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Assessment of MODIS BRDF shape indicators

JIAO Ziti , LI Xiaowen , WANG Jindi , ZHANG Hu

State Key Laboratory of Remote Sensing Science, Jointly Sponsored by Beijing Normal University and the Institute of Remote Sensing
Applications of Chinese Academy of Sciences, School of Geography, Beijing Normal University,
Beijing Key Laboratory of Environmental Remote Sensing and Digital City, Beijing 100875, China

Abstract: Bidirectional Reflectance Distribution Function (BRDF) shape indicators of Moderate Resolution Imaging Spectro-
radiometer (MODIS) are among MODIS BRDF/Albedo products and are helpful in expanding the application of BRDF remote
sensing data. This paper evaluates the MODIS BRDF shape indicators with the statistical analysis methods by using various
collected ground BRDF datasets and MODIS products. Our result presents several major findings: (1) the MODIS BRDF shape
indicators contain the information regarding 3-D structure of land surface and have the possibility to retrieve the structural pa-
rameters of the land surface; (2) the MODIS BRDF shape indicators are intrinsically three-dimensional. Since Anisotropic Index
(ANIX) is highly related to Anisotropic Factor (ANIF) and has wider value range than the ANIF, the ANIF may be removed from
the MODIS BRDF shape indicator products for refinement of the MODIS BRDF/Albedo products; (3) Anisotropic Flat Index
(AFX) is related to basically scattering types of land surface with low within-class variances, so it is considered to be more useful
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in improving land cover classification accuracy.
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1 INTRODUCTION

Over years, a large number of measurements and modeling
activities have confirmed the truth of the anisotropic reflectance of
the Earth’s surface represented by BRDF (Bidirectional Reflectance
Distribution Functions). The BRDF is defined as a function of illu-
mination and view geometry for surface scattering in a given band
(Nicodemus, et al., 1977). A BRDF model relates the bidirectional
reflectance to spectral and structural properties of land covers, as
a result, the pattern of radiation leaving land surface can be deter-
mined in the forward mode by specifying the characteristics of the
incident radiation and those of the land cover. Such models provide
an opportunity to infer information about the physical parameters
of the land cover in the inverse mode.

There are possible three major methods to infer surface struc-
tures in terms of land surface anisotropic patterns (Gao, et al.,
2003): the first method is to directly use the physical BRDF models
to retrieve the surface parameters such as vegetation structure with
inversion techniques. It is, however, not operationally feasible to
do this through such a technique, since the physical BRDF models
normally have complicated nonlinear properties, and the inversion
requires many highly accurate observations or a priori knowl-
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edge. Therefore, a variety of multi-angle satellite sensors such as
POLDER (Polarization and Directionality of the Earth’s Radiation
instrument), MODIS (MODerate Resolution Imaging Spectroradi-
ometer), and MISR (Multi-Angle Imaging Spectroradiometer) all
use semi-empirical BRDF models as the main algorithm to gener-
ate the operational BRDF and albedo products. The semi-empirical,
kernel-driven BRDF models have linear forms with several empiri-
cal functions (kernels) that are derived through the use of some
simplified assumptions. It is kernel weight coefficients that are di-
rectly retrieved from such models, instead of the surface structural
parameters. However, the expressions of these weight coefficients
contain information regarding surface structure parameters (Rou-
jean, et al., 1992; Wanner, et al., 1995), and therefore provide an
opportunity to infer surface structure parameters. This provides us
the second method to estimate surface structural parameters from
surface anisotropic reflectance patterns (Roujean, et al., 1997; Gao,
et al., 2003).

The third method is usually to construct BRDF shape indicators
with reflectance values in typical scattering angles (such as hotspot,
dark spot and the zenith), and then the relationship between surface
structures and BRDF shape indicators is investigated. Sandmeier, et
al. (1998, 1999) designed ANIF (ANIsotropy Factor), ANIX (ANI-
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sotropy Index) and NDAX (Normalized Difference Anisotropy
indeX). The physical mechanism of hyper-spectral BRDF effect
was analyzed with two typical structural vegetations (grass and wa-
tercress), showing that these indexes are related to vegetation struc-
tures and land cover types. They then investigated roles that these
indexes play in discrimination of land covers by applying them to
a classification excise over a boreal forest region and concluded
that these indexes can improve classification accuracies for certain
class, but are inconsistent for all land cover types.

The MODIS BRDF shape indicators are among the operational
MODIS BRDF/Albedo products, and are mainly constructed
through the use of MODIS BRDF parameters and MODIS forward-
modeled reflectances. Although ANIF, ANIX and AFX (Anisotropic
Flat indeX) are band-dependent indicators, they are currently
generated in red and NIR (Near InfraRed) bands in the operational
MODIS BRDF/Albedo products. NDAX is the normalized dif-
ference anisotropic index in red and NIR bands. SSI (Structural
Scattering Index) is empirically constructed through the combina-
tion of volumetric parameters in NIR band and geometric optical
parameters in red band (Gao, et al., 2003). Among the MODIS
BRDF shape indicators, SSI has been explored and validated with
ground measurements, as well as satellite samples from MODIS
and MISR, showing that SSI is related to the vegetation structures
and land cover types. AFX has an equation derived from the kernel-
driven BRDF model (Eq. (2)) and is especially appropriate for the
description of the MODIS anisotropic reflectance.

The 1% part of the paper provides a comprehensive assessment
of MODIS BRDF shape indicators using a variety of ground meas-
urements and four MODIS land products. The 2™ part formulates
MODIS BRDF shape indicators. The 3" part mainly describes
datasets used in this study. The 4™ part focuses on the analysis of
the MODIS BRDF shape indicators with ground measurements,
and the 5" part analyzes the MODIS BRDF shape indicators with
satellite observations from MODIS. Conclusions and discussion are
given in the last part.

2 FORMULATING BRDF SHAPE INDICATORS

The semi-empirical kernel-driven BRDF models adopt lin-
ear form and comprise three basic scattering types: isotropic
scattering, volumetric scattering and geometric-optical scatter-
ing. In the operational MODIS BRDF/Albedo main algorithm,
the volumetric scattering and geometric-optical scattering are
respectively described by Ross-Thick kernel and Li-Sparse-
Reciprocal kernel (henceforth named RTLSR algorithm). They
generally have following form (Roujean, et al., 1992, Wanner, et
al., 1995, Lucht, ef al., 2000).

RO-9. §-0)=F1o(A) +fus (M) Ko 0.8 ¢ )+
Foo (N Ko 0.9 .4) 0

where f,, f.s and f,,, are the spectrally dependent model param-
eters. K, and K, are trigonometric functions of view zenith 6,
illumination zenith 9 and relative azimuth ¢, providing shapes for
surface-scattering and volume-scattering BRDF; f,, is a constant
for isotropic scattering; f, and f,,, are constants that weight two
BRDFs; R©,9, ¢.A) is bidirectional reflectance distribution func-
tion in waveband A.

A linear regression technique was firstly used to fit available
observations and to retrieve the optimal BRDF parameters, and
then directional reflectance for any view and solar geometry can
be forward modeled through the extrapolation or interpolation
of kernel functions. Kernels are trigonometric functions regard-
ing view and illumination geometry and can be pre-calculated,
and therefore it is not difficult to calculate black-sky albedo and
white-sky albedo by multiplying the pre-integrated kernels by
corresponding weighted parameters. As semi-empirical models,
kernel-driven BRDF models have merits of empirical model.
i.e. conciseness, high-speed and strong ability to fit data, and
are able to deal with large amount of observations from the EOS
(Earth Observing System). Meanwhile, the geometric-optical
kernel and the volumetric kernel are of some physical meanings,
which could explain and control the extrapolating results over
the direction without observations.

MODIS BRDF shape indicator products include five indexes,
whose formulas are shown in Table 1.

Table 1 Formulating MODIS BRDF shape indicators
Names Abbr. Formulas
. . R (M)
Anisotropic factor ANIF ANIF(A) = ———
R s (A)
) . R 4500 (N)
Anisotropic index ANIX ANIX(A) = ——F—
R 45 (A)
Nonr}allzed ‘dlAfference NDAX NDAX — ANIXR — ANIXN
anisotropic index ANIXR + ANIXN
Structural scattering index SSI SSI=1In M
J_geo_red
Anisotropic flat index AFX AFX = w
S @)

where R, refers to the nadir view reflectance; R .55, and R s,
refer to 45° forward and backward reflectances at 45° solar zenith
angle; ANIXR and ANIXN refer to red and NIR ANIX; /' nr and
/ seo_rea are volumetric and geometric-optical parameters in NIR and
red bands; f';, is the isotropic parameter. WSA is white sky albedo.
i.e. bi-hemispherical reflectance.

Based on the RTLSR BRDF model, we derive the AFX as
Eq. (2):

AFX(A)=1+ S (A) x0.189184 — Jeeo M)

where constant 0.189184 and 1.377622 are the bi-hemispherical
integral of the Ross Thick kernel and reciprocal LiSparse kernel.

x1.377622 (2)

From Eq. (2), we can see that AFX is a linear sum of the volu-
metric parameter and geometric-optical parameter normalized by
isotropic parameter, and weighted by corresponding bi-hemispher-
ical integral of the Ross Thick kernel and the LiSparse-Reciprocal
kernel respectively. AFX varies as the geometric-optical and volu-
metric parameters. If the volumetric scattering effect is greater than
the geometric-optical effect, then an AFX > 1 is expected; if the
geometric-optical effect is greater than volumetric effect, then an
AFX <1 is expected; otherwise, an AFX~I is available. Investiga-
tion of the shape of RossThick and LiSparse-Reciprocal kernels
(Fig. 1) shows that reciprocal LiSparse kernel presents dome-
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(a) Principal plane (PP); (b) cross-principal plane (CP) plots of the RossThick (upper curves) and LiSparse-R (lower

curves) BRDF model kernel values (the RossThick kernel values were multiplied by 2 for better plotting. The sun is located at
positive zenith angles of 45° solar zenith angle. The parameter h/b of the LiSparse-R kernel was set to 2.0 and the parameter b/r
to 1.0 as is used in MODIS)

shaped BRDF curve with prominent peak reflectance (hotspot) in
retro-solar direction, while the RossThick kernel presents typ-
ical bowl-shaped BRDF curve where reflectance near nadir
are lower than for larger scattering angle with the minimum
usually displaced towards the forward scattering direction.
We will explore such a property captured by the AFX through
the further analysis of field datasets and MODIS samples in

following two sections.

3 DATASETS USED IN THIS STUDY
3.1 Ground BRDF datasets

A number of investigators have collected high-quality
ground-based BRDF data sets that cover a large variety of land
cover types including barren soil with different roughness,
sparsely vegetated grass, grass-like or broadleaf crops, and for-
est. All ground measurements cover several solar zenith angles.
These datasets are summarized as Table 2. The kernel-driven
BRDF model was first used to fit ground measurements for re-
trieval of the three parameters, with which the MODIS BRDF
shape indicators were then calculated. Most ground datasets
used in this study were used to validate semi-empirical kernel-
driven BRDF models (Hu, ef al., 1997).

3.2 MODIS datasets

Four MODIS land products are used in this study, including
MODIS BRDF/Albedo products (Schaaf, et al., 2002), MODIS
land cover products (Friedl, et al., 2003), MODIS vegetation con-
tinuous field products (Defries, ef al., 2000), and MODIS global
land cover dynamic products (Zhang, et al., 2003).

It is necessary to use a high-quality and pure land cover types to
explore MODIS BRDF shape indicators. This would reduce the un-

certainty caused by sub-pixel clouds and mixture pixels. To benefit

from both MODIS land cover products and MODIS VCF (Vegeta-
tion Continuous Field) products, the intersection between these two
products was designed to extract some pure IGBP (International
Geosphere-Biosphere Programme) classes, and then the band-
depend quality flags in MODIS BRDF/Albedo products are used as
constraints, so that the best-quality pixels in MODIS BRDF/Albedo
products are finally acquired.

In this study, three constraints were used to extract high quality
samples from the MODIS BRDF/Albedo products: (1) the high-
est priority is first given to MODIS BRDF/Albedo quality flags to
ensure that the selected samples are the most reliable. Here, 0 flag
indicates that the selected pixels have the best quality among the
MODIS BRDF/Albedo products; (2) the VCF values correspond-
ing to the selected samples are greater than 70%; (3) the confidence
values of IGBP types have high levels in the MODIS land cover
products. Through the use of the three constraints above and by fur-
ther re-sampling two core types (Cropland and Evergreen needle-
leaf forest) in the study region, the number of the selected samples
for each of seven land cover types are approximately confined to
100 pixels (Table 3).

