the single scattering of the illuminated
canopy as follows.

P h @)
> =
a,+a, —4jaga, x S—AL X (l—exp(——AL))
S_

where P, represents the proportion of the visible illuminated
soil area, and can be calculated as follows through making in-
tegration to Eq.(3):

s L
Fy =exp(—(as +a, -Jaga, X‘TX

(1-exp(——2)) x LAI) ®)
s L
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Fig. 1 Comparison of the calculation of nine intermediate variables in SAILH model and parameterized model
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where:
G(6,
a =2 =) ©)
H;
s_L is the hotspot factor parameter, the calculation of A is:
A= %4_%_20050: )
:us Hy H, S H v

To test the correctness of the Eq. (4), we compared the result
calculated by it with the result of the SAILH model (Fig. 2). P,
represents the result of Eq.(4) , the curve marked as 20 represents
the result calculated by SAILH model when the canopy are
divided into 20 layers; Similarly, the curves marked as 50 and
100 represent the results calculated by SAILH model when

— P,
12 + — 2
——50
100
:\? 09 |
06 -
1 1 1 1 1 1 1 1 1
-60 -30 0 30 60

View Zenith Angle/(°)

Fig.2 The validity of the Eq. (4)

the canopy are divided into 50 and 100 layers respectively. It
can be seen from Fig. 2 that, if the canopy are divided into
more layers, the result calculated by SAILH model will be
closer to the result calculated by the Eq.(4), as a result, the cor-
rectness of Eq.(4) is obvious.

Then, the contribution of the single scattering of the illumi-
nated canopy can be calculated as follows:

P! :F(!%sﬁv)Pc ®)
Hsly

So far, the calculations of the nine intermediate variables
and the contribution of single scattering of the illuminated can-
opy have been simplified, and the other calculations keep the
same as SAILH model.

We designe a group of experiments to compare and evaluate
the forward BRDF simulated ability of the parameterized model.
We set the sun zenith angle at 35° and the solar azimuth angle
at 0°, the observation zenith angles are changes from 0° to 85°
with an increment of 5°, and the observation azimuth angles are
from 0° to 355° with the same interval changes of 5°, so there
are a total of 1296 observation combinations in the upward
hemisphere. The values of the input structural parameters are
shown in Table 3. We design the parameters for the following
three considerations: (1) Group I : the elliptical eccentricity is
set at 0.001, in which case the leaf inclined angle distribution
near to a spherical leaf angle distribution, the forward BRDF
simulation ability of the parameterized model is evaluated when



1186 Journal of Remote Sensing

#ERFIR 2010, 14(6)

LAI=2 and LAI=4, respectively; (2) Group II: the elliptical
eccentricity is set at 0.9, and the average leaf inclined angle is
set at different values, when 6,=0.001° the leaf inclined distri-
bution is nearly to a planar distribution, when 6,,=89.9° the leaf
inclined distribution is nearly to a perpendicular distribution,
6,=35° and 6,=65° represent two kinds of transition leaf in-
clined angle distributions and then compare the forward BRDF
simulation ability when LAI=2; (3) Group III: the value of LAI
is set at 4 and all the other parameters are kept as the same as
Group II. For the spectral parameters, we set the ratio of sky-
light, leaf reflectance, leaf transmittance and soil reflectance at
0.1,0.1,0.12 and 0.1 respectively in the red band, and the values
are fixed at 0.1,0.45, 0.5 and 0.2 respectively in the
near-infrared band.

Table 3 The input structural parameters when comparing the
forward BRDF simulation ability

Group Group Number LAI O/ (°) & s L
1 2 45 0.001 0.1
Group [
2 4 45 0.001 0.1
3 2 0.001 0.9 0.1
4 2 35 0.9 0.1
Group I
5 2 65 0.9 0.1
6 2 89.9 0.9 0.1
7 4 0.001 0.9 0.1
8 4 35 0.9 0.1
Group [T
9 4 65 0.9 0.1
10 4 89.9 0.9 0.1

The RMSEs and the correlation coefficients of the forward
simulated BRDF of the entire upward hemisphere between the
parameterized model and SAILH model are used as the evalu-
ate criterion. The results are shown in Table 4. Through analysis
we can see that, in the entire upward hemisphere, the RMSEs of
the forward simulated BRDF between the parameterized model
and SAILH model can be maintained below 0.01 in the red
band, and below 0.04 in the near-infrared band; whether in red
or near-infrared band, the correlation coefficients of the param-
eterized model and SAILH model has reached more than 96%.

