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Abstract: The ability of the RossThick-LiSparseR BRDF model (Ross-Li model) to simulate the bidirectional reflectance
is assessed by comparing the reflectance simulated using the Ross-Li model based on the MCD43A1 data with the observed
POLDER-3 BRDF data for 9961 pixels selected from the global POLDER-3/PARASOL BRDF archive. It is found that the Ross-
Li model is able to simulate the bidirectional reflectance of ground objects efficiently. The R and root mean square error (RMSE)
of simulated reflectance are 0.934 and 0.016, respectively. On average, simulated reflectance is 5.2% lower compared with the
POLDER-3 data. However, the Ross-Li model underestimates the reflectance by 14% for hotspots, with R* equal to 0.824 and
RMSE equal to 0.07. The errors in simulated reflectance for hotspots depend on land cover types. Coniferous forests have the
largest underestimates of simulated reflectance for hotspots, followed by broadleaved forests, grasslands, croplands, shrubs and
barren lands. The modification for the volume kernel in the Ross-Li model can noticeably improve reflectance simulation for
hotspots (R’=0.839, RMSE=0.043).The reflectance simulated by the Ross-Li model is relatively accurate at nadir and darkspot.
The departure of simulated reflectance from the POLDER-3 observations increases with the increases in solar zenith and view
zenith angles. For grasslands and croplands, the accuracy of simulated reflectance decreases with the increase in NDVI. Howev-
er, for forests and shrubs, the discrepancy between reflectance simulated by the Ross-Li model and the POLDER-3 observations
maximizes when NDVI approximately equals 0.5.
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eters of vegetation canopy such as leaf area index (LAI) and foli-

The bidirectional reflectance distribution function (BRDF) de-
scribes the anisotropy of surface reflectance as a function of sun
and view angles (Nicodemus, et al., 1977). Directional spectra pro-
vided by BRDF are helpful for retrieving the structural parameters
of surface targets. With the increasing availability of sensors able
to provide multi-angle observation, such as Polarization and Direc-
tionality of Earth Reflectance (POLDER) and Multi-angle Imaging
Spectroradiometer (MISR), BRDF has been paid more and more at-
tentions and widely used in quantitative remote sensing, including
the applications in albedo retrieval (Wanner, et al., 1997; Schaaf,
et al., 2002), normalization of the geometry of remote sensing data
acquired in different time (Leroy & Roujean, 1994; Wu, ef al.,
1995), land cover classification and retrieval of structural param-
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age clumping index based on spectra of specific directions (such as
hotspot, darkspot, nadir, principle plain, and perpendicular plain) or
various angular indices combined by the BRDF model parameters
(Sandmeier & Deering, 1999; Gao, et al., 2003, Chen, ef al., 2005).

POLDER and MISR are currently available two sensors able to
observe BRDF data globally. But the POLDER data don’t satisfy
the requirements of global change study due to their low spatial
resolution (about 6 km). While the spatial resolution of MISR data
is relatively high (275 m in “Local Mode” and 1.1 km in “Global
Mode”), the sensor is difficult to capture the reflectance of hotspot
and darkspot due to its narrow swath width. MODIS (Moderate
resolution Imaging Spectroradiometer) BRDF model parameters
product is generated through fitting the MODIS observation data
in 16 days with the RossThick-LiSparseR model (Ross-Li model)
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(Roujean, et al., 1992; Wanner, et al., 1995; Lucht, et al., 2000) and
provides a new way for studying the surface reflectance anisotropy.
However, this product tends to underestimate the reflectance of
hotspot (Chen & Cihlar, 1997; Bréon, et al., 2002; Maignan, et al.,
2004). Many studies have been conducted to validate the products
of MODIS BRDF and albedo (Hu, et al., 1997; Liang, et al., 2002;
Jiao, et al., 2005; Liu, et al., 2009). A commonly used method to
assess the quality of MODIS BRDF parameters product is to con-
duct field observations at representative sites. This method is labor
and time consuming and expensive. The observed site-level data
cannot be directly used to validate the moderate resolution MODIS
BRDF model parameters product.

It is one possible strategy to validate a BRDF product through
the comparison of BRDF measurements from different spaceborne
or airborne sensors on a homogeneity landscape (Hautecoeur &
Leroy, 2000). Chen, et al. (2009) investigated the reflectance ex-
trapolation ability of MISR and MODIS BRDF model parameters
products through comparison of reflectance measured by MISR and
MODIS with the reflectance calculated according to their BRDF
model parameter products. However, this type of comparison is
almost impossible to evaluate the accuracy of the hotspot reflect-
ance simulated by MODIS BRDF model parameters product, since
it is difficult for MISR to observe the reflectance along the princi-
pal plane. The reflectance of hotspot and darkspot is necessary for
retrieving some structural parameters of vegetation canopy such
as foliage clumping index and LAI. So it is necessary to assess
the abilities of MODIS BRDF model parameters product and the
Ross-Li model in simulating reflectance of hotspot and darkspot.
This study takes the advantage of the POLDER sensor with more
opportunities to acquire reflectance of hotspot and darkspot to
evaluate the abilities of MODIS BRDF model parameters product
and the Ross-Li model in estimating reflectance under different an-
gular conditions. The influences of land cover types and vegetation
density on errors of reflectance simulated by MODIS BRDF model
parameters product and the Ross-Li model will also be analyzed.

2 MATERIALS AND METHODS
2.1 POLDER-3 BRDF product

The POLDER-3 sensor is onboard the PARASOL satellite. It
uses a rotating CCD array as the detector to observe the global at
daily time steps. The nadir spatial resolution is 6 km x7 km. The
maximum angle of view is 114°. The view zenith angles along and
across the track can reach + 61° and + 50°, respectively, owing
to Earth curvature. This sensor acquires multi-angle data through
overlapping of field angle. It can observe a target from 16 differ-
ent view angles in one overpass. The orbit shift causes changes
in observation angles. If the weather condition is favorable, the
POLDER-3 sensor can provide observations of almost full azimuth
range for a surface target in a few of continuous days. POLDER-3
acquires the surface reflectance in 9 visible and near infrared
(NIR) wavelengths, including 3 polarization bands. The surface
reflectance at a resolution of 6.17 km is generated from the raw
POLDER-3 multi-angle data through radiometric, geometric cor-
rection, cloud removal, atmospheric correction. The Laboratoire
des Sciences du Climat et de I’Environnement (LSCE) selected

surface reflectance with the best ?uality from the POLDER-3 data
(C)1994-2021 China Acad
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to build four annual and monthly global BRDF databases based
on the IGBP and GLC2000 classification systems. The percent-
age of thematic homogeneity within each pixel is higher or equal
to 80% for these four databases. The global monthly POLDER-3
BRDF database based on the GLC2000 land cover map is used in
this study. There are totally 20985 pixels in this database with data
acquired between November 2005 and October 2006. These pixels
distributed globally and their land cover types are diverse, includ-
ing all GLC2000 land cover types. The data of each pixel consist
of the pixel directional observations acquired in a month, which
are stored in the ASCII format, including the latitude, longitude,
GLC2000 land cover type, NDVI, degree of homogeneity, date of
observation, solar zenith angle (in degree), view zenith angle (in
degree), relative azimuth angle (in degree), and surface reflectance
of each band (Fig. 1). The observations from different angles for a
pixel can reach 300 in a month, meaning that the POLDER-3 data
cover almost full ranges of azimuth and view zenith angles (Fig. 2).

latitude longitude GLC2000 class NDVI nb_orbit nb_dir homogeneity(%)