4 ANALYSIS WITH GROUND BRDF DATASETS

4.1 Calculating BRDF shape indicators with ground
datasets

Based on the reciprocal RossThick-LiSaprse BRDF model
(RTLSR), we first use AMBRALS program to retrieve model
BRDF parameters for 20 ground BRDF datasets. The AMBRALS
are a set of semi-empirical kernel-driven BRDF models that com-
prise multiple kernel functions. The operational MODIS RTLSR
model is a pair of kernel-function combination among the AM-
BRALS program. MODIS BRDF shape indicators are then calcu-

lated directly with model-retrieved parameters or with the typical
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Table 2 Summary of physical characteristics of the field datasets

LAI

Roughness-

o 0, ipti
Code Cover Type Cover Type SZArange /(°)  Cover /% (areen)  height /om Description Source
Deering, et al. 1990
s1 Soil Alkali flat NA Zero Zero NA White eering, efa
. . Irons, 1992
S2 Smooth 36—53 Zero Zero 1.2+0.2 Soil Moisture 5.5%; Albedo 19.725%
. . . Irons, 1992
S3 Intermediate 16—52 Zero Zero 2.6+0.4 Soil Moisture 4.9%; Albedo 17.23%
. . Irons, 1992
S4 Rough 28—54 Zero Zero 3.9+0.7 Soil Moisture 4.25%; Albedo 21.375%
Kimes, 1985
S5 Ploughed field 26,30,45 Zero Zero  Depth=8.0 cm
Kimes, 1985
GA  Grassland Annual 2850 <5 NA <3 mes
Kimes, 1983
GO Orchard grass 45—82 50 1.1 NA
.. Kimes, 1985
GS Steppe 27—63 18 (20% green) NA 38 Individual clump cover — 70%
X Vierling, 1995
GL Lowland sedge 53—69 NA Near zero NA Senescent vegetation
Vierling, 1995
GNT Non-woody tussock ~ 47—75 NA NA NA Mix of standing dead and green rering
i i Vierling, 1995
GWT Woody tussock 4975 NA NA NA Mix of standlpg dead, green‘and emergent ierling.
deciduous shrub foliage
. Kimes, 1985
CUW  Crop ~ Unimigatedhard 0 o 050 green)  NA 46 imes
wheat
. . Kimes, 1985
CIW Irrigated wheat 26—59 70 NA 76 Within 15 days of harvest
. s . Kimes,1983
CcC Corn 23—68 25 0.65 33 Juvenile corn with tilled soil
- . Ranson, 1985
CSl1 Soybean 20—49 72 3.0 NA Canopies incomplete with well define rows
Lo . Ranson, 1985
CS2 Soybean 21—38 83 39 NA Canopies incomplete with well defined rows
i Deering, 1992
FS Forest Shinnery oak 3171 602 175 3 Open canopy dwarf forest with dark leaf eering,
litter understorey
i i Deering, 1999
oIP Old jack pine 3573 61% 2926 NA Light coloured reindeer moss understorey eering,
ground cover
Deering, 1999
OBS Old black spruce 35—70 55 3.7—4.0 NA Understorey of young black spruce cerng
Deering, 1999
ASP Aspen 41—65 89%* 5.5 NA Mature aspen, hazelnut under-storey cermg

* indicates canopy closure percentage

Table3 Sampled MODIS pixels for each of seven candidate classes

Confide- . Selected
Class Total pixel .
land cover types code nce Jnum pixel
Level /% - /num.
Evergreen needleleaf forest ~ ENF =100 3516 101
Mixed forest MF =100 144 144
Open shrubland (6N =76 101 101
Woody savanna WS =83 100 100
Grassland GL =99 143 143
Cropland CL =100 14520 101
Cropland and natural CNVM =97 119 119

vegetation mosaic

reflectances that are forward calculated with model parameters. A
RMSE (Root Mean Square Error) indicates if the fitting is good or
not. The RMSE is expressed as Eq. (3).
1 N (Rjobs _ ijodel)z (3)
N-n, i3 w,

where N is observation number, 1, is the parameter number, R*

2
e

and R™* are the observed and modeled reflectances respectively
and W, is a weighing factor for the J™ observations in given band.
Here W, is unity, implying that all observations are of equal impor-
tance.

The RMSE values of 20 ground datasets are approximately

0.0142 and 0.0312 respectively in the red and NIR bands, and are
apparently less than 0.1 threshold that was defined by the opera-
tional MODIS BRDF/Albedo band-dependent quality flags (Jin, et
al., 2003; Shuai, et al., 2008), indicating that RTLSR model fits the
ground datasets well. In addition, for vegetation, absolute RMSE
values in NIR band is obviously greater than that in red band, while
their relative RMSE values in these two bands are very close. This
may be related to the reflectance magnitude of vegetation canopy in
red and NIR bands, and as well as band-dependent fitting ability of
BRDF model in red and NIR bands.

We calculated the MODIS BRDF shape indicators that vary
as land cover types for 20 ground measurements (Fig. 2). The
Comparison of ANIF and ANIX in Fig. 2 shows an ANIX >
ANIF > 1 in both red and NIR bands. This indicates the common
characteristic of BRDF shapes captured by 20 ground BRDF
shapes. i.e. R 45, > R .4 > R 45, (Table 1). In other word, these
20 BRDF shapes are all with backward reflectance greater than
forward reflectance. However, ANIF and ANIX do not indicate a
specific BRDF shape (dome vs. bowl). As a consequence, the re-
flectance-based BRDF shape indicators may contain information
content about anisotropic reflectance pattern of land surface, but
have limitation in identifying the specific BRDF shape (dome
vs. bowl). The previous study about ANIF and ANIX mainly
focuses on the analysis of physical mechanism of the hyper-
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Fig.2 8 MODIS BRDF shape indicators are calculated for 20 ground datasets in red and NIR bands

(Plot (a), (b), (c), (d), (e) and (f) have common x-axis, representing 20 BRDF datasets)

spectral BRDF effects, instead of the analysis of their ability to
indicate specific BRDF shape.

Close inspection of AFX curves in Fig. 2, we can see that the
AFX values vary around unity and are actually determined by ba-
sic scattering types: volumetric scattering and geometric-optical
scattering. The further analysis of the relationship between BRDF
shape and basic scattering types will be followed. NDAX and SSI
do not indicate BRDF shape well for specific band since they are
combined from both red and NIR bands.

4.2 Analysis of the model-retrieved parameters

As mentioned above, MODIS BRDF shape indicators rely on
the semi-empirical kernel-driven BRDF models, and therefore, it is
helpful to understand the MODIS BRDF shape indicators by fur-
ther analyzing the model parameters for 20 ground measurements.
Mean, variance and coefficient of variation (COV) are calculated
for these ground measurements (Table 4).

Table 4 Statistical values for volumetric and geometric-optical

parameters of ground measurements in red and NIR bands

Parameter Mean Var. cov
VOL_Red 0.0601 0.0527 0.8759
GEO_Red 0.0248 0.0271 1.0928
VOL_NIR 0.1869 0.1202 0.6433
GEO_NIR 0.0303 0.0324 1.0673

From Table 4, we can see that the geometric-optical pa-

rameters are very close in red and NIR bands, but the volu-
metric parameters are obviously greater than the geometric-
optical parameters in these two bands. The coefficients
of variation for the geometric-optical parameters are also
greater than for the volumetric parameters. According to the
statistical results, we realized that the volumetric parameters
are obviously dominant in NIR band, while volumetric and
geometric-optical parameters are very close in red band. For
basic scattering types of kernel-driven BRDF model, the
volumetric scattering usually represents multiple scatter-
ing caused by within-crown gaps, and the geometric-optical
scattering usually represents the surface scattering caused
by between-crown gaps. The fact that the mean of the geo-
metric-optical parameters are greater than that of the volu-
metric parameters may imply that there exist significantly
different gap distributions within crown and between crowns,
which in turn implies different structures for land cover.

We calculated coefficients of determination (R”) between the
volumetric and geometric-optical parameters (Table 5). From Ta-
ble 5, we can see that the R” of the geometric-optical parameters
between red and NIR bands is 0.84, but R* of the volumetric pa-
rameters between these two bands is only 0.022. This shows that
the volumetric parameters in red and NIR bands provide more
independent information, and are therefore more useful in analyz-
ing land surface properties. For single band parameters, we can see
that the geometric-optical parameters are more related to the volu-
metric parameters in red band (R*~0.6), but these two parameters
are nearly independent of each other (R°~0.083) in NIR band. This
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shows that the volumetric and geometric-optical parameters in NIR
band provide relatively independent information as compared with
red band, and are therefore more useful in analyzing land surface
properties.

Table 5 Coefficients of determination (R’) for volumetric and

geometric-optical parameters in red and NIR bands

VOL Red GEO Red  VOL NIR  GEO NIR
VOL_Red 1.0000 — — —
GEO Red 0.5856 1.0000 — —
VOL_NIR 0.0220 0.0054 1.0000 —
GEO_NIR 0.5795 0.8435 0.0833 1.0000

4.3 Correlation between MODIS BRDF shape indicators

We calculate the coefficients of determination (R’) for the
MODIS BRDF shape indicators to determine whether there is obvi-
ous between-index information redundancy. Table 6 shows the R
between all candidate indicators. As can be seen from Table 6, for
specific band, ANIF is obviously related to other indicators. For ex-
ample, for given band, R* between ANIF and AFX are about 0.5—
0.65. For the specific band, the ANIF is highly related to ANIX
with the R* greater than 0.9, showing that the there exists obvious
redundancy between them. As a result, we propose to remove ANIF
from the MODIS BRDF shape indicator products, which could not
significantly affect their practical application.

Table 6 Coefficients of determination (R°) between MODIS BRDF
shape indicators

ANIFR ANIFN ANIXR ANIXN AFXR AFXN NDAX SSI

ANIFR  1.000 — — — — — — —
ANIFN  0.435  1.000 — — — — — —
ANIXR 0916 0387 1.000 — — — — —
ANIXN 0.607 0.944 0592  1.000 — — — —
AFXR 0501 0.267 0229 0.274 1.000 — — —
AFXN 0.027 0.659 0.007 0.429 0.104 1.000 — —
NDAX 0221 0.078 0.323 0.007 0.000 0.519 1.000 —
SSI 0.096 0374 0.015 0.235 0475 0.542 0216 1.000

Table 7 Coefficients of determination (R’) between MODIS
BRDF shape indicators and NDVI

ANIFR ANIFN ANIXR ANIXN AFXR AFXN NDAX  SSI

NDVI 0.012 0.325 0.001 0.175 0.200 0.589 0.366  0.829

4.4 Correlation between MODIS BRDF shape indicators
and spectral index

We calculated the R* between MODIS BRDF shape indica-
tors and NDVI (Normalized Difference Vegetation Index) to an-
alyze the information content of MODIS BRDF shape indicators
relative to NDVI. The NDVI can be constructed by normalizing
the difference between red and NIR bands, and is usually used
to measure the vegetation photosynthetic capacity. The NDVI is
as Eq. (4):

NDVI= (RNIR - Rred) / (RNIR + Rred) 4)

where Ry and R, represent reflectances in red and NIR bands

respectively. Here, NDVI is calculated through the use of MODIS
NBAR (Nadir BRDF-Adjusted Reflectance), thus mainly represent-
ing a spectral variable that may not contain information content re-
garding bidirectional reflectance. As shown from Table 7, MODIS
BRDF shape indicators are not well related to NDVI, implying that
MODIS BRDF shape indicators have different information relative
to NDVL

Gao, et al. (2003) has explored the relationship between SSI and
NDVI in detail. Here, we will adopt a similar approach to analyze
the relationship between AFX and NDVI. However, an emphasis
will be laid on the different information content contained in AFX
relative to the NDVI, and on the ability of the AFX to indicate land
surface anisotropic reflectance with two basic scattering types shift-
ing. Some similar analysis can also be made of other BRDF shape
indicators.

Scatter plots between AFX and NDVI in red and NIR bands
are shown in Fig. 3, AFX is not highly related to NDVI, show-
ing that AFX contains information contents different from
NDVI. Generally, the large values of AFX correspond to the
large values of NDVI. It shows that the AFX is somewhat
similar with the NDVI, and may be a little related to vegeta-
tion biomass. However, the variation of AFX relative to NDVI
shows that the AFX is different from the NDVI, and indicates
land surface properties in terms of anisotropic reflectance pat-
terns. For examples, at middle range (0.3—0.7) of NDVI val-
ues, AFX values are close to unity, while at low range (0—0.3)
and high range (0.7—1.0) of NDVI values, the corresponding
AFX values have wider range. Specifically, in NIR band, at
lower NDVI range (0—0.3), the AFX values of wheat (CUW)
are greater than soil type (S2, S3, S4 and S5) and sparse grass
(GS and GA). At higher NDVI range (0.7—1.0), the AFX val-
ues of soybean (CS1 and CS2) and wheat (CIW) are greater
than forest types (OBS, OJP and ASP), since crops are usually
less clumped than forest and soil in structure. Such a structural
difference determines that the volumetric scattering effects of
crops are more prominent in NIR band. In red band, for crops
especially the soybeans, the row structure make the surface
scattering more prominent. As a result, Fig. 3 shows that the
AFX can capture the 3D structural features, which is not avail-
able in NDVIL.

The three subplots in Fig. 3 show the BRDF curves in principal
plane for three typical types: rough soil (S4), flat alkali (S1) and
dense wheat (CIW). As can be seen from these three subplots, the
rough soil type presents a dome-shaped BRDF curve with a promi-
nent peak reflectance at retro-solar direction. Here, we have AFX
< 1. The flat alkali (S1) presents a relatively flat BRDF curve with
AFX~1, which approximately indicates a Lambertian surface. The
dense wheat type presents a bowl-shaped BRDF curve with AFX >
1, which means that volumetric scattering type is dominant. Here,
the radiative transfer theory may be more suitable for the descrip-
tion of this vegetation type. The analysis above shows that the AFX
captures the BRDF shapes well in terms of its value around unity
and is related to the land surface structure. From the Eq. (2), we can
see that the AFX is calculated by combining the two basic scatter-
ing types: volumetric and surface scatterings that are normalized by
isotropic scattering, therefore, it can provide the overall description
of bidirectional reflectance. Other reflectance-based BRDF shape
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Fig. 3 (a) scatter plots between AFXR and NDVI in red band; (b) scatter plots between AFXN and NDVI in NIR band for 20 ground BRDF
datasets (The three small subplots below each scatter plot represent BRDF curves for three typical types: the rough soil (S4), flat alkali (s1) and
dense wheat (CIW). The positive axis of abscissa of the subplots represents backward scattering, and the negative axis of abscissa represents the

forward scattering. Solar zenith angle is at 45° backward)

indicators, such as ANIX, are constructed through the use of the re-
flectance in two typical scattering angles, and rather than consider-
ing the overall BRDF shapes. In addition, the AFX determines the
BRDF shape in terms of the relative strength between volumetric
and geometric-optical effects. Thus it is considered to have some
physical meanings.

4.5 Spectral effect of MODIS BRDF shape indicators

We further analyzed the spectral BRDF effects in terms of the
different behaviors of BRDF shape indicators in red and NIR bands.
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Fig. 4 the ANIX and AFX for 20 ground datasets in red and NIR bands

Kimes (1983) and Sandmesier, ef al. (1998) have performed a detailed
analysis of the hyper-spectral BRDF effects, and conclude that hyper-
spectral BRDF effects are mainly caused by land surface structure,
scattering properties of surface components and their interactions.
Here, our major analysis focuses on the relative strength of two basic
scattering types: volumetric scattering and geometric-optical scattering.
As can be seen from Fig. 4, ANIX values in red band are greater than
that in NIR band, especially for vegetation. Contrarily, AFX values in
NIR band are greater than that in red band, also especially for vegeta-
tion since the vegetation canopy present very different scattering in
red and NIR band as compared to the soil surface. As a consequence,
the spectral effect of MODIS BRDF shape indicators is also related to
scattering magnitude of basic scattering types.