Table 4 Fitting capacity assessment of the parameterized model

Group Root m&(e;r]l\:(sqgre error Correlation Coefficient
Number Red band Near-Infrared Red band Near-Infrared
band band

1 0.00341 0.01192 0.97911 0.99838
2 0.00554 0.02204 0.99075 0.99398
3 0.00475 0.02739 0.98855 0.99482
4 0.00443 0.02367 0.98751 0.99431
5 0.00280 0.00662 0.97596 0.99719
6 0.00253 0.01169 0.96194 0.99051
7 0.00784 0.03958 0.98945 0.97686
8 0.00727 0.03550 0.99119 0.97877
9 0.00441 0.01243 0.98723 0.99417
10 0.00374 0.01104 0.97549 0.98451

4 MODEL EVALUATION

There is a high positive correlation between the BRDF
simulations between the parameterized model and SAILH

model, so the SAILH model can be represented by the param-
eterized model to some degree. Then we evaluated the retrieval
accuracy, efficiency and stability of these two models using
simulated data and ground-based measured data.

4.1 Model Evaluation Based On Simulated Data

The generation of simulated data is as follows: supposing a
group or several groups of input parameters, giving the appro-
priate prior knowledge, taking the SAILH forward simulated
values as the observed true values, and then retrieving parame-
ters using the parameterized model with Powell optimization
algorithm. For the purpose of comparison, we also retrieved the
LAI values used the SAILH model with the same prior knowl-
edge at the same time. We added 10% Gaussian noise to the
observed values during retrieval.

4.1.1 The comparison of the retrieval accuracy of the models

We use the absolute errors between the retrieved LAI values
and the input LAI values in forward simulation as the evalua-
tion criterion of the retrieval accuracy. Fig. 3 shows the rela-
tionship between the input LAI values and the retrieved LAI
values, in which the X axis is for the input LAI values, and the
Y axis for the retrieved LAI values. Fig. 4 indicates the rela-
tionship of the retrieval absolute error s’ changes with the input
LAI changes.

From Fig. 3 and Fig. 4 we can conclude that: there is no
great degree loss of the retrieval accuracy for the parameterized
model compared with SAILH model; from the absolute error

8_

Retrieval LAI value
N
T

2 —
0 1 1 I
0 2 4 6 8
Input LAI valuein forward simulation
(@)
8-
6

Retrieval LAI value
N

sk
0 . . . \
0 2 4 6 8
Input LAI valuein forward simulation
()
— SAILH model " Parameterized model

Fig.3 The comparison between the retrieved LAI values and the input
LAI values
(a) Red band; (b) Near-infrared band
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terms, the maximum retrieval errors is 0.180 and 0.122 in red
and near-infrared bands respectively for SAILH model, while
the maximum retrieval errors was 0.179 and 0.197 in red and
near-infrared bands respectively for the parameterized model.
4.1.2  The comparison of the efficiency of the model

The method we use to evaluate the retrieval efficiency of the
parameterized model is as follows: using 6 observations of
different angles in each retrievals, setting different retrieval
times of 50 times, 100 times, 200 times and 500 times respec-
tively, and then computing the running time. Each test is re-
peated for five times, and then take the averaged running time
as the evaluation criterion of the retrieval efficiency. The results
are shown in Fig. 5. What we can see from Fig. 5 is that, in the
terms of retrieval efficiency, the retrieval efficiency is signifi-
cantly improved by 10 times of the parameterized model com-
pared with SAILH model.
4.1.3  The comparison of the stability of the model

For the stability evaluation of the model, we use the follow-
ing methods: in the retrieval, we compared the retrieval accu-
racy of LAI by increasing the noise in the simulated data
(choose the relative error as the evaluation criterion). The re-
sults are shown in Fig. 6. We can see from Fig. 6 that, the re-
trieval error is bigger as the noise increases, and the stability of
the parameterized model is superior to SAILH model whether
in the red band or the near-infrared band.