25.69 99.71 4 0.45 6 84 85.71
yymmdd thetaS thetaV RelAzi R490 R565 R670 R765 R865 RI1020
060201 4497 58.67 37.06 0.062 0.090 0.104 0.225 0266 0.325
060201 4497 53.63 38.07 0.064 0.089 0.101 0221 0265 0.320
060201 4497 47.62 3947 0.063 0.088 0.101 0214 0256 0312
060201 4497 4041 4155 0.056 0.078 0.105 0205 0250 0.304
060201 4497 31.86 45.04 0.048 0.070 0.088 0.190 0.229 0.280
060201 4497 22,02 52.13 0.040 0.063 0.079 0.172 0210  0.260
060201 4497 11.92 72.89 0.040 0.060 0.080 0.158 0.191 0.243
060201 44.97 8.48 145.03 0.036 0.055 0.071 0.143 0.173  0.220
060201 4497 17.16 18579 0.031 0.049 0.059 0.128 0.157 0.199
060201 4497 27.35 196.82 0.028 0.042 0.057 0.120 0.148  0.188
060201 4497 36.53 201.53 0.028 0.041 0.054 0.115 0.143  0.179
060201 4497 4434 204.13 0.027 0.039 0.050 0.111 0.136 0.176
060201 4497 50.88 20578 0.028 0.039 0.047 0.106 0.133  0.169
060201 4497 56.34 20693 0.027 0.036 0.044 0.109 0.133 0.167
060203 4359  60.70  52.07 0.051 0.073  0.086 0.191 0232 0.282
060203  43.59 5647 5574 0.047 0.071 0.087 0.186 0226 0.273

Fig. 1 The POLDER-3 BRDF data file of a pixel in ASCII format
(latitude / (°); longitude / (°); nb_orbit: number of orbits; nb_dir:
number of observations; yymmdd: date of the observation; thetaS:
sun zenith angle / (°); thetaV: view zenith angle / (°); RelAzi:
relative azimuth angle / (°); R490, R565, R670, R765, R865,
R1020: surface reflectance measured at each band / nm)

270

Fig. 2 The distribution of observation angles for a
POLDER-3 pixel (The polar angle represents relative azimuth

angle / (°), and the radius represents view zenith angle / (°))
http://www.cnki.net
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2.2 MODIS BRDF model parameters product

The MODIS BRDF model parameters product (MCD43A1) is
generated every 8 days through fitting the reflectance of MODIS
onboard Terra and Aqua in 16 consecutive days using the Ross-Li
model. The spatial resolution of this data is 463.3 m. The opera-
tional MODIS BRDF/Albedo algorithm used to generate MODIS
BRDF model parameters product is on the basis of the kernel-
driven RossThick-LiSparseR BRDF model (named as Ross-Li
model for convenience) (Roujean, et al., 1992; Wanner, et al.,
1995; Lucht, et al., 2000). The model uses the liner combinations of
scattering kernels with physics meaning to simulate surface bi-
directional reflectance. The present operational algorithm (version5)
using the RossThick and LiSparseR kernels, which are expressed as:

R0.3,0)=f,,+1,K, 0.9, 9+f K (0,9,0) (1)
(m/2—-&)cosé+siné

K., 0.9, ¢ = -— @)
cos 6 +cos 9 4
K, @©,9,9) =00,%, p)—sect —secI +

geo

%(1 + cos &) secl secd 3)
00,9, p) = %(t —sinzcost)(secH + secd) 4)
\/D2 + (tan 0 tan 9 sin (]5)2
cost =2 (5)
sec 6 + sec 9
D= \/tanze + tan’9 — 2tan 6 tan 9 cos @ (6)
cos & = cos B cos & +sin 6 sinG cos ¢ @)

where R (6, 9, ¢) is the bidirectional reflectance; 0, 9, and ¢ are
the solar zenith angle, view zenith angle and relative azimuth an-
gles, respectively; K,,, (0, 9, ) and K,,,(0, 9, ¢) are the geometric
optical kernel (LiSparseR kernel) and volumetric scattering kernel
(RossThick kernel), both depending only on 6, ¢, and ¢; ¢ is the
scattering angle, namely, the angle between the sensor and the sun
relative to the target; 1, /.., and f,

geo

are the weight parameters for
the isotropic, geometric and volumetric kernels, respectively.

The operational MODIS BRDF/Albedo algorithm employs the
least squares method to derive f;,, /.., and f,, for users as MODIS
BRDF model parameters product according to R (6, 9, ¢) acquired
from different angles in 16 consecutive days and corresponding
K., (0,9, 0) and K, (0, 9, p) calculated using Egs. (2) (3). Param-
eters fi,, /. and fg,, can be used in conjunction with Eqs. (1)—(7)
to simulate the bidirectional reflectance at any desired illumination
and view angles.

2.3 Data preparation and processing

The ability of MODIS BRDF model parameters product to ex-
trapolate reflectance at any angles is validated using POLDER-3
BRDF product. According to the acquisition time, 1193 tiles of
MCD43A1 and corresponding quality product (MCD43A2) were
downloaded from LP DAAC (Land Processes Distributed Active
Archive Center). There are certain numbers of POLDER-3 pixels
with BRDF data available in each tile of MODIS data. The down-
loaded globally distributed MCD43A1 data were acquired during
the period from November, 2005 to October, 2006, covering most

(C) 1 SRR P AR Y Srmar Bl o C s HRing 1

assess the ability of MODIS BRDF model parameters product in
extrapolating the bidirectional reflectance in the NIR band, which is
usually used to retrieve the foliage clumping index. The NIR chan-
nel of MODIS, which covers a spectral domain ranging from 841
nm to 876 nm, is comparable with that of POLDER-3 with a center
wavelength of 865 nm and a bandwidth of 40 nm.
2.3.1 Spatial match of MODIS and POLDER pixels

The reference grids of POLDER-3 and MCD43A1 are both
centered on the Greenwich meridian with the same sinusoidal equal
area projection. There are 3240x6480 pixels in the global POL-
DER-3 reference grid. MCD43A1 uses the sinusoidal grid tiling
system. There are 18x36 tiles in the global total. Each MCD43A1
tile consists of 2400x2400 pixels. So the size of a POLDER-3 pixel
is approximately equal to that of 13x13 MCD43A1 pixels. The
following equations are used to determine the positions of the 169
MCD43A1 pixels in the MCD43A1 reference grid corresponding
to a POLDER-3 pixel:

V'=1INT((lin — 1) / 180) ®)

H=INT((col - 1)/ 180) )
7 =1INT(40 / 3 x MOD((lin — 1), 180)) (10)
p=INT(40 /3 x MOD((col — 1), 180)) (11)

where /in and col are the line and column numbers of the POL-
DER-3 pixel in the POLDER-3 reference grid, respectively; V" and
H are the horizontal and vertical tile numbers of the 169 MCD43A1
pixels in the MCD43A1 tile coordinate system, respectively; » and
p are the row and column numbers of the upper left corner pixel
within the 169 MCD43A1 pixels in the above tile, respectively;
INT is the function rounds a number to the nearest integer, and
MOD stands for the modular arithmetic.
2.3.2 Data processing

Firstly, thel69 MCD43A1 pixels and their retrieval quality
(MCD43A2) corresponding to a POLDER-3 BRDF pixel are ex-
tracted using the above equations (Egs. (8)—(11)). If the data of
169 MCD43A1 pixels are all in the best or good quality (MODIS
QA=0 or 1), the bidirectional reflectance in the NIR band of these
pixels is simulated using Eq. (1) (the Ross-Li model) based on
parameters from MCD43A1 data and the solar zenith, view zenith,
and relative azimuth angles from the POLDER-3 BRDF data. Then,
the mean value of the bidirectional reflectance of the 169 MODIS
pixels is compared with the reflectance observed by POLDER-3
instrument to evaluate the ability of the Ross-Li model in conjunc-
tion with MODIS BRDF model parameters product to extrapolate
bidirectional reflectance at given illumination and view angles. The
sizes of POLDER-3 and MODIS pixels are considerably different.
Since scaling effect of BRDF is linear (Liang, 2004) and the land
cover types of the selected POLDER-3 pixels are almost homog-
enous (The coverage of a dominant cover in a POLDER-3 pixel is above
80%), the effects of scale difference between POLDER-3 and MODIS
data on the evaluation results are not taken into account in this study.