Specially, in red band, high chlorophyll absorption of vegeta-
tion strengthens single scattering, which in turn strengthens the
geometric-optical effects, while in NIR band, high leaf trans-
mission strengthens the multiple scattering, which increases
the volumetric effects. As can be seen from the kernel shapes
of volumetric and geometric-optical scatterings (Fig. 1), if the
geometric-optical scattering is dominant, the normalized reflect-
ance difference between hotspot and dark spot would increase,
while if the volumetric scattering is dominant, the normalized
reflectance difference between hot spot and dark spot would
decrease. As a result, for ANIX that is defined as reflectance ra-
tio of hotspot to dark spot, its value in red band is often greater
than that in NIR band since there are more geometric-optical
scattering in red band than in NIR band. For AFX that describe
the relative strength between volumetric and geometric-optical
scatterings, we usually have AFX < 1 if the geometric-optical
scattering is dominant and AFX > 1 if the volumetric scatter-
ing is dominant. As a result, the spectral effect of BRDF shape
indicators between red and NIR bands is actually caused by the
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relative strength between basic scattering types.

5 ANALYSIS WITH SATELLITE SAMPLES FROM
MODIS

As mentioned above, some MODIS BRDF shape indicators
such as ANIF, ANIX and NDAX were originally used to explore
the physical mechanism of hyper-spectral BRDF effects, and
were found to be related to vegetation structure. However, for the
MODIS sensor, these shape indicators can be constructed based
on the operational MODIS BRDF/Albedo algorithm since sparse
sampling ability of MODIS makes it difficult to directly acquire
the observations in typical scattering angle (Barnsley, et al., 1994).
Therefore, it is necessary to further examine these shape indicators
with MODIS samples. AFX and SSI are parameter-based MODIS
BRDF shape indicators. SSI has been well explored with ground
measurements and satellite observations from MODIS and MISR
(Gao, et al., 2003). However, AFX still need further exploration. In
this section, we will focus on the analysis of the BRDF shape indi-
cators with MODIS observations.

5.1 Correlation analysis and principal component
analysis

Correlation analysis and PCA (Principal Component Analy-
sis) were performed with selected MODIS samples (Table 2).
Due to cloud contamination, only four dates (DOY of 177, 193,
257 and 273) were selected from the study region, and R* was
calculated in Table 8. As can be seen from Table 8, ANIF is still
highly related to ANIX for MODIS samples with R* approxi-
mating to 0.9. This shows that a refine on MODIS BRDF shape
indicators is need by removing ANIF from MODIS BRDF shape
indicator products. This analysis result is basically consistent
with ground measurements.

Table 8 Coefficients of determination (R’) of MODIS BRDF shape
indicators with MODIS samples

ANIFR ANIFN ANIXR ANIXN AFXR AFXN NDAX SSI

ANIFR  1.000 — — — — — — —
ANIFN 0.134  1.000 — — — — — —
ANIXR 0.933  0.149  1.000 — — — — —
ANIXN 0.158 0.867 0.192  1.000 — — — —
AFXR 0535 0.050 0314 0.039 1.000 — — —
AFXN 0.059 0.711 0.057 0.399 0.043 1.000 — —
NDAX 0.587 0.031 0.604 0.023 0279 0.027 1.000 —
SSI 0.112  0.153  0.064 0.050 0280 0.303 0.030 1.000

The PCA was then performed on the MODIS samples to
explore the intrinsic dimension of the MODIS BRDF shape
indicators. PCA technique transforms original datasets into or-
thogonal datasets named as PCs (Principal Component) through
the use of a linear transformation technique. Therefore, there are
no correlations between PCs. With the PCA technique, we can
analyze the relationships between PCs and the physical mean-
ings that the first few PCs represent. Here, we perform a princi-
pal component transformation on four dates of MODIS sample

pixels for MODIS BRDF shape indicators to obtain eigenvalues
and explained variance percentage of each PC (Table 9). Since
MODIS BRDF shape indicators are constructed in different
ways and have different meanings, correlation matrix was used
to calculate the PCs.

As can be seen from Table 9, the total variance percentage for
the first three PCs are greater than 90%, indicating that MODIS
BRDF shape indicators are approximately intrinsic three-dimen-
sional. Table 10 describes the weight coefficients for each PC of
MODIS BRDF shape indicators. Since the first three PCs can ex-
plain most variances of these indicators, potential meanings for the
first three PCs are mainly explored in this study.

Table 9 Eigenvalues and explained variance percentage for each
PC of MODIS BRDF shape indicators

PC eigenvalue Var. Perc./%
1 3.9533 49.4161

2 2.3517 29.3957

3 0.9937 12.4218
4 0.4051 5.0638

5 0.2165 2.7058

6 0.0601 0.7517

7 0.0150 0.1879

8 0.0046 0.0572

Table 10 Weighting coefficients for different PCs of MODIS
BRDF shape indicators

PCs ANIFR ANIFN ANIXR ANIXN AFXR AFXN NDAX  SSI

PC1 -0.444 -0.357 -0.4273 -0.336 0361 0311 -0.254 0.297
PC2 0273 -0.440 0.2523 -0.382 -0.229 0.426 0.529 0.092
PC3 -0.165 -0.164 -0.3121 -0.374 -0.350 —0.182 -0.049 -0.742
PC4 0.036  0.024 -0.2265 0.267 -0.732 0.394 -0.370 0.220
PC5 -0.039 0.001 0.1129 0398 0316 0.653 -0.040 -0.547
PC6 -0.521 0.242 -0.3096 0.253 -0.138  0.039  0.696 0.075
PC7 0.134 0.767 -0.0778 -0.531 0.045 0.323 -0.018 0.002
PC8 -0.640 0.067 0.7003 -0.159 -0.197 0.031 -0.174 0.010

As can be seen from the first eigenvector, all weight coef-
ficients of BRDF shape indicators in the first eigenvector seem
to be close. Weight coefficients for the red band are somewhat
larger than for NIR band for the first PC, showing that the red
band contributes more on the first PC than the NIR band does.
From the sigh of weights of the first PC, we can see that the
MODIS BRDF shape indicators are divided into two groups:
reflectance-based BRDF shape indicators and parameter-based
BRDF shape indicators. These two groups are negatively cor-
related. The reflectance-based BRDF shape indicators includ-
ing ANIF, ANIX and NDAX show negative coefficients in the
first PC. The parameter-based BRDF shape indicators including
AFX and SSI present positive coefficients in the first PC. The
negative correlations between these two groups can be well ex-
plained from their formulas (Table 1).

Specifically, from their formulas, we can infer that SSI and AFX
increase with volumetric effects growing. From the analysis of ba-
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sic scattering types that constitute the operational MODIS BRDF/
Albedo algorithm, we can see that volume-dominated scatter-
ing type presents a bowl-shaped BRDF curve, while geometric-
optics-dominated scattering type presents a dome-shaped BRDF
curve with a strong hot spot in retro-solar direction. With the ge-
ometric-optical scattering transiting to volumetric scattering, the
contrast between hotspot and dark spot tends to decrease. There-
fore, ANIX, the ratio of hotspot to dark spot tends to decrease.
As ANIF and ANIX are highly correlated, so ANIF also tends to
decrease, as well as NDAX that is constructed by normalizing
red and NIR ANIX. The above analysis shows that, with basic
scattering types changing from geometric-optical scattering to
volumetric scattering, reflectance-based MODIS BRDF shape
indicators show negative correlation with parameter-based
BRDF shape indicators. This is the physical meaning that the
first PC captures.

Investigation of weight coefficients of the second eigenvector
shows that the weights in NIR band are greater than in red band,
and that weights in red and NIR bands also present negative cor-
relations, indicating that the second PC mainly represents spec-
tral difference for ANIF, ANIX and AFX in red and NIR bands.
Differing from the spectral effect of nadir reflectance in red and
NIR bands, the spectral effect of these three shape indicators
mainly reflects the spectral difference of anisotropic reflect-
ance patterns in red and NIR bands. As for MODIS anisotropic
scattering pattern, geometric-optical effect is usually greater
than volumetric effect in red band, and vice versa in NIR band,
which generates a dome-shaped BRDF curve in red and a bowl-
shaped BRDF curve in NIR. As can be seen from the analysis
above, vegetation canopy usually presents different anisotropic
reflectance pattern in red and NIR bands due to different surface
structure and scattering types. This is the physical meaning cap-
tured by the second PC.

As for the third PC, SSI has maximum weight coefficient, and all
coefficients are negative in sign, indicating that all MODIS BRDF
shape indicators have similar interpretations in third PC. As all MODIS
BRDF shape indicators are constructed through the use of anisotropic
scattering pattern which is, in turn, related to land surface structures, so
the third PC may be mainly related to structural characteristics of land
surface. Investigation of Table 9 shows that the third PC accounts for
about 12% total variance percentage, indicating that the third PC could
provide secondary information content in identifying land cover types.
If the third PC is majorly related to land surface structure, this shows
that the MODIS BRDF shape indicators do provide additional infor-
mation content regarding land surface structure although the informa-
tion content contained in this PC is somewhat marginal as compared
with spectral signatures.

5.2 Analysis of within-class variance of MODIS BRDF
shape indicators

With the selected MODIS sampling datasets, we calculate
the within-class variances for several typical land surface types
in the study region. It is important to apply these BRDF shape
indicators to improve classification accuracy. Sandmeier, et al.
(1999) and Bicheron, et al. (2000) realized that the ANIX has

great within-class variances. This study uses selected MODIS
samples to calculate mean, variance and coefficient of variation
for ANIX and AFX, and analyze the variance variation for these
shape indicators in red and NIR bands. Coefficient of variation
is defined as the ratio of standard deviation to mean, and it re-
moves the between-variable difference caused by their different
units and average.

Fig.5 presents mean, variance and coefficient of variation for
ANIX and AFX in red and NIR bands. Inspection of Fig. 5 shows
that the mean of ANIX and AFX are negatively correlated in red
and NIR bands. ANIX values in red band are greater than in NIR
band, and vice versa for AFX. This is obviously consistent with
the analysis on the 1" PC in PCA. As mentioned above, the physi-
cal mechanism of the BRDF spectral effect is attributed to relative
strength between geometric-optical and volumetric effects, and is
related to the structure of land surface.

A further analysis of the mean tendency (Fig. 5) is performed
in terms of class characteristics for each of seven selected IGBP
classes. The vegetation types used in this study are generally
divided into two groups: forest type with discrete vegeta-
tion structure and herbaceous type with continuous vegetation
structure. For the former, the evergreen needleleaf forest has a
typical clumping structure for different hierarchic rank: from
needles to clusters, to branches, to crown, to forest, and finally
to landscape scale. The non-randomly distributed hierarchical
structure of the evergreen needleleaf forest determines that the
shadow effects may be dominant within this class. Conversely,
for the herbaceous type such as grassland and cropland, their
structures are usually assumed to be randomly distributed.
Therefore, radiative transfer theory may suitably describe such
structures. As we know, reciprocal LiSparse kernel provides a
dome-shaped BRDF curve, while the RossThick kernel provides
a bowl-shaped BRDF curve. The true BRDF shapes are actually
weighted by these two curves. They are band-dependent due to
the absorption and scattering of surface components to solar ra-
diation, and are therefore related to geometric-optical and volu-
metric effects.

Investigation of the variance change of different vegetation
types in red and NIR bands in Fig. 5 shows that the variances
in red band seem to be higher than that in NIR band. The coef-
ficient of variation in Fig. 5 obviously presents such a trend as
well. A comparison of the coefficient of variation between ANIX
and AFX shows that AFX has lower within-class variances than
ANIX does, showing that AFX may be more useful in differenti-
ating land cover types.

In order to investigate phenology of vegetation types chang-
ing with geometric-optical scattering and volumetric scattering,
we calculate mean of phenological dates for MODIS samples
for each of land cover types in study region (Table 11). As can
be seen from Table 11, the phenological dates for each of seven
land cover types in the study region are not prominently differ-
ent, generally onset of greenness in mid-May, onset of greenness
maximum in late June to mid-July, onset of greenness decrease
in late August, and onset of greenness minimum by the end of
September to early October.
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Table 11  Phenological dates for MODIS samples

OGI OGmax OGD OGmin

ENF 05-18 07-08 08-23 09-26
MF 05-17 06-27 08-25 10-03
OS 05-22 07-12 08-30 10-04
WS 05-20 07-03 08-26 10-03
GL 05-20 07-10 08-28 10-05
CL 05-20 07-17 08-23 10-05
CNVM 05-11 07-15 08-18 10-08

OGI, OGmax, OGD, OGmin represent Onset of Greenness Increase, Onset
of Greenness Maximum, Onset of Greenness Decrease and Onset of Greenness
Minimum, Units(month/day). ENF, MF, OS, WS, GL, CL and CNVM are same as
in Fig.7.

As can be known from the previous analysis, the relative
strength between geometric-optical and volumetric scatterings

determines that AFX varies around unity. From Fig. 5, we can also
see that an AFX < 1 in red band for all IGBP land cover types for

4 phenological dates implies the geometric-optical scattering is
dominant, thus indicating a dome-shaped BRDF curve. However,
the geometric-optical scattering and volumetric scattering are alter-
nately dominant in NIR band for all selected land cover types with
phenological dates progressing. Specifically, evergreen needleleaf
forest type bears more geometric-optical effect than volumetric
effect, thus an AFX < 1 is expected; vice versa for Cropland and
Cropland and natural vegetation mosaic with an AFX > 1. For
other vegetation types including Mixed forests, Open shrubland,
Woody savanna and Grassland, in the growing season, an AFX > 1
indicates that volumetric scattering effect is greater than geometric-
optical scattering effect, while in dormant season, with vegeta-
tion leaves withering, the volumetric scattering decreases and the
surface scattering increases, thus an AFX > 1 indicates that the
geometric-optical scattering is greater than the volumetric scat-
tering. From point of view of vegetation structure, the evergreen
needleleaf forest type is hierarchically clumped, while the Cropland
canopy is usually assumed to be randomly distributed in structure.
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The mixed forest type is between them with structure changing
with different seasons. Therefore, we can distinguish different land
cove types, and explore vegetation seasonal change with MODIS
BRDF shape indicators.