4.2 Model Evaluation Based On Ground Measurements

The parameterized model is evaluated by using the ground-based
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measured canopy reflectance data and LAI data in YingKe from
the satellite-aircraft-ground synchronous experiment over the
Heihe river basin in 2008. There were two measurement sets in
June 22 and July 1 respectively and only one measurement set
in July 9 in the experimental area. Thus, there were total 5
groups of measurement sets. We retrieved the eight input pa-
rameters meanwhile using the same Powell optimization algo-
rithm. Among these input parameters, the expectations and
uncertainties of LAI, leaf reflectance, leaf transmittance and
soil reflectance were obtained by ground measurements; the
expectations of the average leaf inclined angle and the elliptical
eccentricity were retrieved from measured LAD data, and the
uncertainties of these two parameters were set at 0.01; the ex-
pectations and uncertainties of the hot-spot effect factor pa-
rameter and the ratio of sky light were set at 0.1 and 0.01, re-
spectively. The setting of the expectations and uncertainties of
the input parameters are listed in detail in Table 5.

Table S The Setting of the input parameters and Priori knowledge

Red band Near-infrared band
Input Parameters

Expectations Uncertainty | Expectations  Uncertainty

LAI 3 0.4 3 0.4

On 45° 0.01 45° 0.01

& 0.6 0.01 0.6 0.01

s L 0.1 0.01 0.1 0.01

skyl 0.1 0.01 0.1 0.01

0.08 0.01 0.45 0.03

T 0.05 0.01 0.5 0.03

s 0.17 0.01 0.2 0.03

4.2.1 The comparison of the retrieval accuracies of the models

In the ground measurements except that taken on July 9 in
Heihe field campaign, there were canopy reflectance data of four
planes in each measurement including the solar principal plane,
the vertical principal plane, the parallel row plane and the cross
row plane respectively (measurements were only available at the
solar principal plane and vertical principal plane on July 9). In
our retrieval tests, first we use the measured data of each plane
to retrieve respectively, and then use the data of all four planes
together to retrieve LAIL. At last, we get the results as follows:
compared with the ground measured LAI data, the maximum
retrieval absolute error is 1.344 of SAILH model, and the mini-
mum absolute error is 0.002; the maximum retrieval absolute
error is 0.807 of the parameterized model, and the minimum
retrieval absolute error is 0.056. Thus, the retrieval error of the
parameterized model is in an acceptable range.
4.2.2  The comparison of the efficiency of the model

We also evaluate the retrieval efficiency of the parame- ter-
ized model by using the measured data, and get the same con-
clusion that the retrieval efficiency is greatly improved for 8—

10 times by the parameterized model.

5 CONCLUSION AND DISCUSSION

In this paper, we proposes a parameterized model based on
SAILH model. In the new model, we simplify the calculation of
the nine intermediate variables in SAILH model, and also sim-
plify the calculation of the single scattering contribution of the
illuminated canopy at the same time, and then keep the rest

calculations the same with the SAILH model. We evaluates the
retrieval accuracy, efficiency and stability of the parameterized
model with simulated and measured data respectively, and then
we get some conclusion as follows.

(1) In the entire upward hemisphere, there is a strong corre-
lation between the simulated BRDF by the parameterized
model and the SAILH model, the correlation coefficients
reached more than 96% in both red and near-infrared band, and
the RMSE in the red band can be maintained below 0.01, while
in the near-infrared band can be maintained below 0.04, which
indicates that the parameterized model can be used as the sub-
stitute of SAILH model.

(2) Evaluations based on simulated data and measured data
show that: from the terms of retrieval absolute error, the re-
trieval accuracy of the parameterized model is equal to SAILH
model; but the retrieval efficiency is improved for § ~ 10 times,
meanwhile, the stability of the parameterized model is better
than SAILH model. However, when we evaluate the retrieval
accuracy and efficiency of these models by using the measured
data, the expectations and uncertainties of some input parame-
ters are assumed because of no experimental data, which might
affect the retrieval results.

(3) Although the parameterized model can make very good
approximation to SAILH model in simulating canopy’s BRDF,
and can greatly improve the efficiency of LAI retrieval while
maintaining the retrieval accuracy, this model is based on the
assumption that the leaf inclined angle distribution is spherical
distribution, and only can be applied to continuous vegetation
canopy conditions. Therefore, its applicability is limited to
some extent.
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APPENDIX
LAI: Leaf Area Index
6. Sun Zenith Angle
6, View Zenith Angle
6 Average Leaf Inclined Angle

.. Sun Azimuth Angle
@,: View Azimuth Angle

& Eccentricity
skyl: Ratio of Sky Light
7. Leaf Transmittance

s_L: Hot-spot Effect Factor Parameter
p: Leaf Reflectance
ps: Soil Reflectance
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