3 RESULTS AND DISCUSSIONS
3.1 Processed data

The Ross-Li model is not applicable for some non-vegetation
land cover types such as snow. In order to constrain the impact of
non-vegetation pixels on the assessment results, only 9961 veg-

etation pixels with NDVI above 0.15 are further selected among
louse. All rights reserved. http://www.cnki.net
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20985 POLDER-3 pixels for the assessment purpose. There are 19
land cover types of the GLC2000 classification system for these
9961 pixels, excluding the types of water bodies, snow and ice, and
artificial surfaces. Table 1 summaries the information of the select-
ed POLDER-3 pixels for each of 19 land cover types, including the
pixel number, observation number, NDVI range and mean, range of
solar zenith angle and average reflectance. The valid observations
of a single POLDER-3 pixel vary from 6 to 199. The total observa-
tions of all the selected POLDER-3 pixels are 714652. On average,
there are 72 observations for a POLDER-3 pixel during the period
of 16 days in which corresponding MODIS BRDF model param-
eters product is generated. NDVI varies from 0.15 to 0.87 for all
POLDER-3 pixels. Its range is considerably large for all land cover
types. The solar zenith angles, view zenith angles, and relative azi-
muth angles vary from 11.4° to 74.7°, from 0.1° to 67.6° and from
0°t0360° for all 9961 POLDER-3 pixels, respectively.

Fig. 3 presents the comparison of 714652 observations at dif-
ferent angles by the POLDER-3 instrument with that simulated by
the Ross-Li model. The Ross-Li model with MODIS BRDF model
parameters product as input is able to simulate the bidirectional
reflectance of ground objects efficiently. The coefficient of deter-
mination (R”) and root mean square error (RMSE) of simulated re-
flectance are 0.934 and 0.016 for 714652 observations, respectively.
Forests have the largest RMSE of simulated reflectance, followed
by shrubs, croplands, grasslands, and barren lands. On average,
simulated reflectance is 5.2% lower compared with the POLDER-3

data. Fig. 4 shows the comparison of the bidirectional reflectance
along the principal plane (0° < ¢ < 10° U 170° < ¢ < 190°
U 350° < ¢ < 360°) simulated by the Ross-Li model based on
MCD43A1 BRDF parameters product with the POLDER-3 data of
a needle-leaved pixel shown in Fig. 1. It is found that the Ross-Li
model is able to reproduce reflectance in most cases. However, it
considerably underestimates the hotspot reflectance.
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POLDER-3 reflectance in the NIR band

Fig. 3 The comparison of reflectance observed by POLDER-3
from different angles and that simulated by the Ross-Li model

Table 1 Statistics of the selected POLDER-3 data

Mean reflectance

GLC2000 land cover type I\II’(i;elosf obsIf\:Ir%a(t)if()ns 1;23;/: il/[];i;ll S(g)llél l;aztzlei t}/1 (il’;l_ Moefa Eéf};;‘;‘_‘ge simulatefi by the - RMSE
Ross-Li model
Broadleaved, evergreen 455 30370 0.29—0.84 0.71 15.4—66.2 0.256 0.251 0.020
Broadleaved, deciduous, closed 1002 78400 0.18—0.87 0.55 11.4—70.3 0.235 0.232 0.016
Broadleaved, deciduous, open 378 30110 0.20—0.79 0.43 17.4—62.3 0.213 0.209 0.014
Needle-leaved, evergreen 545 39452 0.17—0.86 0.51 12.0—74.7 0.202 0.208 0.017
Needle-leaved, deciduous 628 35762 0.15—0.81 0.56 28.6—72.8 0.221 0.215 0.018
Tree cover, mixed leaf type 569 35684 0.25—0.87 0.55 13.7—74.5 0.222 0.217 0.017
Tree cover, flooded, fresh 13 709 0.60—0.80 0.66 26.3—48.2 0.249 0.240 0.022
Tree cover, flooded, saline 58 4136 0.15—0.73 0.51 15.3—52.1 0.239 0.236 0.020
Mosaic: tree cover / other 720 41858 0.21—0.86 0.63 12.2—74.4 0.240 0.238 0.017
Tree cover, burnt 436 24405 0.24—0.81 0.55 28.3—74.7 0.216 0.212 0.017
Shrub cover, evergreen 802 52483 0.15—0.87 0.63 12.2—745 0.269 0.267 0.017
Shrub cover, deciduous 563 49367 0.15—0.73 0.32 11.5—74.6 0.224 0.221 0.013
Herbaceous, closed-open 732 60783 0.15—0.83 0.30 14.8—73.4 0.249 0.247 0.014
Sparse herbaceous or shrub 725 60016 0.15—0.64 0.27 15.7—72.6 0.251 0.248 0.013
Flooded shrub and herbaceous 568 39177 0.15—0.82 0.57 16.7—73.8 0.259 0.256 0.019
Cultivated and managed areas 700 59156 0.15—0.85 0.38 12.6—71.7 0.261 0.257 0.014
Mosaic: cropland / tree cover 453 27481 0.17—0.87 0.69 15.9—62.0 0.293 0.293 0.017
Mosaic: cropland / shrub 535 39580 0.15—0.79 0.41 14.7—73.6 0.272 0.270 0.015
Bare areas 79 5723 0.15—0.44 0.21 19.8—68.0 0.218 0.218 0.012
Total 9961 714652 0.15—0.87 0.50 11.4—74.7 0.244 0.241 0.016

(C)1994-2021 China Academic Journal Electronic Publishing House. All rights reserved.
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3.2 The ability of the Ross-Li model to simulate
hotspot reflectance and its improvement

If the illumination and view directions coincide, the areas ob-
served by the senor are all illuminated while all shadows cannot
be observed by the sensor. In this case, the sensor can observe
strong peak reflectance. This phenomenon refers to hotspot. With
the departure of view direction from illumination direction, the
shaded areas observed by the sensor gradually increases, resulting
in the rapid decrease of observed reflectance (Fig. 4). The under-
estimation of hotspot reflectance simulated by the Ross-Li model
is caused by its hypotheses. The RossThick kernel (the volumetric
kernel) of the Ross-Li model is derived from the radiative transfer
model developed by Ross (1981), which is suitable for horizontally
homogenous dense vegetation canopies and does not account for
the probability of mutual shadowing within canopy (Roujean, et
al., 1992). The LiSparseR kernel (the geometrical kernel) is derived
from the Li-Strahler geometric optical (GO) model (Li & Strahler,
1985, 1986; Jiao, 2008), which is suitable for describing sparse
vegetation canopies (Wanner, ef al., 1997; Lucht, et al., 2000). The
GO model assumes the shape of tree crown is an opaque lightproof
sphere or ellipsoid. This model is actually a single scattering model
(Xu, 2005). Although it consider the difference in sunlit crown,
sunlit background, shaded crown, and shaded background under
the condition of illumination by direct solar beam, it does not con-
sider the shadows caused by the changes of gaps within the crown
with illumination and view angles. Although the geometric optical
kernel of the Ross-Li model has a peak value at the hotspot (Lucht,
et al., 2000), this peak is not large enough to capture the hotspot
signal. Therefore, the Ross-Li model is unable to quantify hotspot
properly.

Based on the 4-scale model (Chen & Leblanc, 1997), Chen &
Cihlar (1997) used two coefficients to correct the volumetric and
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Fig. 4 Comparison of the bidirectional reflectance along the
principle plane simulated by the Ross-Li model using MCD43A1
BRDF parameters with POLDER-3 data for a needle-leaved pixel
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geometrical scattering kernels in the kernel-based BRDF model.
The two coefficients are used to correct the magnitude and width
of hotspot. The modification significantly improved the simulation
of hotspot reflectance by the kernel-based model. Maignan, et al.
(2004) proposed a simple algorithm to improve the simulation of
hotspot reflectance through only modifying the volumetric kernel
(RossThick kernel), i.e.,

K (0,9, 0) = (n/2-8)cos & +sin g

cos @ + cos ¢
A++grg) =4 (12)

where ¢ is the scattering angle calculated using Eq. (7); &, is the
specific angle related to the ratio of scattering element size to the
canopy vertical density and assigned a constant value of 1.5° here.
The Maignan’s method (named as Ross-Li-M model hereafter) is
used to correct Ross-Li model in this study.