6 CONCLUSIONS AND DISCUSSION

MODIS BRDF shape indicators are constructed from the ani-
sotropic reflectance patterns through the use of the semi-empirical
kernel-driven BRDF model. This study performs a comprehen-
sive analysis of MODIS BRDF shape indicators with a variety of
ground measurements and satellite samples from MODIS. The
study shows that MODIS BRDF shape indicators are different from
spectral vegetation index such as NDVI, containing the information
content regarding vegetation structure. Therefore, MODIS BRDF
shape indicators may be used to extract the structural information
of land surface. The correlation analysis with ground measurements
and selected MODIS samples shows that the ANIF is highly related
to ANIX in red and NIR bands. As the ANIX is defined as the ratio
of hotspot to dark spot, and has an advantage of wide value range
over ANIF. Therefore, we suggest refine MODIS BRDF shape in-
dicators by removing the ANIF from MODIS BRDF shape indictor
products.

The principal component analysis shows that the MODIS
BRDF shape indicators are intrinsically three dimensional. The
meanings for the first three PCs are well explained. The first
PC explains the way in which MODIS BRDF shape indicators
are constructed. The second PC explains the spectral effect of
MODIS BRDF shape indicators. As the third PC comes from
same type of contributions and accounts for about 10% of total
variance percentage, it may be mainly related to the structural
characteristics of land surface.

We further investigate the relationship between BRDF shapes
and AFX, and find that AFX is related to the relative strength be-
tween volumetric and geometric-optical scatterings. AFX indicates
BRDF shape in terms of its value around unity. An AFX < 1 shows
a surface scattering dominant, indicating a dome-shaped BRDF
curve with a prominent reflectance peak (hotspot) in retro-solar
direction. An AFX > 1 presents a volumetric scattering dominant,
indicating a bowl-shaped BRDF curve where reflectance near nadir
is lower than for larger scattering angles with the minimum usu-
ally displaced towards the forward scattering direction in principal
plane. AFX~I indicates a relatively flat BRDF curve. AFX changes
with band and phenological date, and is related to land cover type
and the land surface structure.

Within-class variances of MODIS BRDF shape indicators
are usually larger in red than in NIR band. For same type, the
within-class variances for AFX are usually less than for ANIX.
Therefore, AFX may be more useful than ANIX in improving
classification accuracy as additional signatures of nadir spectral
reflectance.

MODIS BRDF shape indicators are now among the opera-
tional MODIS BRDF/Albedo products. With the operational
MODIS BRDF/Albedo products updated and the new planed en-
vironmental satellite system such as NPOESS (National Polar-
orbiting Operational Environmental Satellite System) into oper-
ation, the findings of this study will play important and practical

roles on how to construct and expand the application of BRDF
shape indicators.

MODIS BRDF shape indicators are only valid for the full inver-
sion of MODIS BRDF/Albedo products. However, it is difficult
to acquire the full-inversion MODIS BRDF shape indicators for
a whole region and a continuous date due to the contamination
of clouds and aerosols, although the Terra and Aqua are currently
combined into the operational MODIS BRDF/Albedo products.
This brings much difficulty for further application of MODIS
BRDF shape indicators to a larger region and long time series. One
solution is to use time series of MODIS BRDF products to fill gaps
and generate a high-quality product. This is a potential research
direction in future study.

Acknowledgements: Thanks are due to a number of
colleagues for their help, advice, and encouragement in relation to
various aspects of this paper, in particular, Crystal Schaaf (Geography
and Environment Department, Boston University, USA).

REFERENCES

Barnsley M J, Strahler A H, Morris K P and Muller J P. 1994. Sampling
the surface bidirectional reflectance distribution function (BRDF):
evaluation of current and future satellite sensors. Remote Sensing
Review, 8: 271-311

Bicheron P and Leroy M.2000. Bidirectional reflectance distribution
function signatures of major biomes observed from space. Journal
of Geophysical Research, 105 (D21): 2666926681

Deering D W, Eck T F and Banerjee B. 1999. Characterization of the
reflectance snisotropy of there boreal forest canopies in spring-
summer. Remote Sensing of Environment, 67: 205-229

Deering D W, Eck T F and Grier T. 1992. Shinnery oak bidirectional
reflectance properties and canopy model inversion. /EEE Transac-
tions on Geoscience and Remote Sensing, 30 (2): 339-348

Deering D W, Eck T F and Otterman J. 1990. Bidirectional reflectances
of three desert surfaces and their characterization through model
inversion. Journal of Agricultural and Forest Meteorology, 52:
71-93

Defries R S, Hansen M C, Townshend J R G, Janetos A C and Loveland
T R. 2000. A new global 1-km dataset of percentage tree cover de-
rived from remote sensing. Global Change Biology, 6: 247-252

Friedl M A, Mclver D K, Hodges J C F, Zhang X Y, Muchoney D,
Strahler A H, Woodcock C E, Gopal S, Schneider A, Cooper A,
Baccini A, Gao F and Schaaf C. 2002. Global land cover mapping
from MODIS: algorithms and early results. Remote Sensing of En-
vironment, 83: 287-302

Gao F, Schaaf C B, Strahler A H, Jin Y and Li X. 2003. Detecting veg-
etation structure using a kernel-based BRDF Model. Remote Sens-
ing of Environment, 86: 198-205

Hu B, Lucht W, Li X and Strahler A H. 1997. Validation of kernel-driv-
en semiempirical models for the surface bidirectional reflectance
distribution function of land surfaces. Remote Sensing of Environ-
ment, 62: 201-214

Irons J R, Campbell G S, Normal J M, Graham D W and Kovalick W M.
1992. Prediction and measurement of soil bidirectional reflectance.
IEEE Transactions on Geoscience and Remote Sensing, 30 (2):
249-260



JIAO Ziti, et al.: Assessment of MODIS BRDF shape indicators 443

Jin Y, Schaaf C B, Gao F, Li X, Strahler A H, Lucht W and Liang S.
2003. Consistency of MODIS surface bidirectional reflectance
distribution function and albedo retrieval: Algorithm Performance.
Journal of Geophysical Research. DOI: 10.1029/ 2002JD002803

Kimes D S. 1983. Dynamics of directional reflectance factor distribu-
tions for vegetation canopies. Applied Optics, 22(9): 1364-1372

Kimes D S, Newcomb W W and Tucker C J. 1985 Directional reflect-
ance factor distributions for cover types of Northern Africa. Re-
mote Sensing of Environment, 18: 1-19

Lucht W, Schaaf C B and Strahler A H., 2000. An Algorithm for the re-
trieval of Albedo from space using semiempirical BRDF Models.
IEEE Transactions on Geoscience and Remote Sensing, 38 (2):
977-998

Nicodemus F E, Richmond J C, Hsia J J, Ginsberg W I and Limperis T.
1977. Geometrical Considerations and Nomenclature for Reflect-
ance. Washington, D.C.: Institute for Basic Standards

Ranson K J, Biehl L L. and Bauer M E. 1985. Variation in spectral re-
sponse of soybeans with illumination, view, and canopy geometry.
International Journal of Remote Sensing, 6 (12): 1827-1842

Roujean J L, Leroy M and Deschamps P Y. 1992. A bidirectional re-
flectance model of the earth’s surface for the correction of remote
sensing data. Journal of Geophysical Research, 97: 20455-20468

Roujean J L, Tanre D, Breon F M and Deuze J L.1997. Retrieval of

land surface parameters from airborne POLDER bidirectional

reflectance distribution function during HAPEX-Sahel. Journal of

Geophysical Research, 102 (D10): 11201-11218

Sandmeier S R and Deering D W. 1999. Structure analysis and clas-
sification of boreal forest using airborne hyperspectral BRDF data
from ASAS. Remote Sensing of Environment, 69: 281-295

Sandmeier S R, Muller C, Hosgood B and Andreoli G. 1998. Physical
mechanisms in hyperspectral BRDF data of grass and watercress.
Remote Sensing of Environment, 66: 222-233

Schaaf C B, Gao F, Strahler A H, Lucht W, Li X, Tsang T, Strugnell N
C, Zhang X, Jin Y, Muller J P, Lewis P, Barnsley M, Hobson P,
Disney M, Roberts G, Dunderdale M, Doll C, Entrmont R P, Hu
B, Liang S, Privette J L and Roy D. 2002. First operational BRDF/
Albedo nadir reflectance products from MODIS. Remote Sensing
of Environment, 83: 135-148

Shuai Y, Schaaf C B, Strahler A H, Liu J and Jiao Z. 2008. Quality as-
sessment of BRDF/albedo retrievals in MODIS operational system.
Journal of Geophysical Research. DOI:10.1029/2007GL032568

Vierling L A, Deering D W and Eck T F. 1997. Differences in arctic
tundra vegetation type and phenology as seen using bidirectional
radiometry in the early growing season. Remote Sensing of Envi-
ronment, 60: 71-82

Wanner W, Li X and Strahler A H. 1995. On the derivation of kernels
for kernel-driven models of bidirectional reflectance. Journal of
Geophysical Research, 100: 21077-21090

Zhang X, Friedl M A, Schaaf C B, Strahler A H, Hodges J C, Gao F,
Reed B C and Huete A. 2003. Monitoring vegetation phenology
using MODIS. Remote Sensing of Environment, 84: 471-475



444

Journal of Remote Sensing

#ERFER 2011, 15(3)

A MODISHIBRDFf E 152K

AR
BT, AL, EHH, KE
TRl A E S S E AERURTE R JERRIE R B G i iR 2 B
=
B i
s

JERREERE I S B IR L AU A SR %, bRt 100875

FES S TP701

D7 FH b LI (1 1) 1k 2 SR AR AR A AN 2 A MODISER 7 i, @ Bobh oA, XEMODIS Y il 4 i 5 B 4
=y i
ANIX)E A, B LI ANTFLURS ERMODIS i EEFR 07 5 s (3)45 18] S 44 45 5 (Anisotropic Flat Index: AFX)FEUf 15/~

HATLRGIPAN, 45 RED]: (1)MODISHI SR B & 17 iR =455 5, A BRI R 1 Y A2

(2)MODISH FEFEBUR N FEM =4 KR, %510 5P F (Anisotropic Factor: ANIF)F145 [a] 57 PEHE £ (Anisotropic Index
H

kAR ERD: A

T BB SR AL, B EAT B/ NRIZEN T 25, XGRS E R R T e S AT
X#EiE: MODIS, BRDF, fJEFREL, ML, RiwiHask

15(3): 432-456

1

. N

=1

SIRAMA: ETFeh, 20, T4h, K2 2011, IEEMODISHUBRDFS IR . MBIEAR, 15(3): 432-456

Jiao Z T, Li X W, Wang J D and Zhang H. 2011. Assessment of MODIS BRDF shape indicators. Journal of Remote Sensing,

AR, RO I UL A Y T AR 3R
W M3 SR R BN 45 1) S 1, B3l W oy P S

G R, Pk, JUNERUBTTZ M TG
JXZR WTPOLDER,, MODISFIMISR 40 13 17 12 28

Y RYBRDFAY , E Ay i 3 I R A 2580 2
AT BREU(BRDF) AR . i S5 o A sRUE X

T4 5 P B B TR AR S HE AL LA F) R %

(Nicodemus %%, 1977), BRDFIAIHE S T = ) 4
55855 T B 0 6 1 S PR RN AR AR I AR

LU MR SK S Y BRDFA R H] T LA~ 2256 R & (T
I, nRas E i H AR OGS A4S 2%, BRDF

AR I TE AR A G H R Y BRDFIEAR , X 2464%
AR T — BB IR W BRARSE, PRTTAT B 3
S X SEAZ IR E AR B ) R AR A R A, IR
AR AT LAR (I T ) RCADL A5 30 4t 2R A% fi) S P S S AR
MRS

o RZ, WSS E M FRAS 1) SR 00 S S, ol
R BRDFA Yt ] fE A7 i ) S i, DL AE Wi As g 25

HIESR H R A SR, SR IX SE A R E Y ik
[AE T HERLEM S A5 B (Roujean 55, 1992;

Wanner %5, 1995), Kb, AL T —F i R454
SHLR AT REPE, 33X A FH R A% 1) Sk B AR Ok
T R 5T SR AL T 25 A Jr X (Roujean 45,

1997; Gao %, 2003).
R b 2 1) 25 1) S5 P B AR A A W e B 2 g i g
FALAG N 3R T (Gao 55, 2003): — MR ERA
SO EEA ANk, HHEE Y R BRDFRE ALK

SR SR, WA BASAE o Bk T R A A

o = iy I e I A% 1) S 9 S S A
SAY BT AR CANR Y SFERTIORY BUR R, Fi —
) PR SS A AR R, ADT ST MR 454 5 3 2 4

B R, Sandmeier %5(1998, 1999)iH iz F1 1]
IFSEHEE: 2010-03-05; f&iTHHE: 2010-09-30

o
%) (5 : 2007CB714402-8).
E—EEEN

TN

ik
HETH: FERARFEEESG S 40871193); FBEPFlE S E S50 [ iR KT H G S 102Y-06); [EEE S IERATE & 19731
RIEERS S0, ZMEE SRS ETTRATIR, B ARIL L2045 . E-mail: jlaozt@bnu.edu.cn,

ETE(1970— ), B, RIHEEE, 20004F BL TR WO A I S PRI 2, AR, BUNTE BRI MR A 1 S S S



T 2, PEAEMODISIUBRDFS B 5 445

B AZEIRGE . RIHS SO R, F3s T 45 1) 5
PERF-(ANIF) 5 16 SRS S ANIX) AU —fL 9 4%
] 57 PE$5 £ (Normalized Difference Anisotropy Index:
NDAX). J P AU 25 4 (1 Al R (B P R o
B, ArHr T e ORGSO i LT, A
SR S e SO AR R R R BRI R A A G, JF LA
SR MM IR IX, X Lo R 500 T bR o
FIh, WG T I A B R O 4 i 3 o SO
OV . 25 9LFER, 308 ik S S B s ko mT LA ke
RPN B

MODIS i1y = [} P [ 5 ff1 £ 48 2L (BRDFJE AR 45
78 RF) 77 i MODIS i) 4 B2 5 77 i A B 82 41 il
4y, A BT R BRDFE BAE A9 0 F L ai d f
FH O A 0 1l M S5 B 4 K0 4 iy =R e T
3 BRDFIEAI S8, MODISH) — i) 4 5 5 il s
R S R A T LA M R B e i . Horp
ANIF . ANIXHIE ] 5P V-3 46 B0 (AFX) M6 T D%
B, B — i BB vT LI5S B — A A R A
{EMODIS R 2Bt & THE L0 T 20 /M e B i i, ™
ATV 2, 7 (M5 e AT TEMODIS Fo At ik Bt
A . NDAXJEANIXFE LT AT 20 40k Btk A5 5 —
LA PR 25 R o SRR 88X (Structural Scattering
Index: SSI)2 | FHMODISIT 21 4% B 1R B 5 5%k
MW B U2 SEL, A7 T A(Gao 45,
2003). FEMODISH A BEFEE™ i, SSTH it
[ BRDFAUE R 1 B 2 MODIS FIMISRR A £ 4
AT AT, 45 2RRY], SSIA] AR IRIIAE H 4G
P 0 A8 A B8 DX A3 AN ] ) 3 2878 - AFXOR AR 4f8 422 4K
SR A TR A, BT X MODISTL RS 1 4% 1] S 1
SRR 35 00 ) BE R B, (A2 B TR I
WIRRAE .

AR SC LA 21 1 2 ORI 1% — 1 1 I S5 5080 25 R
4FPMODISPi H ZR 1H 7™ i, £5& 1A T MODISH 4%
) S PR B AR AR HU™ o BB 28B4 AEMODIS — ] P
FHHE AT AT AR R, A T &1 1k
FRAE BN T — PRI B3 AR T
P BB 5 AR AER A 4T X b 3 ri A 0 I K 3 %o
MODIS I 45 [l 5 1] £ BE 8 RCHEAT T 40075 2553853
13 FIMODISAH G 1Y A2 B RAE B8 X MODIS 1y — [ 4
F A BERR BGHA T T 0b, Ba g gsie e, A
SCEEMT T AFXXTBRDEFAR (1948 /R BE 11 & H 54
PEEHI KR

2 MODIS_ [ SR Eur A=k

3K E ®yMODIS BRDF/Albedo FH K T
WA B A AL I X, XA ERRZ %
¢ )2 #% (Ross Thick) Fl1 2= G 57 H. 5 # (LiSparse-
Reciprocal). #ZIK3 21 2 W BRVG W F )14 1
¥ (Roujean %5, 1992; Wanner 55, 1995;
Lucht %%, 2000)

RO.9, ¢.N)=/fio(A) +fiq (M) K (0,9, ¢)+

Soeo (M) Ko (0,9, ¢) )
K, Ko MK o R LTS A% FR B A%, BT
A3 52 UL £ 0 F1 B8 B 1 & S AR X 7 5 FA o 1) = £ pRi
B fror SeeMfiore i RREL, 43078 4% 1] [] P4 HE
S, JUAG 2 B RV 3 =356 43 BT o A
RO 9, ¢» A) A B 1) 1 S 568534 R

A R AR R o e M R, S 3 8L L £
P frsos Srco Moo SR 18 2 A2 1 S 51 P4 4 1]
KA RO LA ARSI 5. TR R
B, PR ST RES BT R, RS
AIfSEsR R AR D s S Mo WA R
AR, AR AR R Y B Rk R  ER . VR —
PRl R IK S EIR HAG R R AT . &
B BHRLE RE TR, RS AL TR 1 3k
WL R S (EOS) R it 8545 o R, JULDeA% 51k
A —E R X, XA TS MR
A LIESCHE i 77 T B, A A BE R A AR RS T S MY
45

MODIS . [m] P S5 F BEFR AL & 7577 i, X
S BRI A SRR IR R

F1 MODISZ R4 &tfEHE

ik 4 AL

5 ANIF A _ Rﬁnad(A)
R A R ™
KRS ANIX ANIX(A) = Roason (D)
R745N(A)

VA 2% i) Sk
FHBETE AR

ANIXR — ANIXN
ANIXR + ANIXN

SSI = ln{fvo]NmJ
S o

SRBHETRIE AFX SR

NDAX NDAX =

Bl SRR sst




446 Journal of Remote Sensing  # & 54k 2011, 15(3)

2 r 2 —
—~ 0 . 0r TS - ="
B =
e oL
sl H
= o
X 5 X 5t

4 _

80 -60 -40 -20 0 20 40 60 80
LI K TRA /)
(a)

—— RS

S0 %0 40 20 0 20 40 e 8
WRETSC )
o)
L

B S TRNSE [ 32 1 ) 2 3 2 R A2 R 5 5 50 % R BRD AR R (B i 2k L2, KA
T45° KR, 2 [CHG b5 %2 5h/b=2.0, br=1.0)
(a) P18 (PP);  (b)TEE 11 (CP)

K, R Jed8 RIOWM J7 ] B9 R 38 R s
R o2 f8 9 KRB R T M AEA5 Ty if, WK
TG 45° FJEm45° R ; ANIXR
FTANTIXN & 48 21 AT 20 A1 i B 1 4% 1) S5 48 8
(ANIX);5 [ oo xin P oo readB= T T 2N B AT 2
BORNLLP B U2 WU S8 f e T8 45 I R
S0 WSARFPEERUIEAR, HIPeRk-P ek i,
AT IREN RN K, R T 45 10 S
BIRBAFX)M 5 —MRBIER, XQ):

AFX(A)=1+ SaA) x0.189184 — 7fge° )

iso iso

x1.377622

2
o, F%00.189184H11.37762243 il X B W 6 4%
N2 [CH B 0 5 A% I R BRI R AL
M)A LA, AFXGEPEA i RS 500 —
A UG SR U A E S5 5 AR
BUNBIZEFE . AFXEYK/AMEH T L a2 Fifk
[ C ISy GO DNANNIETZN = G Vs W B e
BONEET, AFX>15 Y U] 22 3800 TR 5 28
B, AFX<l; RNWAFX=1, % HiRZEM2 KR
B S ERIEAR(E D), FTEH, 2S5
S NER U D) b, JCHEAERR S ) b, R
oL RIS N TR Ty Py 3 o o BV R S}
AIABER . I, FESCPRULINH, FRPEASF HhFek
S Pk SO, TR B BRDEIZAR, BEA

X AR I R . AFX<1367m JLA 627 B 2
MET, HHRE—-NRTURGBRDFER; AFX>1%
MR 5, 8RB — BRI BRDFIZIR ;
A0, AFX=1, #8R—18HFRBRDEEAR ., FKATHE
FHEIBEGE R, B 3T R BRDFULI AIMODIS
FRRAEEAE , XFAFXI X — R T 00T

3 Huatiik

3.1 ithRBRDFWMEHE R

AHIFSE T B b 2 BRDF LN 2 22 44 W58 34 i
AR, BREHE R TR IR, G EAH
BERERRR L, N RIAR A o B R AR RO B
YEVIRIAR D . T X S kb ST () I AR AL A5 T LA K
BHOR THUFf 3 . 38 iy R 45090 11 L 25 AN e 2 s
FRATE S PR SR SN A BRDEASE L2535 46 3l 2 0]
1R ENZARI3AN S5, RIEARAERR R3-S0 TR
WA 1) S A REFR A, AN A BT F R K /X BRDF R
TSR, 5 Bl FH SR S0E 2 22 56 (1) A DR Sl R R 4 0145 i
Ji(Hu %, 1997),

3.2 MHEXHIMODISEZ =&

AHFFEFRAEFH T 4 MODISPE #2175
fUFEMODIS BRDF/Albedos™ fifi(Schaaf %5, 2002),
MODISHIFE 73257 i (Friedl %5, 2003), MODISHHE



FETHE 4. IPEMODISHBRDE A 48 0™ i

447

R2 HRBRDFEE RIS IEHIA

gt

HUBE L/ 55 )

, KX EHRE . s
=y VA S A 3
s S Hh g ) % o fom ik K s
S1 S TEER Bl NA 0 0 NA SLHf (Deering 4%, 1990)
T EE b: B 3%
S2 i £ 35 36—53 0 0 1.2£0.2 LIRS, 5%: SR (Irons, 1992)
19.725%
S3 R rpok 4 16—52 0 0 2604  THEREE49%: T HF17.23% (Irons, 1992)
T - IR
S4 MR 492 28—54 0 0 3.9+0.7 AR 4.25%: [ R (Irons, 1992)
21.375%
S5 (R S 26, 30, 45 0 0 8.0(1%) (Kimes, 1985)
GA AR R 28—50 <5 NA <3 (Kimes, 1985)
GO L] 45—82 50 1.1 NA (Kimes, 1983)
GS A 27—63  18(20% 4%)  NA 38 PN L RT0% (Kimes, 1985)
oL M g 53—69 NA 2540 NA SRR (Vierling, 1995)
GNT |/ NI VN 47—75 NA NA NA At A R A A (Vierling, 1995)
4 g SELA (i
GWT KT A 49—75 NA NA Na iuﬁgf}fnﬂﬁﬂm‘é (Vierling, 1995)
(A% N 27—51 14(95% %) NA 46 (Kimes, 1985)
CIW TN 26—59 70 NA 76 15 di e (Kimes, 1985)
CC RAEW FokHL 23—68 25 0.65 33 FORGT . BB 1 (Kimes, 1983)
CS1 Kbl 20—49 72 3.0 NA TTHE R G (B 28) (Ranson, 1985)
€S2 K2 21—38 83 3.9 NA ATHE R G (B 28) (Ranson, 1985)
5 FEBAREER I MRHL, N6 7 5T .
FS S KR 31—71 60.2 1.75 43 My (Deering, 1992)
0Jp S FLIRUN 35—73 61" 2226 NA TR O E (Deering, 1999)
0BS BRE 35—70 55 3.7—4.0 NA TR R S ALY (Deering, 1999)
o A J—
ASP &L7} 41—65 89" 5.5 NA ’ﬁgﬂmgﬁféﬁj‘j (Deering, 1999)
R T 2 IR AT E

Y78 75 B (Defries %5, 2000), MODISHILZETE 5 A0
7= fh(Zhang %%, 2003)

S HTMODIS i) P U AR BEHR RO™ i, W
R o A A ) M I, DA/ i T RT RE Y
WARTC = B FR G RO R AT E M. %R
FIMODIS H 72 4324 il 4 3 78 26 B 77 i 45 A Y
L FRATH X P FR ™= 5SS, RELT — sl
A ] s 3t BB A 9 JBL S TR (IGBP) ML 28 18, AR i iR U
MODIS i) ¥ J52 55 i1 Jsz JE 3872 ity 70 A iy 98 B 1Y) Jo
PRV AR A, RIS Tt Y ) S S5
ZHUOMBRDFRE 1E A KI5 5[] ) S 377 i

AW 5T 2R FH = A~ 24 o045 1 o 5 0 T it Y
MODIS/BRDFZ HUFE A KU HE (1) %5 & Fr ik 1
MODIS = [u] ¥ 5 5 250 B A e 1) g o (ot it b o
90), BIMODIS — ] P 5 S 2 400 ot i b s A A
S, DABRIE BTk FH A9 FE AR BRDF A o i nl
s ()X RZICHIMODISHE 35 I K T70%;

(3)%F 1% TEMODIS Hi 22 IGBP 2K Bl %5 v 1 B3 7K
- g DL 30 BR A A O Y DX R SRk
RTRIAR A 40 T DR 2K ) 00 4 7 45 i) B Ei R A, e 2 M AF
FE X 74> 3 v 200 I RE AR T R R AR A2 1004
BIu A (#3).