In order to validate the accuracy of hotspot reflectance simulat-
ed by the Ross-Li model, 5061 observations near hotspot are extracted
from the above POLDER-3 BRDF dataset using the criteria of 0° <
o < 10° U 350° < ¢ < 360° N |9 — 6] < 2° Table 2 shows
the linear regressions between the hotspot reflectance observed
by POLDER-3 and that simulated by the Ross-Li model and the
Ross-Li-M model for each cover type. In these regression models,
intercept is forced to be zero with simulations and POLDER-3 data
denoting y and x, respectively. For the reflectance simulated by the
Ross-Li model, the slope values range from 0.806 to 0.916 and R’
values are from 0.569 to 0.913, respectively. The RMSE values of
simulated hotspot reflectance vary from 0.044 to 0.090. The depar-
tures of hotspot reflectance simulated by the Ross-Li model from
the POLDER-3 data depend on land cover types. The discrepancy
between the simulated hotspot reflectance and the POLDER-3 data
is the largest for coniferous forests, with the largest underestima-
tion of 18.6%, the smallest R* of 0.611 and the largest RMSE of
0.083. For broadleaved forests, the hotspot reflectance is under-
estimated by 16%, with R* and RMSE equal to 0.8 and 0.076,
respectively. The hotspot reflectance of grasslands and croplands
is underestimated by about 15% while R* values equal 0.803 and
0.843 and RMSE values equal 0.07 and 0.068 for these two land
cover types, respectively. The underestimates in hotspot reflectance
of shrubs and barren lands are 11% and 13%, respectively. Their R’
values of simulated hotspot reflectance equal 0.868 and 0.803 and
corresponding RMSE values equal 0.065 and 0.048, respectively.
Among all cover types, the largest underestimation in the hotspot
reflectance simulated by the Ross-Li model for coniferous forests
may be caused by the more distinct canopy structure of coniferous
forests, resulting in relatively greater hotspot effects. The relatively
homogenous canopies of grasslands and croplands result in weaker
hotspot phenomena. Consequently, the underestimation of their
hotspot reflectance by the Ross-Li model is relatively small. The
Ross-Li-M improved the simulations of hotspot reflectance for all
cover types with the exception of cover type 15 (flooded shrub and
herbaceous) (Table 2). It efficiently corrected the systematic under-
estimates of hotspot reflectance caused by the Ross-Li model.

Fig. 5 and Fig. 6 show the relationships between the 5061
hotspot reflectance observed by the POLDER-3 and those simu-
lated by the Ross-Li model and the Ross-Li-M model, respectively.

The slope of the regression model with intercept set as zero is 0.859
http://www.cnki.net
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for the Ross-Li model while it increases to 1.028 for the Ross-
Li-H model. The R’ value of hotspot reflectance simulated by the
Ross-Li-M is 0.839, slightly higher than the value of 0.824 resulted
from simulations using the Ross-Li model. The RMSE value of
hotspot reflectance simulated by the Ross-Li-M model equals 0.043
while it is 0.07 in the simulations using the Ross-Li model. The
improvement on hotspot reflectance by the Ross-Li-M model is

more outstanding for high hotspot reflectance. As to the reflectance
simulations for all 714652 POLDER-3 observations, the Ross-Li-M
model also surpassed the Ross-Li model, indicated by the increases
in the slope of the regression model and R* value from 0.948 and
0.943 for the Ross-Li model to 1.027 and 0.967 for the Ross-Li-M
model, respectively, and the corresponding decrease of RMSE from
0.016 to 0.015 (Fig. 3 and Fig. 7).

Table 2 Comparison of the results of the hotspot reflectance simulated by the Ross-Li model and Ross-Li-M model

Ross-Li model

Ross-Li-M model

GLC2000 land cover type obs:]r(\i'-;ttipons Il:]/[ J;i/nl Regres?ion R RMSE Regre3§ion R RMSE
equation equation

Broadleaved, evergreen 243 0.72 =0.859x 0.824 0.090 y=1.028x 0.839 0.044
Broadleaved, deciduous, closed 558 0.54 y=0.852x 0.742 0.072 y=1.017x 0.814 0.036
Broadleaved, deciduous, open 211 0.43 y=0.815x 0.689 0.071 y=1.009x 0.840 0.027
Needle-leaved, evergreen 285 0.54 y=0.820x 0.638 0.081 y=0.983x 0.800 0.034
Needle-leaved, deciduous 244 0.60 y=0.806x 0.569 0.085 y=0.971x 0.795 0.037
Tree cover, mixed leaf type 237 0.55 y=0.840x 0.606 0.077 y=0.993x 0.811 0.033
Tree cover, flooded, fresh 8 0.68 y=0.855x 0.913 0.063 y=1.020x 0.797 0.031
Tree cover, flooded, saline 14 0.45 y=0.908x 0.886 0.044 y=1.037x 0.818 0.041
Mosaic: tree cover / other 317 0.64 y=0.888x 0.859 0.068 y=1.020x 0.897 0.041
Tree cover, burnt 209 0.52 y=0.827x 0.634 0.069 y=0.978x 0.822 0.028
Shrub cover, evergreen 379 0.60 y=0.916x 0.828 0.065 y=1.047x 0.856 0.054
Shrub cover, deciduous 307 0.33 y=0.844x 0.834 0.064 y=1.045x 0.847 0.038
Herbaceous, closed-open 416 0.30 v=0.847x 0.803 0.070 y=1.034x 0.778 0.043
Sparse herbaceous or shrub 487 0.27 y=0.857x 0.799 0.062 y=1.046x 0.804 0.038
Flooded shrub and herbaceous 257 0.58 y=0.881x 0.740 0.061 y=1.124x 0.553 0.083
Cultivated and managed areas 398 0.39 y=0.852x 0.843 0.068 y=1.041x 0.864 0.037
Mosaic: cropland / tree cover 204 0.66 =0.908x 0.817 0.064 y=1.041x 0.876 0.043
Mosaic: cropland / shrub 247 0.40 y=0.853x 0.862 0.067 y=1.064x 0.882 0.043
Bare areas 40 0.21 y=0.873x 0.803 0.048 y=1.056x 0.891 0.028
Total 5061 0.48 y=0.859x 0.824 0.070 y=1.028x 0.839 0.043

Note: x is the reflectance in NIR band measured by POLDER-3, y is the corresponding reflectance simulated by the Ross-Li model or the Ross-Li-M model

POLDER-3 reflectance in the NIR band

Fig. 5 Comparison of hotspot reflectance
observed by the POLDER-3 with that

simulated using the Ross-Li model

POLDER-3 reflectance in the NIR band

Fig. 6 Comparison of hotspot reflectance
observed by the POLDER-3 with that
simulated using the Ross-Li-M model

3.3 The effects of solar and view zenith angles on
reflectance simulated by the Ross-Li model

The errors in hotspot reflectance simulated by the Ross-Li mod-

el are quite large. In order to assess the sensitivity of reflectance

(€)1994-2021 China Academic Journal Electronic Publishing House. All rights reserved.
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Fig. 7 Comparison of all reflectance
observed by the POLDER-3 with that
simulated using the Ross-Li-M model

simulated by the Ross-Li model to solar zeniths and view zenith
angles, observations in the POLDER-3 BRDF dataset very close
to hotspot are excluded, resulting in 709591 observations. All the
709591 selected POLDER-3 observations and corresponding simu-
lated reflectance values are binned at 1 degree intervals of solar ze-
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nith angle, respectively. The R* and RMSE values are calculated for
each solar zenith angle interval using the POLDER-3 data as the
benchmarks to assess the change of errors in reflectance simulated
by the Ross-Li model with solar zenith angle. With the increase
in solar zenith angle, the R values generally decrease while the
RMSE values generally increase. The RMSE values are above 0.02
for solar zenith angles above 65° (Fig. 8). The relation of errors in
simulated reflectance by the Ross-Li model with view zenith angles
is also analyzed in the same way. The increases of view zenith angle
cause R’ to decrease and RMSE to increase (Fig. 9). Overall, these
results are in agreement with previous findings by Chen, ef al. (2009).
The RMSE values are larger than 0.02 if the view zenith angles are
above 63°. The errors in reflectance simulated by the Ross-Li model

are more sensitive to solar zenith angle than to the view zenith angle.
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Fig. 8 Changes in the accuracy of reflectance simulated
by the Ross-Li model with solar zenith angles
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Fig. 9 Changes in the accuracy of reflectance simulated
by the Ross-Li model with view zenith angles
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The large errors in simulated reflectance for large view
zenith angles are related to the LiSparseR kernel used in the
Ross-Li model. The LiSparseR kernel is the modified LiSparse
kernel which was developed based on the reciprocal theory. The
LiSparse kernel assumes that the total area of vegetation and
shadows is much smaller than the total area of view field. The
ratio of these two areas is approximately positively proportional
to sec () (Yang, et al., 2002). In the case of large view zenith
angles, the above assumption fails and simulated reflectance
will have very large errors, even negative values. Although
LiSparseR kernel can remedy this problem to some extent, it
still fails to remove the influences of large view zenith angles.
LiSparseR kernel assumes that the solar zenith angle is recip-
rocal with view zenith angle (Wanner, et al., 1995, Wanner, et
al., 1997; Lucht, et al., 2000). The effects of solar zenith angle
on simulated reflectance by the Ross-Li model are similar to
those of view zenith angle. Li & Wan (1998) pointed out that
the application of reciprocal principle as the prerequisite for the
construction of the BRDF models is not theoretically solid. This
issue is not discussed in this paper.