F3 ZWXMODISHAKRIT, ZRKMODISHIGBPZES|
ESERFEE, MODIST YRR BR=mAERITFHER
EMEMODISEEE~RERSNEE

M7 T AR i Febik EfEE Ao

(IGBP) Elkel 1% FEA
HERE AR ENF 1 =100 101
REM MF 5 =100 144
TR AbK 0S 7 =76 101
[ PN WS 8 =83 100
it GL 10 =99 143
RAEY) CL 12 =100 101
fg%g 5‘5}'@ CNVM 14 =97 119




448 Journal of Remote Sensing

#ERER 2011, 15(3)

4 BT FINEAE 53 HTMODIS —[1]
P A R R

4.1 HERVMETRS Zm R A B EERITE

TE 3T H 5 JRossThick-LiSparse-Reciprocal
(RTLSRYBEARUILAN |, 75 /6 FHAMBRALSH 7 S i i
H #2202 BRDF LN 1) = MR 250, AMBRALSTHE
Pl BT 2B, P REER . K
BRI AR P4, HP s TMODIS i) M S AT
HCRFE T T S R 2R R B 5%, B
I FIMODISTE#IZ 17l 55 L I RTLSREA i A7 — & 2
RS . R)a, FIREACE REQT A, S0t
SR IR A GRS R TR 55,07 1)) (4 S5
R, ARG #E— A MODIS ) P S5 S %
THE R F 7 M 22 (RMSE ) S iR 8 (40045 fiE
J1o HoriiRzE ] ) FoR:

, 1 N ( Rjohs _ ijodcl)Z
) D (3)

b, NEWE, n 2RISR R IR o
I3 ISR R B o WA T, R

FENL,

X204 2 1 B W BCHE 26 2R 21 AN B 24 05
HRRZEH/NT0.1, BT iR 2 2°50.0142
$10.0312, FRIARTLSRAL YN i50 BG4I 2 A7 F 4 40l

o 0.1FY I (E 2R #EMODIS BRDF/Albedoi i 45
%ﬂzkﬂtk“ﬂjghn 45 2003; Shuai %, 2008), Hiif
BALAL, XA, UTLTAMNE B L AR 25 e
BB R —2E, [HEATAEXT R ZEZRIA R, X
AT RE SRR LT R 21 b BT 2 9t AN ] 7 B i
RHE, DL B ARG B AN () BB R 1A K

FT202H b R AYBRDFILI , FA13158 TMODIS
4 ) e S B o i 8t AN T 2 AR 1) A 1 (T
2), XFHCE2BANIERIANIX A LLE H, fELLFIE LT
SR B ANIX>ANIF>1, ik, FATEAR T LA
W X 2020 WL Y BRDFFEA TR« 11450 ()
$, RTRTUIT MRS, KTATM45° BRI
X LI BRDF IR AR By e [m] 5 a5 2 S5 1) #U K T
Hi U . (HEARRT BB TFBRDFIEAR,, FAT
% MANIFFIANIXZ5 8 B SUE AT R W, PRt 2
T M TR A e P S AR R e B R AR TE R AR

AU . FEERZ s IR IE LS, WalE e B LR TR A ) S R R — 2 F R, [EXT
35F 35
30l . -o-ANIFR 30k . -0-ANIFN
. -@-ANIXR o -@-ANIXN
25¢ 251 sete
20¢ 20
15} ¢ 15 i, :
1.0+ () I TP B R AR
1.6 - 1.6 -
14} 14}
12+ 12k
= ’ S - Loa .
E 1.0+ 3 . ER. Ello, . ,‘.'. .. L S
0.8 . 0.8 e
0.6 ! 0.6 1~ \
0.6 - 8-
041 6
% o02] o 4 ,
= ; Lo * )
0.0F e * aia s a oot Peia ) v 2t . e
02]0 ., i ol s .
ﬁ%ﬁ%ﬁﬁﬁLmﬂﬂ%%ﬂ g$§m§ ﬁﬁ%%ﬂﬂﬁ&MﬂﬂWWﬁzgiﬁmﬁ
EHHH%%&%b%méé%mﬁﬂtMm EHHH%%&%%%MT?%WHﬂtMI
ﬂ@@@%ﬂliﬁ%ﬁﬁﬁHKKﬁﬁﬂ ARG R HREIEERE R 8w
ﬁﬁ%ﬁw&ﬁwﬁé%@@ i?%ﬂ&%%F%%%ww

F2 132040 BRDF AL 3451521 () MODIS {45 [ S £ B 8 4



T8 25, PEAEMODISHUBRDFS BE S 5 449

WU 5E 3 [ BRDFIE AR, fAAE 5 )R BRE . DAAG G
T ANIFFANIXH SCHR 7347, 2504 h/EBRDF DY
TERON I 434 b, XE A48 s BRDFIE AR 19 fig 1 ik
DArHT

M2 P A AFX T, AT AT LIE H AFX
A IS 148k, X R AR fboE th LA 2 AR i
AR AU ISR A AR RN ), X R AR L
FARMBRDFIIRI KR, AP —L 00T,
NDAXMISSIE & T 2 ML 20N BE s E R, &
TR I B A BRDFIE AR A6 7R B AR i

42 ETRANBENRESHIR

WETRTIE, MODIS - [a] P S 5 Ff FEHE B #4 1 1K
T8 ZIRSh ) Mk SO, R, SrAT
P S HAE X 2041 BRDF LI A8 1k, A7 BT HH i
MODIS [ PE S i BEHE 2. FRAT1GETT T 204 bW
W IT RO R SR I, 2R S5 R E(FR4).

=4 T AHR20HBRDFWN N K ES 2 A ELETFA LA
F AL IR INE R ST

SR Hfa ES EEES i
VOL_Red 0.0601 0.0527 0.8759
GEO_Red 0.0248 0.0271 1.0928
VOL_NIR 0.1869 0.1202 0.6433
GEO_NIR 0.0303 0.0324 1.0673

R4 LA 1, AL AN B, JU a2
SHIEARSEE , WHURSE B R TIUDEES
o eSS RZBOTUE L, UGS 50T
TR SHERI N B, MR S0 L]
HHFBHIN KNG, TELLIIMNEE:, RBU S50 B
b G, JUDE2ES B BORUE LM BR
INFIEE o PRORPEAZ SR SIS vy | AT 3 B A
5k 2 N REAIL 3 A 2 403 B TR B 28 5 | R A 22 O, L
A TS 3 T B Ry 22 el ) T B3 5 | 1 B
WHUR . B, UGS BRI HIUR S50 L B
R, FTREE I TRt A RIS S ] 11 [R] B R ) 40 A A7
HENNES

AT T AR UL 2 S E0 PeE R AL
(RH)(FS5), B SN REW T, JATE
MR S H e AN TR B 2 (R AR e . RSl LR
U EE SR AR I 2T I 2T gk BRI 2

L0.84, AU ZEELL T 2L B i e
FHULHF0.022, FHA XA B0 R U S 4R 4
PETE SR b RBORE B, I, 7E iR )E
BF, ZLFE 2L A BER AR S5 D2 28807
RESS AT o X [ — U B 1 > S 850 A O
FELLW B, JLMDEA S EORAR U S 500 H DG 38
T (HE R B R0.6), X FILLIANEEE, JLes#
SHCREUEN SHBULF A, efe RECH
0.083, X F BT £ FME B AU A LA e S 40
REAR LA Al (MR I E ., BT 3
FrtEnTRES A H.

RS BBHEESILARZSHORERBR)

VOL_Red GEO_Red VOL_NIR  GEO_NIR
VOL_Red 1.0000 — — —
GEO_Red 0.5856 1.0000 — —
VOL_NIR 0.0220 0.0054 1.0000 —
GEO_NIR 0.5795 0.8435 0.0833 1.0000

4.3 MODISfEis# iz BRI

AR T MODIS ) P S 5 A FE R £ = [ Ay ke
FE AL, DIWhE & A R R R S A B A 15 B
TR, F6;EMODISHI TR P e 75 ko6
ATLE M, XFR—Bez E], ANIFRULAN A Z [H A7
FEG B ARDG, filln, AR B A ANIFFIAFX
Z Bk E BB M0.5—0.65, A TA] I Bt AY ANTF A
ANIXZ [RIFAH I A, BT HeE RECRT0.9,
X UL ANTFRTANIXAE7E 3 AR Ay . ik, I8
AT AEMODIS [ PR /R A 77 il b B ANIF, 3
A B F U8/ D MODIS [y 14 U # R 0™ i i £t
i, AR A R T REAN 237 A KRR

=6 MODIS”HERSTAEZBMRERE
ANIFR ANIFN ANIXR ANIXN AFXR AFXN NDAX SSI

ANIFR 1.000 — — — — — — —
ANIFN 0.435 1.000 — — — — — —
ANIXR 0916 0.387 1.000 — — — — —
ANIXN 0.607 0.944 0.592 1.000 — — — —
AFXR 0.501 0267 0.229 0.274 1.000 — — —
AFXN 0.027 0.659 0.007 0.429 0.104 1.000 — —
NDAX 0.221 0.078 0.323 0.007 0.000 0.519 1.000 —
SSI 0.096 0.374 0.015 0.235 0475 0.542 0.216 1.000




450

Journal of Remote Sensing

#ERER 2011, 15(3)

%7 MODISZ a4 51 fa EEE HIFIND VIR R E B E(R)
ANIFR ANIFN ANIXR ANIXN AFXR AFXN NDAX

SSI

NDVI 0.012 0.325 0.001 0.175 0.200 0.589 0.366 0.829

4.4 MODISZ [ & 8f fa BEig ANt ig sz mH)
HEME

AT T MODISH LA B2 8 B0RIH — b Al
PHEENDVZ [P AR, LAATHT 4 ) S
A EEFREOREXT TFND VIR B it . NDVIE# T £L R
LIANN BRI RS 22 S, 00— b BRR S T , E
E R RO A E I BE SRS, oA FAIfE
HE .

NDVI=(Ry —R.,)/ (Ryx +R.y) 4)
o, Ry MR, o530 36 78 TE L1 HGIT £1 40 gk B 1 )52 it
K, 7E, NDVLEF FIMODISHINBAR S ([
RGN ER RGBT, I, NDVIE—/H%
W, A5 m RS A R E . R
A, BAGUL, MODIS P i B FEEURIND VI
Z A BN E R B, BEIAMODIS [ i) 7 s bt
TR & 5 SNDVIR R 115 8 A

X FSSIENDVIZHIF LR, Gao 4(2003)C
HEAT LB A AR T, AERCFRATTSR A T 2R Ty
2, M TAFXHINDVIfY R, &AM AFXA

AVERT o % T HAB A JUAS £ BE 8 B mT DLk 720
15T o

EI3R/R T 2L AL 2L AN B AFX 5 NDVIZ []
FIBOSE . WEIBFT LR Y, 45 ) 5 1 2 36 F0m
9 — Al 8 B R X R A, ULBINDVIA
AFXH ARG R &, WA L, KRMAFXHEXS
N REINDVIE . X Ut AFXFINDVIA AL
oy, BT RE R BE A B SR . (HAFXAHIXT
FNDVIAEL LW, AFXAEFNDVI, Bk
e M R 1 5 1) S ) RO AR S R A b3 E AR
M8 4k . FEND VIR EE 75 [ N (0.3—0.7), AFX
P25 T 1, (HYEND VIFAK 3 (0—0.3 ) Fl & i (0.7 —
1.0)iX PV Bl AHIE AND VA XTI A AFX 4 {H
AEZ A, B, fERLsMER, ENDVIF
3, /NEZ(CUW)IAFX A 1L 4% (S2. S3.
S4FIS5) FIFE B 1) B HL(GSFIGA) K . #ENDVIfY &
i, KE(CSTHICS2)FI/NZE (CIW) Y AFX 4 {22 1
FEM(OBS. OJPHIASP)AFXAYME K, XK MK
VEDI I RE R AR — B0, R w5 R B0 L AR AR
FERE () - ST A 38 5] Fgi b A X RhEE F G 22
SEUE T ARAEYTE T 214 B i) (A IS 3500 B A B
o TELUPBL, RAEY, JUH R TGH) 2217454 (Ran-
son A, 1985)fi JLAu[ a5 g B fin kb 2 . 113 Ui

AT BIND VI G B & &, MAFXBiZE M T AFXA] DIAESCRp AR BE I e e o A e 45 4 1) = 4
FhIEAHOF SR A AE e e — PRl AR e B, X ENDVIFIA &1,
1.0 - 1.0 -
*+ ASP .
ASP CIW €S2
08 | < CS2 . 08 | . .
csl OBS  qpp CIwW oBS o cs
| GO L GO
0.6 ‘s 0.6 FS.”
E CC (}l\.'l‘ *GWT Z (;’\'.r(l.\\'l' CC
“ 04 “ 04 L
CL ’
02 S3 cuw 02 | - Cuw
SA g R} < .
S2%,85 GA «S] S4:85 GA .Sl
0.0 RIS AFXR | RS > 0.0 < RIS ES ARXN | RS 5
706 0.8 1.0 1.2 1.4 706 0.8 1.0 1.2 14
0.6 0.6 0.2 0.8 0.8~ 0.8
) L AFXR=0.738(S4) AFXR=0.946(S1) |AFXR=1.263(CIW) . 0.6 AFXN=0.737(84) | 1 AFXN=0.997(S1) |
04t 0.4 ¥ o —
= | 0.1 \/ R 04 041 0.4
= o2y 45 0 45 o 45 0 45 45 0 45 02 45 0 45 02 45 0 45 02
0.0 - | h - i ; 0 . i h 0.0 . i h T
T WU A

F3 BT HIFE20ZHBRDEVLIN , £LFIIELL AN B AFXFIR TFOULI A ND VIS 1 (R 75 B34 N3 i 2R 258
T3 MR ) B BRDFFE AR : MRS + 558, SR A0SR B Ko e S8 f /N A Ml s 34/ N R B A AR TE Sl 104 02 17
A ], G0 A 2 A 1 oA BH AT M S 11450 )



FETHE 4. IPEMODISHBRDE A 48 0™ i 451

B3R = A /NERoR T 78 P Hi 7l L,
RE U817/ i P T o M o2 E N o B S a9
HIN/NEBRDFIEARIN2E . WX3AEIE 1, H
B0y - EAE V1 R IR R TR, X AR T
ARAEJE AV HCH WG ) A — AR (e, it
AFAFX<1; XFF P EhmH, BRDF BYIE AR AHXT
Rk, FERE XM R R B — A A g, Ut
BHAFX=1; X8 /N b, AU 3 5
HIZR SRS, S A% i LS P T R B A X
XA RN A, L, BRI — BRI
BRDFIEIR, IWEFAFX>1, ML EAHral LA
AFXXIBRDFICAR A b 48 /m B, O LA %
IO IS

MAFXHEE =0, AT LR H, AFXilLT
PUA TR I P, A5 31 56 1l 3 1oy 1 s S
MERE B, JERBR T H 45 1 R, L,
AFXA] REPE L 5C T 1 22 2% 1) S S S5 0y 5 2 ) 4
o BT ARYE E E R KN, AR Z] s BRDF
B HAWRY /i 6 %0, WANIX, FIHIBRDFJE
ARBIPIAS BLRVELE 1 0 SO TR, X R 75 =
B R PTRERY U . AFXCZ AR J LA
FEAFRON VAR 800 AR RN, P MR SR
TR 2SR, PR B SR R A