In the classification of vegetation types and retrieval of vegeta-
tion structure parameters, nadir reflectance and darkspot reflect-
ance is usually required. Therefore, the accuracy of reflectance at
these directions simulated by the Ross-Li model is assessed with
the POLDER-3 observed data, which are chosen according to the
following criteria, § < 10° for the nadir observations and 45° <
9 < 50° U 170° < ¢ < 190° for the darkspot observations. The
reflectance simulated by the Ross-Li model is closer to the observa-
tions of POLDER-3 at nadir and darkspot directions (Fig. 10 and
Fig. 11). The R’ values are 0.968 and 0.947 for nadir and darkspot
directions, respectively. The corresponding RMSE values are 0.01
and 0.011.
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POLDER-3 reflectance in the NIR band

Fig. 10 Comparison of the nadir reflectance observed by the
POLDER-3 against the simulations by the Ross-Li model
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Fig. 11 Comparison of the darkspot reflectance observed by
the POLDER-3 against the simulations by the Ross-Li model

3.4 The influence of NDVI on the ability of the Ross-
Li model to extrapolate reflectance

The changes in the agreement of reflectance simulated by the
Ross-Li model with the POLDER-3 BRDF data with NDVI are
analyzed for five dominant cover types, including “broadleaved,
deciduous, closed”, “needle-leaved, deciduous”, “shrub cover,
evergreen”, “herbaceous, closed-open”, and “cultivated and man-
aged areas”. For each selected cover type, the simulated reflectance

and POLDER-3 data are binned at 0.1 intervals of NDVI. The R’
0.026
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~—= shrub, evergreen grassland cropland
Fig. 12 Changes in the RMSE values of the reflectance
simulated by the Ross-Li model with NDVI for 5 cover types.
In the calculation of RMSE, simulated and observed reflectance

is binned at 0.1 interval of NDVI

(C)1994-2021 China Academic Journal Electronic Publishing House. All rights reserved.

and RMSE of simulated reflectance are calculated for every NDVI
interval (Fig. 12 and Fig. 13). The R* and RMSE values of all
cover types considerably vary with the NDVI. With an increase in
NDVI, the RMSE values of simulated reflectance of grasslands and
croplands increase while the R values decrease. For the remaining
three cover types, the discrepancy between reflectance simulated
by the Ross-Li model and the POLDER-3 observations maximizes
when vegetation density is medium (NDVI approximately equals
to 0.5). Forests and shrubs have more distinct canopy structure than
grasslands and croplands. The shadow effects of forests and shrubs
maximize when NDVI is medium owning to the low probability of
shadows being overlaid for sparse discrete vegetations. Conse-
quently, the hotspot is obvious in this case, resulting in the maximum
RMSE values and the minimum R’ values for forests and shrubs.

0.84 ! ! !
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

NDVI

broadleaved, deciduous needle-leaved, deciduous

- shrub, evergreen grassland cropland

Fig. 13 Changes in the R’ values of the reflectance
simulated by the Ross-Li model with NDVI for 5 cover types.
In the calculation of R, simulated and observed reflectance is

binned at 0.1 interval of NDVI

4 CONCLUSIONS

The ability of the Ross-Li model in conjunction with the MC-
D43A1 data to simulate bidirectional reflectance in the NIR band is
assessed using globally distributed POLDER-3 BRDF data selected
from the global POLDER-3/PARASOL BRDF archive. The follow-
ing conclusions can be drawn.

(1) Overall, the Ross-Li model is able to simulate the bidirec-
tional reflectance of ground objects efficiently. The R* and RMSE
of simulated reflectance are 0.934 and 0.016, respectively. For-
ests have the largest RMSE of simulated reflectance, followed by
shrubs, croplands, grasslands, and barren lands. On average, simu-
lated reflectance is 5.2% lower than the POLDER-3 data.

(2) The Ross-Li model does not adequately account for the
hotspot effects. It underestimates the hotspot reflectance by 14%,
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with R* equal to 0.824 and RMSE equal to 0.07. The errors in simu-
lated hotspot reflectance depend on land cover types. The conifer-
ous forests have the largest underestimation (18.6%) of hotspot
reflectance simulated by the Ross-Li model (RMSE equals 0.083),
followed by broadleaved forests with the underestimation and RMSE
of simulated hotspot reflectance equal to 16% and 0.076, grasslands
and croplands with the underestimation of simulated reflectance
equal to about 15% and RMSE equal to 0.07 and 0.068, shrubs and
barren lands with the reflectance underestimated by 11% and 13%,
respectively and RMSE values equal to 0.065 and 0.048.

(3) The reflectance simulated by the Ross-Li model is relatively
accurate at nadir and darkspot directions. The departure of simu-
lated reflectance from the POLDER-3 observations increases with
the increases in solar zenith and view zenith angles.

(4) For grasslands and croplands, the accuracy of reflectance
simulated by the Ross-Li model decreases with the increase in
NDVI. However, for forests and shrubs, the discrepancy between
reflectance simulated by the Ross-Li model and the POLDER-3
observations maximizes when NDVI approximately equals 0.5.

The hotspot reflectance is vital for the retrieval the structural pa-
rameters of vegetation canopy such as foliage clumping index. The
modification to the volumetric kernel in the Ross-Li-M model im-
proves the accuracy of simulated hotspot reflectance (R*=0.839 and
RMSE=0.043). However, underestimation of hotspot reflectance
by the Ross-Li model is caused by both RossThick and LiSparseR
kernels in it. Proper corrections for these two kernels are required
to better the simulation of hotspot reflectance. Future efforts should
be taken to address this issue.
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Reflectance) HIMISR (Multiangle Imaging Spectroradi-
ometer) %5 H #5342, BRDFAEE & 18 8 H 19 b 1%

Wi BHA: 2010-07-11; f&ITHHEE: 2010-11-16

19945 Wu %5, 1995), LUK HARAE Jr 1833 (U 3k
WG RJE L T A R 4 ) 5 BRDFAR
RIS H AR 80, T TREw S AT 5L
(LAT)FIH F 52 i 38 %0055 Al o 4540 2 30U T (Sand-
meier Al Deering, 1999; Gao 5§, 2003; Chen 5%,
2005).

POLDERHIMISRZ H i 7] AFE 423k i1 TBRDF i

BEETH: FRSHAMI LRI H Q63 ES: 2009AA12Z134); [FH5 ARFIERATH Gi's: 40871240/D011004); 8 /ER) [ 5 52

BT BI(ES: 2009KFII014)

F—EEEN: REEA974— ), B, AlIEE, FENEZHCFEPERIEFSY . E-mail: zhugaolong@163.com,
BEMEEEN: BRIR0963— ), B, #dz, WEATW, FENF SRR 2R LIFSE . E-mail: juweimin@nju.edu.cn,

(C)1994-2021 China Academic Journal Electronic Publishing House. All rights reserved.
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W 4% Beds , {32 POLDERKURE (123 18] /0 BE R 2y Jy
6 km, LU 22BN RK; REMISREL
P02 6] 23 BE R 25 (275 m—1.1 km), {Hi THLE
MR TS, X LWL 380 R TG S5 S . SRR
2 (R IR shAR R (Roujean 25, 1992; Wanner 55,
1995; Lucht %5, 2000)%}16 K B2FLHFMODIS (Moder-
ate resolution Imaging Spectroradiometer) XL it
A B MODIS BRDEAHIZSH 7 5y, MIFSR
) S5 45 ) S AT o AR AL TORNR R . [HIEMODIS
BRDFA A Z 0™ i A7 A8 A6 Al AR S S R B4
(ChenfiiCihlar, 1997; Bréon 4§, 2002; Maignan
4, 2004), ATAJFRET KREMEIEMODIS BRDF
TR B S RIS TAE(Hu 58, 1997; Liang 4%,
2002; T4 4%, 2005; Liu %5, 2009), fEKiEH
AR 1) b S HEA T S UL PF BRDF 7= i i 125 119
HHTFB, (HEPANI R A R, I H R 2 H ARSI
SEREE, E ISR, MELL I T R R
YMODIS BRDFFERIZH7 1

AN [7) S 2 ML 2% AR AR A [) 287 i Z [l 7
XF L6 R 55 UEBRDF 7= St 17— B3 2419 75 1 (Hau-
tecoeurfllLeroy, 2000). BRKHMEZE(2009)iH i MISR
FIMODIS Ui 5™ it 5 AR 4 B A 1A BRDFAE AL 2407
a8 S SR A T 28 SURHIE, Z0AT 13X W #BRDF
B SH0™ i — ) S AMIERE T . (HJ2 B TMISR
MELAULIN 1) F2F-180 - A ) SRR, BT A TE I ek
MODIS BRDFHEISH™ S AR S A 5 1) g
RAKGEE . A SR A S i RAEFEHRAURIL AL
Gt 2 S SHEZGE R, A Y% EXMODIS
BRDFA I 2507 i FIR oss- ik A MR S 5 18 5
SARARE I HEATRAE S PN . A SCHRYEPOLDER &2k
s o T WL PR SRI 5 SR A RE A, AR 1Y)
POLDER BRDFA(#E % IEMODIS BRDF IS K= i
SMEA TR #A B2 SO R R T, JF 43 TMODIS BRDF
BRI H00™ S i 1) RO AN IR 25 5 b 3 25 SR A
FE B 5 P 2 R OC 2R

2 BHESIk
21 POLDER-3 BRDF7=&

3 /FPARASOL I & | AYPOLDER-3}% H jigk%
A CCDMm MG, IR RE G SRR, BT A
HER N6 km x 7 km, AR M114°; HTHER

(€)1994-2021 China Academic Journal Electronic Publishing House. All rights reserved.

MRS, WERILE 5 ] R R IO m] Ak E £ 61,

T 1L THUE 7 1) W K T0 AR AT ik 2 £ 50°, POLDER-3
IR SR I B, SRt s i R M50
W A 16 AR TR BRI, T ARG S EuE Ry
WAL R I AR B A8k, SR R G R, &
IS 22 RN, BEAR ] DS 4 T o0 i ORI

POLDER-3HA IR WOt 5k er A e, Hrp a3
AR B . POLDER-3Z ) B LI 281 e i A
IE. A, Ax . RARKIES—RIAE, 15
B i S RE, RO HEREN6.17 km, EESR
i 5 P48 B 2 S 6 38 (LS CE) ik 43 H b o i R 0 1 4t
TR, 93 FIGBP S GLC2000+ #b % 5
RRYGE, PR T 2R A B4 BRDES B U
R o AR A 2 2 T GLC200043 25 R4 M 43
HBRDF/™ i Bi4E . MR S R Btk i
BAREERAER MEOTN R E B R S E D
ZBICHFN80%L I o B4 B T 20054
117 220064F10 ] 45k 4 it 2 57 75 2574 19209854
GotdE, BAMEoCH A BEEE H L £ It
FEfiE R — A ASCIICA, HBHRI A 28T 226
JE . GLC2000H1 £ E 575K . NDVI, Qoo

UL H . RPER T VRIS T A . AR 7 £ LA
KA W B 2 R () . BAME T — A B
AT B 2 T SA 2030024, AT ASEEL 2
V21 1 BE LI (12)

latitude longitude GLC2000 class NDVI nb_orbit nb_dir homogeneity(%)

25.69 99.71 4 0.45 6 84 85.71
yymmdd thetaS thetaV RelAzi R490 R565 R670 R765 R865 RI1020
060201  44.97 5867 37.06 0.062 0.09 0.104 0225 0266 0.325
060201 4497 53.63 38.07 0.064 0.089 0.101 0221 0265 0.320
060201  44.97 47.62 3947 0.063 0.088 0.101 0214 0256 0312
060201 4497 4041 4155 0.056 0.078 0.105 0205 0250 0.304
060201  44.97 31.86 4504 0.048 0.070 0.088 0.190 0229 0.280
060201 4497 22,02 52.13 0.040 0.063 0.079 0.172 0210 0.260
060201 4497 1192 7289 0.040 0.060 0.080 0.158 0.191  0.243
060201 44.97 8.48 14503 0.036 0.055 0.071 0.143 0.173  0.220
060201 4497 17.16 18579 0.031 0.049 0.059 0.128 0.157 0.199
060201  44.97 2735 196.82 0.028 0.042 0.057 0.120 0.148  0.188
060201  44.97 36.53 201.53 0.028 0.041 0.054 0.115 0.143  0.179
060201 44.97 4434 20413 0.027 0.039 0.050 0.111  0.136  0.176
060201 4497 50.88 20578 0.028 0.039 0.047  0.106 0.133  0.169
060201 44.97 5634 20693 0.027 0.036 0.044 0.109 0.133  0.167
060203 4359  60.70  52.07 0.051 0.073 0.086 0.191 0232 0.282
060203 43.59 5647 5574 0.047 0.071 0.087 0.186 0.226 0.273

E1  ASCII #% U POLDER-3 BRDFAHE SCF7R i
(latitude: Z5HE/(°), longitude: Z8EA°), GLC2000
class: G255, nb orbit: AEEHLIE ST, nb_
dir: MM 4L, homogeneity: 5 E/(%),
yymmdd: XL E A, thetaS: KFHKT/(),
thetaV: WK TA/(°), RelAzi: XA f/
(°), R490. R565. R670. R765. R865. R1020/&
AWK/ (nm) MR SR
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270

2 POLDER-34ICULIN F & 3 Fi mn ) (A2
S AT /0), 158 AR T 7 £8/(%))

2.2 MODIS BRDF#&EE! &4 7= &

5T R FHMODIS BRDFFE I Z 87 5 (MC-
D43A1)J2&H 16 KZELLM YMODIS(Terra + Aqua)/Z
SRR AT, R RA M —MEdE, B5oum
25 0] 40 ER N 463.3 m, MCD43A 13T IR 3 1)
RossThick-LiSparseR BRDF #5%(Ross-Litsi %) A= 5l )
(Roujean 4§, 1992; Wanner 55, 1995; Lucht %,
2000) AR A —E YRR AR ZM 2 5ok U
BRI R RRE, HRET00SHUAS AL &

RossThick#% 5 LiSparseRFZ, HAafkIFRE AT
RO,3,0)=f +[, K, (0.9, 0+f K (0,9 0) (1)

geo geo

B m/2-&)cosé+siné 1

Kvol (03‘9’ (0) - - (2)
cos O + cos 9 4
K. 0,3,90)=0(0,9, ¢p) —sect —secI +
%(1 + cos &) secH secd 3)

00,39, ¢) = %(t —sintcost)(sec +secd) (4)

2 2
D™ + (tan 0 tan 9 sin ¢)
cost =2 \/ ¢ (5
sec O + sec 9

D= \/tan29 + tan’9 — 2tan 0 tan 9 cos @ (6)
cos & = cos O cos 9 +sinf sinI cos ¢ 7

X, RO, 9, 9) S I RATR, AR KT, 9
WL K TIA @9 K BH -5 WM A ARRS I5 02 5 K

(C)1994-2021 China Academic Journal Electronic Publishing House. All rights reserved.