4.5 MODISZ [a11% [z 5 f BE HE 4000 S 1E 0

MR ) 1 S B i BCTE 21 R 21 A0 U Bt
AFR R, FAT#H— L5 B BRDF G IERL
Kimes(1983)F1Sandmeier %5(1998)%BRDF ik %
MIAILEI 23017 T8 M 5E B m 530, IAWBRDFIG
TSN, 28 MR S AR, Hb R AL UM R
KENTMHEAERG R . £k, RATEZE XY
BUZEK S BRDFASE Y [ P A BEASER 2670 . L]l
A8 IO R AAS SRS 2580007 R X o 8 R /IO M 4 43 B . FR
Fl4nTLIEH, ANIXTELLIE B E K T 20 oM B
H, XA IS, X AFXCRULIEAH ),
ST LU AN B E R T BefE, RIS TR B 2
R 2, R R ERTH B AR L, FEROE)Z LR
ZL AN B R R R 22 5 . Btk, MODIS
A BRI G B i) 22 PR AT e 5 IRl b RS 1Y
A

TELOGUE B, TR A 2 2R A i W g feff B0k
PRI o, AR A T B ) TLART I 2 A5 4 5

MAELTANE B, 1 v a2 S0 22 J iU s
Be5E, RTINSO AE I £T AN B SE A
AR AU U e AR (B DT AE 1, X
F I E2ABUR A B R 2R, BRDFIEARTE S,
FIA i A6 EC A S5 T AR IS 250 Sy = 1) 3%
M BRDFIIRAE RS FIVA 5 0 S S ) HE R 55—
Se A, ANIXAE R 45 ] S P RSUR 7R R RNV s
SPRI A, —BRNELI I BB R TIR Lo
Bt AR AFXHAR B2 U2 AR 0 AH X 58 55
XFF UGN AR ) 2T B, AFXI (B &
AINFL, R AHUR SN AR R SR AT 2T AN B, AFX
FEE KT 1(E4), Wik, bk ie 5o
SRR AN B 22 5, SCBn 12 th LT eafgon; Al
TACHICRT RN 733K PRI B A A R/ N 1)

35¢

~*-ANIXR
3.0} o-ANIXN »
251 ;_’::o:tb’l/ ,,"' Y
“ : x N
Z L
Z 20 ; ‘ . ; L
1.5+ 0 _o/"'/'o":3}::&:5’{:“ ,"’,,O"'Q“v‘".’:::q
! R N
1042 v v vy ? ‘‘‘‘‘‘
141
-~ AFXR =
Lol o AFXN
X Py ‘\, Lo e
= 100 P ol
F T
0.8} Lo .
g go—0 i
0.6\\ll‘l\\ll\\\lll\\\\ll\l‘JlI\\.AJ\\llw\llll
SRERYDIEL IR D S IEENS
FlliXdanbee <X BERILNT
HegeseEsieeEaE ke
E%Eé‘i@*hﬂ‘%‘%-gﬁ%%%
] hus a

El4 22040 WL LT AT 2T AN BE A ANTX FTAFX

5 FEFMODISKRFEZ IR 31T /A T8
BO™ i

WETATIAR, MODISH) [ P 5 5t e e, —
FR A O A R B T2 X, ANANIF .
ANIXENDAX X6 £ F 48 B 52 R 3 b i)
TR BRDESGREAN , I & BB A I RIAE R 1) 4544
Ko X TMODISIEREERN F , X3 NMERE A
it BhAZ 9K 2 ) BRDF A AU A AL 1 o 33X 2 P ol X 1
MODIST&#IERER , & 12 A B R 3R BUT N RRFE GE
it B AR X FR AT B AR BT A RE (AN A AR 50 Y S



452 Journal of Remote Sensing

#ERER 2011, 15(3)

(Barnsley 4§, 1994), [Mit, 75ZH A HREHIE
XoF X S Ay BE PR A — 2P 1 0BT . AFXRISSDESE T
MODIS#BRDFA I S0k 18 19 45 ) S M6 4. SSI
C 5 T b SR U BRD AR & 2 2K MODIS FIMISR
FHFE(Gao  FF, 2003)#1T T RGEEEM T, HXT
AFXHEZ M ERE A 8T . X FRA PG AT A
L AIMODISRAFEHE AR 73 Hrix e f JE 4L

5.1 FMODISR# T fa EsE#t 1T < i+ &Hn

ERD DT

FATHIEH HMODISHA %5 (322), XTMODIS
) e M I AR B BGHEAT T AR DG TSR 3 R oy
Mro TR, FRATASEERIX P e 12004444
BHAH(177, 193, 257F1273fF0E H ) EEFE20™ i
IFHE T ENMZ A E REU(R)(F8). MWERSTTLLE
th, X TMODISHIERFEFEA, ANIFFIANIXAHICE
8RR, HUOE REZ80.9, X ER L8 ANIFEE
B FH I A B R AT BEAS 237 A T S R
WX AT RISE T L F I ECHE ) 225 R A 2 — 3 o

#*8 MODIS— [R5 f EIEHHREREBR)

ANIFR ANIFN ANIXR ANIXN AFXR AFXN NDAX SSI

ANIFR 1.000 — — — — — — —
ANIFN 0.134 1.000 — — — — — —
ANIXR 0.933 0.149 1.000 — — — — —
ANIXN 0.158 0.867 0.192 1.000 — — — —
AFXR 0.535 0.050 0314 0.039 1.000 — — —
AFXN 0.059 0.711 0.057 0.399 0.043 1.000 — —
NDAX 0.587 0.031 0.604 0.023 0.279 0.027 1.000 —
SSI - 0.112 0.153 0.064 0.050 0.280 0.303 0.030 1.000

T AMODIS — [ 1 S S £ B 415 501 N FE 4E 5L
AT, FRATXRHX 4B MODIS KA £L
AT G 8T o E G b il i — A A,
WA T T I AR B LA A LR Al L, FR=Z
RERSY, B, T Z R . FH )
SIRTEAR, FRATTAT LA X LA A BE R A G
FMATLAE RS T e R EEE L, 7Rk, FRAT)
[F) B X 8 F 9 U I TR] MO DS £ BE 8 K1 REAS K
PEHEAT TR, A4S BRRIEAR AR REAE 1) 5 0] fi
BT 220 E L (F9) 0 TR I 6 A B 5 5007 e AF
R SR, AARTEEMFEINE L, Bl
EAT 2 Lo A5 4, FRATI I FH 3k 26 £ B 8 A5 AH G

KA RAR Y F2 157

MFIRTLIF th, FI34~ RS 7 25 Z 0 i 5
T EH K T90%, BiBIMODISE [n] S £ J
BRI S G B NTE34E . R10%HA T
MODIS i B850 B4~ Lo AR 2288 PEATETAS
FRM R Tk A FERR R A R Ay Oy 2%, L,
AT E ZARERT 3 R T RERY 2

&9 MODISZ a1 & 51 f E e B FHER RS FHE [

ERMBRNATERSL
REAE i A FAIEAR AR 22 T %
1 3.9533 49.4161
2 2.3517 29.3957
3 0.9937 12.4218
4 0.4051 5.0638
5 0.2165 2.7058
6 0.0601 0.7517
7 0.0150 0.1879
8 0.0046 0.0572

FH R 105 IAMFAE [ BT AR, s 4L
FES—NRAF ) P A R B 2E AN, Hoparipl
B BEHR A AR K — 2k, BERHZL R B e
H— TR DT, SR — R R
FIIES, FoATAT LB MODIS i — 1) 52 5t i 45
By s ST IR A SO 3R £ BRI
FREBISH) FA R R, XA BRI R 5 G
BT RS R MM IR B ANIF, ANIXFINDAX,
TESVALRAE ) B rp, RN AR R A T
MRS SR £ B HR RS AFXRISST, 1655 — 4L 4FF
i gt IR E A R A 3k P AL A B R A B
KRFR, TATATLINEATIZRE AT B RE

®10 MODISHFEFMRAERHHERNINERY
PCHill ANIFR ANIFN ANIXR ANIXN AFXR AFXN NDAX = SSI

PC1 -0.444 -0.357 -0.4273 -0.336 0.361 0.311 -0.254 0.297
PC2 0.273 -0.440 0.2523 -0.382 -0.229 0.426 0.529 0.092
PC3 -0.165 -0.164 -0.3121 -0.374 -0.350 -0.182 -0.049 -0.742
PC4 0.036 0.024 -0.2265 0.267 -0.732 0.394 -0.370 0.220
PC5 -0.039 0.001 0.1129 0.398 0.316 0.653 -0.040 -0.547
PC6 -0.521 0.242 -0.3096 0.253 -0.138 0.039 0.696 0.075
PC7 0.134 0.767 -0.0778 -0.531 0.045 0.323 -0.018 0.002

PC8 -0.640 0.067 0.7003 -0.159 -0.197 0.031 -0.174 0.010




T 2, PEAEMODISHUBRDFS B 5 453

1 IANIF, ANIX, NDAXHISSIFY AL
Q)T LW, X TR R, SSIFIAFX
Wit 5 R 3SR 0007 B 34 i T B B AR K A X MODIS
2 ] S BB R BT T g, DA ROk 3
MR, EATRIBRDFIE IR 3 #2230l — i 1]
R AR, LA LA RN S FE A SRR, AT
[BRDFIZAR B H RN I 0] U A B R A i) J2 T
AR BEA H 1) S BT T LA G2 R0 B A

XF LA BN R, PR, T RS RN A5 R L
M ANIXA FREREE, B TANIFAIANIX S A
XK, FTLAANIFA 23N R34 . NDAXJELLFIELL
SN BOA—E I ANIX, LA S T RR IS
A LA M mT A, B b B SR A LT
FIREC A AR M, ST ISR IMODIS 1 £ 15
BORIEE TR S50 MODIS £ J 45 502 Tk S 8 56
F, XHHEIERS IR E OR300,

Gy BTS2 1] A R BRI T LB, i
AN S R AR A= Z SN U & S E R B R A Y3
B BB AR, RS2 B BT
ANIF, ANIXFIAFXX 3/~ B8 BUTE L1 R 2190 %
By ek Z (B 22 5 o AN ) TR B A 21 RN 2141
TR RN ZE S, X3 B B2 S B
e T BRDF I ARAE X AP B AN TR, B RN T
BRDFIDEIERN Y25 5 o X FMODISHY 45 [n] S L
UAL S WA ot 5 S K 0 ot 2 S A 7N N
N, (LTI B 45 i SRR R R B — R
A RGN ETOR . AL oM B, ZEaL
Ry, JLHNT TSRS, AR E
PRI T RSN, (T £ A B 8 25 1) S 1
SR RIS — R BRDEFIE R . i DL 143
Brel A, o TR A iU 25 A AR L
FELTFELTANE B, MR 5 S I AN 45 i S
B, X5 R T A SR 2R AR 1) e TR
ORI .

X F A 3ANRAE [ B, SSIRYRE RBUR K, H
JT A 1 ZR B0 R A, 0 B 45 A1 B 8 B0 55 3 32
Oy A AR A A BTk . T MODIS i B 48 B2
Bl Ml 2 1 45 1) S O B A s, T A% 1 SR
SRR RIS A OC, BTLL, 3N REAE ]
A AE S R B 25 40 A S £ 4 I EROmT A, &
3 F WA BT 2 12%, F A3 SRR

) H AR BT BE PR LB B A5 B AN
R T I RS 5%, IR AR w4 4 e
REAR LS R BRI A G £, EH e ft
LIRSS s

52 ZHHMODISHERHMENTENEN

BT MODISFEA S (F22), FRATH 5L
56 DX JLAS BT b RS EAT RN Ty 2 1 Ge i, X
X5 10 FH # B HSOK 2 e i 3R 43 SRS B A H Y
& X, SandmeierfliDeering(1999)L4 K Bicheron#ll
Leroy(2000) AR BIXS TRl FAR g Y, £ ) S PR
BANIX)FFTER RN T 26 SRIN0, ARl
HE— 253 A1 O 22 Bl B AR A B A o ARG OR i
HAYMODISEEAR KRR, LIANIXFAFX A, 5
TR EEREA I . 7 2 SR, T T A
SV A R R B 21 B R 21 N B T 25 B AR Ak
A, S RBOE SONPREZE S EERM A, BIE
B 1 B () P BN R X A 1 22 A B Rk AR S
FREE LR

550 78 T P4 Hi 8 MO DIS 4% 6] 5 £ B 45
BANIXFIAFXAE UL LT AL 35 Be 3 . T 22 AR
SRR MHANIXFIAEXA] LIEH, XA ETE
BOTE L1 R 21 A1 i 3 (728 Ak 3R IR FUAH G
XFTANIX, ZLPBE R TIEL oM B E, *F T
AFX, ELTAMEB R T B, XM sy
A3 BT SR VAR 1) () 25 SR — B0 o IE Qi T 43
Br, eGSR 2250 1 P BRHIL A B LA e i
R A RO 2L IV E A5, JF 5 R 1451
AX,

a7 IGBPR B RE AL, XIS 45
TRl 28 TR 349 1 A8 A AtE — 2P i 4 A o IS i
(AR B S LB A ] LAy S R . A B S F 1Y
FRFI LA FE SR A5 A0 I AR A . ARARAE AR
DLH S AR B 25 0 R B Oy LAY, X T SR
R, A S RS R P E T e A B Y R AR AL
N, MASEFEVERR, BIFEE, BIWE, HRIRE,
P ST A T AS [ % B PR M, R s 3 S R
JE o BT IARIG X AR R BEAL AN S R R AR LA, B
SE T I ) B 5% 3000 T REFAS 1) 45 X PR B 28 78 . MAAY
JIAZ BR ShA5RY f JL A S AR O RO 2R RDR M, A IR
ARG RE I H TR E T A B 2SR A] R LU LA 2y R
KE. MR, X FES ARG, R R AR



454 Journal of Remote Sensing  # & 54k 2011, 15(3)

ANIXIE R 22

2004-06-25 2004-07-11 2004-09-13 2004-09-29

(@)

04

ANIXFY7E 57 220

2004-06-25

2004-07-11 2004-09-13 2004-09-29
(©)

12

0.8 -

AFXAYHIER 2

04 -

0.0 "
2004-06-25 2004-07-11 2004-09-13  2004-09-29

(b)

04
03

02

AFXAY7E 5 2 AL

0.1

0.0

2004-06-25  2004-07-11 2004-09-13
()

2004-09-29

OO smershigy B 2034 E:

5 (a)Fli(c) W ANIXFEILLAMSE BORMLLI B ME, 7 22 RV S R4 (b)FI(d) W AFXTEIELLANE B L% B 341K,
T3 25 7S S Z R0 (T B B A R BN AR Y], TR (O AR REFR LT AN B, IR R R 2T B s 4 H )
FHRT A/ N SR AR TIGBPAY AR R I IR SRETHAR(ENF), TRAMRME) , FEiHEAMROS) , Bt KaR(wWs), &
HI(CL) , RAEYFHHLCL), ARAEYR I SRAE B R HB(CLVM); () FI(b) 18] P AR 22 AR — A Riis s (b) R P s
LRACRAEAFX=10F, £ bR A T WA U

WA, EANTRSE R E R T DR BERL A, X
TR — PR A, AR AT I I
ERXFPACR AR FATRIE , 2 R B A S LA
A A% 0 S AT AR — A 18] T3 A7 e (LY J28 T
AR, T 5 07 2 T2 TR BN A 8 SR — A i 17
FHEBOIR o It BRATHIIX P AU A S8 B UL
W, 132 A BRDFEARM H X MR E &
X P~ SR BRDFIZ AR, 38 5 AN [ 19 5 By
K, MR T AN ] B B Xk IR BH e 2 B W AT A B
RN, XA R LA G 2 B AP IO A D' 1 %
I DR E (1 o

LR S AN R LS R AR LT R 21 /Mg BE T 22
AT LIE AR T2 B, ZLi B B B HL
W72, BN S RECEN BRI TiX—8.