0, 8, O)FIK,,, (0, 3, @)53 B AARBUF AU LT 2
PR, EATTHER R A ST A AU £f ) PR fio s fro AN
Seo N NREIREL, 43 B3R 45 ][RI ARk
S UG BO B S AR . & SR, B
BHA S5 WL 2R (0 e £ o A R BT AR G 16 K
JEVHH PNAS [ £ ORI 1) SRR (6, 9, ), A SRR
K, RQOHFMK,, (0, 9, MK, (0, 9, ¢), FIH]
/N IR A WA E S« fro M oeos ITAER
MODIS BRDFHERI 5™ i ik 25 HI P i FH . -
FIFX 3R S 4, ARAE L3R 7 Bk ol LR AT &
S SRR £y 251 B i RS

2.3 HIBEREIE

K1Y UEMODIS BRDFAL A 250 fif i) — 1) 5 5
AMfERE ST, MLP DAAC (Land Processes Distributed
Active Archive Center) %% " 5POLDER-3 BRDF%{
PEARICT R Ry . H A5 5040 5 8 2 POLDER-3 BRDF
18I 11935 MCDA3 A VA FIAH N (1) 5 i SCAFEMC-
D43A2, SXELHHEILAA T T BRI Y 2 R
WA KA AR A T R, A FE 22005
E11H 22006410 H o PR SR R AL R 800 H]
2T AP B PR SURTING s SR, ARG AN S0 e i
£150 i BtMODIS BRDFALHI 4057 i A0, — ] Ji
SPKEEE . MODIS Jr£L4M i % Beifi K il 841 nm—
876 nm, POLDER-3IT£T 4N B H LK #1865 nm,
WETE M40 nm,  WRME BRI I 21 A1k B ik B AR A
W, HAR P,

231 B ZHEEE

POLDER-3 BRDF;* /i 5MODIS BRDF#HI 24§
FE AR FHIE 5% 55 B2, POLDER-3 BRDF/ ™7 4l
AFR51H3240 x 6480140, MODIS BRDFEIEIZ:
B BRI M 18 x 365%, AFELAL 52400 x 2400
%586, — 1 POLDER-3 BRDFZICHI 2 T13 x 134
MODIS BRDFEEISH (G IC, FIHR(8)—(1 1)L
HER K BUPOLDER-31& 70X 1 [ MODISAZ It Y i iy
(el 8

V =INT((lin — 1)/ 180) ®)

H=INT((col - 1)/ 180) )

r=INT(40/3 x MOD((lin—1),180))  (10)
p=INT(40 /3 x MOD((col - 1), 180))  (11)

A, lin, colyPOLDER-3&ICHYFTH %, V. H
JHMODISEBICITE S %5 (V, H), r. p XN
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MODIST&ICHE %5 BRI TH B (RIXT B A 13 x 13
AMODISIEIC A EMAZITINATEIED, INTHR#EiE
B, MODJ:RELEH,
232 HIEAEFE

e i —1POLDER-3 BRDFZICHITT41
#, FHEE)—D#fE S5 HX R 413 x 134MODIS
BRDF#ERISHUZ IO 505 SR IGTT94. T
POLDER-345M% 7t 1 BRDFH 4 7 SA A WLy
4, 1MMODIS BRDFAAIZH™ il & R HI16 K £
FRAIMODIS W I A5t A7 4B 2R i o R L 5 AR
P 454~ POLDER-3 45 70 LI £ 4 119 K B (1] 4% 1 []
W 21 A0k BERUMODIS BRDFFS RIS 507 0, 15
MMCD43 A2 H B2 O 1 (14 3 2140 i3 B¢ BRDF 7 it 1
FrigfE e o AN FT RS HHE A0 (best quality, full in-
version)z¥1(good quality, full inversion), NPKMODIS
BRDFR&AIZHACA (1), W [F I POLDER-3
BRDFEHE I R BHOR T . XL % T0d #A FNAH X
I ffE R, A MODISIR UG I 21 4h i B I
S I 169 1 MODISHE TG S 3R A -
{E 5 POLDER-3 XL 14305 21 41 pk B S S et A 7 He g,
HEIMPFAMODIS BRDFFEI S 40 i i) — [ K25 1
it )1, HSAPOLDER-35MODISE G2 i) K25k ,

B BOTE AR R T80%, MR 4fELiang(2004) 14t
FEARFRWIBRDF TN LR, i, nTRIA%
JE 2 B BRI S

3 ZER 500
3.1 HEAELER

T Ross-Liti BN GE T vk S5 25 b R 7 75 2%
AL, A HERR IR B A5 00 PT BB R B PR M 4 SR iR 22
ARSCUNDVIR T0. 15 b5, LiEsE 79961104
5(POLDER-3 BRDF{£ I3 IEMODIS BRDF##i %I 2
BT S ) ROSHAMERE ), XSG OTALEE T 195
GLC20004h 2B T A RI(R 1), XKMAE ., vkE . BER
3G TCANES (8 b b 2R 2 AR 35 2SR (180T
AEINFN TR o BRAMGIC I I F 3 R 1994,
/D UL 71 BE R 641>, BT A G o B WIN £ B2 S B8O
7146524, A% o e Ht R () MODIS BRDF
HliE 1 16 KSR A 72 ) A B ORI . 3 45T
NDVIF LG I M 0.15—0.87, iRl 26 7 25 25U i
NDVUEHA BRI AR X ], KBHR T 0 A5 4k
FELA11.4°F]74.7°, WL KI5 £ 9 A 728 A6 75 TN O. 1%
67.6°, AHXF 57 i o972 A FE A 0°2360°,

#1 POLDER-3 BRDF #{EMBERFEITHER

o IR 455 30370 0.29—0.84 0.71 15.4—66.2 0.256 0.251 0.020
R (7% - ik 1002 78400 0.18—0.87 0.55 11.4—70.3 0.235 0.232 0.016
T 7% - Ak 378 30110 0.20—0.79 0.43 17.4—62.3 0.213 0.209 0.014
W R R 545 39452 0.17—0.86 0.51 12.0—74.7 0.202 0.208 0.017
TEFEF Ik 628 35762 0.15—0.81 0.56 28.6—72.8 0.221 0.215 0.018
ANRIZER A 569 35684 0.25—0.87 0.55 13.7—74.5 0.222 0.217 0.017
BIRAHE A 13 709 0.60—0.80 0.66 26.3—48.2 0.249 0.240 0.022
BRI HE RO A 58 4136 0.15—0.73 0.51 15.3—52.1 0.239 0.236 0.020
REARFHALSE AR & 720 41858 0.21—0.86 0.63 12.2—74.4 0.240 0.238 0.017
BRPET IRIA 436 24405 0.24—0.81 0.55 28.3—74.7 0.216 0.212 0.017
WA 802 52483 0.15—0.87 0.63 12.2—74.5 0.269 0.267 0.017
A 563 49367 0.15—0.73 0.32 11.5—74.6 0.224 0.221 0.013
AN P T AR 732 60783 0.15—0.83 0.30 14.8—73.4 0.249 0.247 0.014
FRBE B S A 725 60016 0.15—0.64 0.27 15.7—72.6 0.251 0.248 0.013
R R HEAFNRIA 568 39177 0.15—0.82 0.57 16.7—73.8 0.259 0.256 0.019
e S4B 700 59156 0.15—0.85 0.38 12.6—71.7 0.261 0.257 0.014
A SRR A 453 27481 0.17—0.87 0.69 15.9—62.0 0.293 0.293 0.017
AR R AR & 535 39580 0.15—0.79 0.41 14.7—73.6 0.272 0.270 0.015
Hib 79 5723 0.15—0.44 0.21 19.8—68.0 0.218 0.218 0.012
e 9961 714652 0.15—0.87 0.50 11.4—74.7 0.244 0.241 0.016

(€)1994-2021 China Academic Journal Electronic Publishing House. All rights reserved.
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%3 & Ross-Litk RUARALL (4 it A5 WL £ B2 1) 3 21
AP TR 5 POLDER-3 LI & 48 (1) Fb 45 5 . mT LL
E i, Ross-Liti#A SR bl D M0l T 4 i) — )
FLSF, R 7146520 A [a) WL 1 B 12 5 5 B R 15
£]0.943, RMSE}0.016, AL SR ARMSER M
RARMIEKR, YRR | Al | BRI, R
SR} R R AR ADL(E A X T POLDER-3 WL K0 35 s A fi 1%
5.2%. E4ZE1SCF R E (00 < p< 10°
1170° < ¢<190° 1(350° <p<360° ) ["Ross-Li
RERIBEA Y T 21 50 S 5 56 5 POLDER-3 WL {F 1) %of
e, WTLLE H Ross- LAY 5 Jh AR AL T #0055 5
B, A AR BE Y S S SR E 5 POLDER-3 WL
(ERZSSE 73 i

Nobs=T714652

0.8 .
R
o . ,,13>:"
i L 3
% 0.6 . ‘?
T 04 f i
2 '
< e
. R*=0.943
n RMSE=0.016
0.0 '
0.0 0.2 0.4 0.6 0.8 1.0

POLDER-3 JE£TAMB B 4

[¥13  Ross-Litb UL AT WL £ 2 2 5
2 5POLDER-3 ML {1 k4%

MR 5 GO A e R H AN, (ZER
PN ZO IR, BABIPI, L g U
AR A R i, RIS G s S B W Fe A
SPCERIT, A% AL P B 52 i BB W O,
B Y SR B (E14) . Ross-Lif UL AL #4855 =
S22 I R A5 S 808 . RossThick A% (4
B %) /2 B Ross 2t 138 A T /KP4 — i B2 808 i
B A SR B R HE S 1 2R Y (Ross, 19815 Roujean
8, 1992), EBCA B EAE G AR I B IS A5
LiSparseR A% (JL G4 HUH% ) f&: MULi-Strahler JLfi[ )

(C)1994-2021 China Academic Journal Electronic Publishing House. All rights reserved.