KISIX A 1 BE R 0 A8 S RECATLAE Y, AR B
JAI AR S R BAR LTI B G 2T AN BE R, R IATRAT
BBOT 2R T HME I B I ANIXFIAFX A
FEFRB A R R BT AT, AFXILANIXA B/)
P22, UL AFXOH TR BIR R Hh 2S5 A T R
SR EE R

R T B EEI UG SRR PR AT S
AR AR AL, BT[] — e Bl R B AN ) ek [
MR, FRATTIHER T XN T S50 X MODIS KA 4l
AR B e Rl PO I (L (R 11 IR TTAT AR
S X X TR B SR I P AR 22 A K, — S
A e EOT iR sk, 6 HIRETH T h), Hpisk
JERB KM, 8H T, MGG TR, 9H
JRELI0A W], AHSRE R E



T 2, PEAEMODISHUBRDFS B 5 455

&11 MODISREEERMIREHE

0Gl OGmax 0GD OGmin

ENF 05-18 07-08 08-23 09-26
MF 05-17 06-27 08-25 10-03
0s 05-22 07-12 08-30 10-04
WS 05-20 07-03 08-26 10-03
GL 05-20 07-10 08-28 10-05
CL 05-20 07-17 08-23 10-05
CNVM 05-11 07-15 08-18 10-08

E: OGI, OGmax, OGD, OGminfi &g EEFF IAHE NN (Onset of Greenness
Increase), ZEFE AN FFLA (Onset of Greenness Maximum), ZEREREATIY
FFf(Onset of Greenness Decrease) FlIZE % fe/IME FIFF U (Onset of Greenness
Minimum), #4757 -H). ENF, MF, 0S, WS, GL, CLFI CNVMIHLE
A EITHI

AT 20T TR, JUATG A FIAHICH PR A
G 2RI R ARG B 1) R/ NERSE T AFX AR R 58 45 B 1
WAL X TMODISRAEEE, HEsal LA, fELL
Wb, PrARIREREERY, (EARRIRmE], #A AFX/)
T1, RUTENTHIUDE 2NN &, s —
MNETURABRDFEAR . FEITLLAMNBL, X AR
FEAY, JURDE A RRTBE A A A e B R R
Ak, BRI, TEANFRIIIAR b, H gk Er bk
9 TLART G 27 RO, R TSR R0, AT A AFX <1
KA RN A SRR R Y, BN AL
BLR T IUT G208, A AFX>1, HAB A 8
FAL, AIFRIR G TREHE AR | AR R 5
Hb, FEERFEERIN ], i T AR SOW R T LA
PRV, EAFX>1; fERERD, o TR A
b, AREURE A IS SR 2, S EULDE
ROV T ORI AFX <1, MAE#E %5
PSR, AR B I AR B AT ML 2 0 AN [) 20051) 1) SR B 245
1, AR A A8 ] RO BERL A, RS K
S HA 2 RAL T W0 A AT, O BE 1] Y22 A T
A, U, BATATLEH, AFX SRR A4S
AC, JFRERARIT A L, P, FRATA AR
AFXCRIX P AN R ZSH AR, LA R ZIX SEAE 1
SEF R AR AL B

6 %5 i

MODIS % [l Pk 5Uf fA BEFe BUR TR 45
KIR S BRDFRLI | X b 3 Y 45 1) S Pk O AR X
FA T o AR 5% 1 Hh & BRDF A Hs 5 K AL 3
MODISRAEE G, XFMODISHY i) 1 52 5 1 15 %

FEMPET TN RGN A . At AT T LA
i, MODISHY —fm] ¥ S 1 BEHR BOR [l 615 5k
(UINDVY), ENfTEH SHEEA CHE SR, B
A AT RE I B AT R B U R A S5 (5 B o i Xt
Hby 2R 12 A5 A B BCRAEEE AR G AT R I, 7R
ZTFIT £ A B 1 4% 1) 5 1 AL F- (ANTF) Rl 45 [ S
FEEL(ANIX) A B A DG, 5 B3I 4% 1) S PR 4R 4L
(ANIX)ZE R SRS pi S S B B0 R Sl 28 7 R
A EARIE, AT AW ANIFAETR S, X
AR THREHRMODISHY f BEFEEU™ i, (H X A1 T 2
FABEFREO™ S T REAS S KIS

i 5 XM ODIS [ 1) P S 5 A B 48 Bk T 3
I35, A5 HMODIS Y — [y 1 5 S5 £ B 5 B A J2:
WTE 3 4E, R T4 FRUr TR R R Lo X
— BTN 2GS S 1 E R T, TR 3
FHGH K A A& AR BRI AL DTk, PRt T e
FEIE MRS A R, R T BT 224
10%1{7 B it o

AT — L5 TBRDFIEARFAFXI LR, &
ILAFX R0 5 P S A HUR 2B A AH XS KNG G,
B AE 78 E BRDFIIEAR A E 1L . AFX < 1R JL
f2EHUR R 325, $8R 8 — A E TR BRDF
AR, IR W AT W HUH 7 1A — A A
AFX > L RIRRHES N £5, f8m & — Dok
BRDFJEAR, AR AR R T [ (1) S S8 38/ N T KBS
T R EE; AFX=145 /R & — P8 F AR BRDFIE
MR AFXPBfE W BB AT AR fL, IFERUAS ] e
S b REEHIAT

i 43 HTrMODIS ] P S 5 £ B2 48 R Jr 22 Bl
M NP B AR AR, A B S A PR R AT
BB T LT AN B B B O 7 22, T [m] Mt 6
HH AFXEN T Z/NFANIX, ik, AFX{ENE
TGS AR TR 5 7R s M 3R 7 NG B 25 Ty TR T B &
i FANIX

MODIS Z [} 14 S 5 £ FE 46 0™ it BRAE &M ODIS
PR R A — A A R A, B SRR
MODIS BRDFFIJ B3 i AW 2, DL R R 4b
T 4 S5 R L PR TR R G WINPOESS(National
Polar-orbiting Operational Environmental Satellite Sys-
tem), ASHFFERLARE 230 i 4 B A% ks dn o] 4 AN
FATE 25 1) S P AR BEFR A, DAH R M e 45 1) Sk S A
KN, BA B T8 SO SE BRI AN



456 Journal of Remote Sensing

#ERER 2011, 15(3)

MODIS . [u] 1 I 55 #f B #5855 H XFMODIS BRDF/
Albedo®vE 4 Ui (full inversion) %L, Hitk, XFT
16d—NJE I 2R Z a7 5, T a RS
Werszm, BIREBICE S T Terrafll Aqual iME
JEAR LIS, AFLH 5 AR AR AR DX IR s [R] 73] L
—ANSERE MODIS . [i) 14 SR Y 4 R s, X ok
DX I K s ] 91 5 JFIMODIS Y — ) P S i £ 4
B AE DRI A BR 43 287 i 9 L A ok TR I
PRIE ., — DI Rl At B2 G B AR 51 ) 1
S DA A R O MODIS i BEFE B0 i, X245
JEbF5E MODIS i BEFE 0™ i i — AT REJT [0]

REFERENCES

Barnsley M J, Strahler A H, Morris K P and Muller J P. 1994. Sam-
pling the surface bidirectional reflectance distribution function
(BRDF): evaluation of current and future satellite sensors. Re-
mote Sensing Review, 8: 271-311

Bicheron P and Leroy M.2000. Bidirectional reflectance distribution
function signatures of major biomes observed from space. Jour-
nal of Geophysical Research, 105 (D21): 26669-26681

Deering D W, Eck T F and Banerjee B. 1999. Characterization of the
reflectance snisotropy of there boreal forest canopies in spring-
summer. Remote Sensing of Environment, 67: 205-229

Deering D W, Eck T F and Grier T. 1992. Shinnery oak bidirectional
reflectance properties and canopy model inversion. [EEE Trans-
actions on Geoscience and Remote Sensing, 30 (2): 339-348

Deering D W, Eck T F and Otterman J. 1990. Bidirectional reflectances
of three desert surfaces and their characterization through model in-
version. Journal of Agricultural and Forest Meteorology, 52: 71-93

Defries R S, Hansen M C, Townshend J R G, Janetos A C and Loveland
T R. 2000. A new global 1-km dataset of percentage tree cover de-
rived from remote sensing. Global Change Biology, 6: 247-252

Friedl M A, Mclver D K, Hodges J C F, Zhang X Y, Muchoney D,
Strahler A H, Woodcock C E, Gopal S, Schneider A, Cooper A,
Baccini A, Gao F and Schaaf C. 2002. Global land cover map-
ping from MODIS: algorithms and early results. Remote Sensing
of Environment, 83: 287-302

Gao F, Schaaf C B, Strahler A H, Jin Y and Li X. 2003. Detecting
vegetation structure using a kernel-based BRDF Model. Remote
Sensing of Environment, 86: 198-205

Hu B, Lucht W, Li X and Strahler A H. 1997. Validation of kernel-
driven semiempirical models for the surface bidirectional re-
flectance distribution function of land surfaces. Remote Sensing
of Environment, 62: 201-214

Irons J R, Campbell G S, Normal J M, Graham D W and Kovalick
W M. 1992. Prediction and measurement of soil bidirectional
reflectance. /EEE Transactions on Geoscience and Remote Sens-

ing, 30 (2): 249-260

Jin Y, Schaaf C B, Gao F, Li X, Strahler A H, Lucht W and Liang
S. 2003. Consistency of MODIS surface bidirectional reflect-
ance distribution function and albedo retrieval: Algorithm
Performance. Journal of Geophysical Research. DOI: 10.1029/
2002JD002803

Kimes D S. 1983. Dynamics of directional reflectance factor distribu-
tions for vegetation canopies. Applied Optics, 22(9): 1364—1372

Kimes D S, Newcomb W W and Tucker C J. 1985 Directional re-
flectance factor distributions for cover types of Northern Africa.
Remote Sensing of Environment, 18: 1-19

Lucht W, Schaaf C B and Strahler A H., 2000. An Algorithm for the
retrieval of Albedo from space using semiempirical BRDF Mod-
els. IEEE Transactions on Geoscience and Remote Sensing, 38
(2): 977-998

Nicodemus F E, Richmond J C, Hsia J J, Ginsberg W I and Limperis
T. 1977. Geometrical Considerations and Nomenclature for Re-
flectance. Washington, D.C.: Institute for Basic Standards

Ranson K J, Biehl L L. and Bauer M E. 1985. Variation in spectral re-
sponse of soybeans with illumination, view, and canopy geometry.
International Journal of Remote Sensing, 6 (12): 18271842

Roujean J L, Leroy M and Deschamps P Y. 1992. A bidirectional reflect-
ance model of the earth’s surface for the correction of remote sens-
ing data. Journal of Geophysical Research, 97: 20455-20468

Roujean J L, Tanre D, Breon F M and Deuze J L.1997. Retrieval of
land surface parameters from airborne POLDER bidirectional
reflectance distribution function during HAPEX-Sahel. Journal
of Geophysical Research, 102 (D10): 11201-11218

Sandmeier S R and Deering D W. 1999. Structure analysis and clas-
sification of boreal forest using airborne hyperspectral BRDF
data from ASAS. Remote Sensing of Environment, 69: 281-295

Sandmeier S R, Muller C, Hosgood B and Andreoli G. 1998. Physi-
cal mechanisms in hyperspectral BRDF data of grass and water-
cress. Remote Sensing of Environment, 66: 222-233

Schaaf C B, Gao F, Strahler A H, Lucht W, Li X, Tsang T, Strugnell
N C, Zhang X, Jin Y, Muller J P, Lewis P, Barnsley M, Hobson
P, Disney M, Roberts G, Dunderdale M, Doll C, Entrmont R P,
Hu B, Liang S, Privette J L and Roy D. 2002. First operational
BRDEF/Albedo nadir reflectance products from MODIS. Remote
Sensing of Environment, 83: 135-148

Shuai Y, Schaaf C B, Strahler A H, Liu J and Jiao Z. 2008. Quality as-
sessment of BRDF/albedo retrievals in MODIS operational system.
Journal of Geophysical Research. DOI:10.1029/2007GL032568

Vierling L A, Deering D W and Eck T F. 1997. Differences in arctic tundra
vegetation type and phenology as seen using bidirectional radiometry in
the early growing season. Remote Sensing of Environment, 60: 71-82

Wanner W, Li X and Strahler A H. 1995. On the derivation of kernels
for kernel-driven models of bidirectional reflectance. Journal of
Geophysical Research, 100: 21077-21090

Zhang X, Friedl M A, Schaaf C B, Strahler A H, Hodges J C, Gao F,
Reed B C and Huete A. 2003. Monitoring vegetation phenology
using MODIS. Remote Sensing of Environment, 84: 471-475