SAEEI(LE A Strahler, 1985, 1986; £ET-46, 2008)
kR, 315G TR B PO 2 (Wanner 45,
1997; Lucht &%, 2000), {HESLMIER LN AEE
AR AR SO BRAAC , AR B2 R UK AR S B (% A i
2005), HSRFEIEOK B EL SOGB4 B 5 B3
T (453 ) I 2250, AEL A 25 TE R el N R R B A S
50 A BE AR AL R A R B LS . B AR LiSparseRA%
TERR AL E A — /N SR % (Lucht 48, 2000), {HE

i AR B 2 E S . Ross- Ltk A5
AREHEIEILR,
045
6=43.6°
0.40 + 25.69N,99.71E
needle—leaved
NDVI=0.45
U=Ei homogeneity=85.71%
v 0.30
=
025
0.20 -
0.15
0.10 1 1 1 1 1 1 1 ]
-80 -60 -40 -20 O 20 40 60 30

S TR A1 /()

—&— POLDER-3 —¥— Ross—Li model

K4 4% o0 FEF R oss- itk R AE
U 5 POLDER-3WLIA(E X LU (B AR bR 1E
E A5 SO, S0 T S S

ChenFICihlar(1997)3E T4 K JLAuf g 2 451 7

ERE, BIE T R BR S ( JLAT 27 4% 5 PR BT
B, AR T IR SRR PR SR A
. Maignan %5(2004) % & T —FhE S 3T IE #05
SIR9ITE:, BRI UMD AU A, (O R
A TITIE |
_ (m/2-&)cos & +sin §

cos @ + cos 4

a+a+e/e)H -5 (2

1<vol (9’ 8’ (p)

Kb, MBI, Mg &= MU IR
RN ek 2 3 L LA PR AR AR B, — B
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1.5°, A7 M A FiAMaignan 7 55 (LL T i #K M Ross-
Li-M ARG AL P A R AT T IE

PL0° <p<10° 350° <p<360° JfH|#-9/<2°
S A, DB UL £ R SO 4R P R R 1 506 14 FA
SO &S, FHRoss-Lif B IR oss-Li-MA% %443 5]
RS [i) b o0 7 5 2I R0 0 30T 21 A BE S SR, LA
UE Ay, POLDER-3XIMEARE Hyx, #E47 [543 #r
(v=ax), #5227, Ross-LifE AU 25 I [ ]
I 2 K afE AL L 4 0.806510.916, R*H0.569%
0.913, RMSE }0.044%]0.090, Ross-Lifsi 1 x%fH & fz
SRS 15 25 5 b B 5 AT O R
RIS S R A e ™ B (18.6%), RHe/MN0.611),
RMSE# K (0.083); [l M AR & S 5 R i 16 %,
R*90.8, RMSE}0.076; i 55 4% A &1 52 5 A%
ffi15% 247, R4 %1°090.803F10.843, RMSE% 4
}10.07H10.068 5 T A 5 #1385 SR 45 51 i 1K
11%F113%, R*43%1°40.868%10.803, RMSEZ} 4
}90.065F10.048 . Ross-Litk R &1 ARk ki iz 5 5%
A o ™ E, A PR R B A ) 9 J2 TL AT 22548 35 Ay

B, iR as A e AN 5], AETE A e S i A4
S s AR H 5 R b 1 56 2 I R 40 A AR LAY
5], PUSBIE AT AR, T LARoss-Lifk B X
T TR At 7 i 2 TR A S I SR AR A AR R B /N
M2 LIEH, BRT S AR A R g 28
UL, Ross-Li-M #RRBA I ol i 1 X6k 45 i B %
PRSI, T R T B0 A P S o3 R e P K
P

P15 1L 6 5 7 R R RS AL AEL 1Y 506 14> 4 L
S5 POLDER-3%HE Z [A] (X} b o AR T 4k 1Y)
Ross-Lif i 5, ekt 5 B Ross-Li-MA Y [ [H]
AR M 0.85975 471.028, R 0.82445 15 50.839,
RMSEM0.07F1%310.043, Ross-Li-MAB %} [z 5 %
BRI U A W . X T 4R 714652
AR LI B ASEADL 285 SR 1T 5 (I3 F 181 7), Ross-Li-M
Bt R oss-LifS Ut A 58 K A ek, RPM0.943 42
=50.967, RMSEMO.016[MK30.015, 1A
S 5POLDER-3%4f 2 [A] (1 B 5 #H% 11 0.948 75
1.027,

%2  Ross-LitZEI F1Ross-Li-MAR BRI #2551 2 5 POLDER-3 ML ET 4R A bL 32
o\ POLDER ot Ross—Lifbi1 Ross—Li-M5 1

GLC2000} #7352 71 ORI G - ;
Nobs HJr R RMSE ] 75 R RMSE
L b 243 0.72 »=0.859x 0.824 0.090 »y=1.028x 0.839 0.044
IS PA 7 I il b 558 0.54 »=0.852x 0.742 0.072 »y=1.017x 0.814 0.036
TR A 7 - i b 211 0.43 »=0.815x 0.689 0.071 »=1.009x 0.840 0.027
GE SR 285 0.54 »=0.820x 0.638 0.081 »=0.983x 0.800 0.034
P EF A 244 0.60 »=0.806x 0.569 0.085 y=0.971x 0.795 0.037
ENEESHIGIZEN 237 0.55 »=0.840x 0.606 0.077 »=0.993x 0.811 0.033
BRI HE A 8 0.68 »=0.855x 0913 0.063 »y=1.020x 0.797 0.031
BRI AR A 14 0.45 ¥=0.908x 0.886 0.044 y=1.037x 0.818 0.041
BEARFIILABSS Y (IR & 317 0.64 »=0.888x 0.859 0.068 y=1.020x 0.897 0.041
JRbe R A 209 0.52 »=0.827x 0.634 0.069 y=0.978x 0.822 0.028
HWEEA 379 0.60 »=0.916x 0.828 0.065 y=1.047x 0.856 0.054
FEIHEAR 307 0.33 »=0.844x 0.834 0.064 y=1.045x 0.847 0.038
NI 85 BE IR RAR 416 0.30 »=0.847x 0.803 0.070 y=1.034x 0.778 0.043
L 1 AR i AR 487 0.27 »=0.857x 0.799 0.062 »y=1.046x 0.804 0.038
BV 1) T A R REA AR A 257 0.58 »=0.881x 0.740 0.061 y=1.124x 0.553 0.083
BHESE X 398 0.39 »=0.852x 0.843 0.068 y=1.041x 0.864 0.037
P SRR 204 0.66 »=0.908x 0.817 0.064 y=1.041x 0.876 0.043
A HAHEARTR & 247 0.40 »=0.853x 0.862 0.067 y=1.064x 0.882 0.043
Bt 40 0.21 »=0.873x 0.803 0.048 »y=1.056x 0.891 0.028
EEES] 5061 0.48 »=0.859x 0.824 0.070 y=1.028x 0.839 0.043

X HPOLDER-3WLIN 2T A M B b 2 S %8, v A Ross—Lilsi AU 5l Ross—Li- MY 5401

(C)1994-2021 China Academic Journal Electronic Publishing House. All rights reserved.
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