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Abstract The surface bidirectional reflectance distribution
function (BRDF) is an important factor in depicting the
bidirectional reflectance characteristics of the land surface.
In this study, BRDF is first inversed using a semiempirical,
kernel-driven Algorithm for Model Bidirectional Reflec-
tance Anisotropies of the Land Surface (Ambrals) model
based on 4-day charge-coupled device (CCD) data from the
HIJ-1B satellite under clear sky conditions. Then, according
to application needs, the inversion results of different
angles are unified to the same observation angle to realize
the radiometric normalization of BRDF at different view-
ing and incident directions. Finally, the inversed BRDF is
compared with the measured BRDF in the principle plane
and perpendicular plane of the Sun, respectively. The
results show that: (1) The inversed BRDF based on the
kernel-driven model is in good agreement with the mea-
sured BRDF. (2) The vegetation bidirectional reflectance in
a backward scattering direction is higher than that in a
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forward scattering direction in the principle plane of the
Sun. There is also a “hot spot” in the backward scattering
direction. Additionally, the forward bidirectional reflec-
tance is symmetrical relative to the backward one in the
perpendicular plane of the Sun. (3) The geometric optical
effect is more apparent in the visible bands of HJ-1B CCD,
while the volume scattering effect is more significant in the
near-infrared band. The Ambrals model and the procedures
used in this study are effective and adapt to the charac-
teristics of HJ-1B/CCD images. Therefore, our findings
could advance the applications of the HJ-1 satellite and the
development of quantitative remote sensing.

Keywords HJ-1B/CCD - Atmospheric correction -
6S model - Ambrals model - Directional reflectance

Introduction

Due to the complexity of three-dimensional geometries and
spectral differences in surfaces, remote sensing data
obtained under different viewing directions and incident
directions show obvious anisotropic properties. This cre-
ates difficulties in comparing remote sensing data acquired
at different times. The land surface bidirectional reflec-
tance distribution function (BRDF) is a function to study
the anisotropic reflectance characteristics of surface fea-
tures. It is one of the most important parameters to char-
acterize the Earth’s radiative regime and its subsequent
impact on biospheric and climatic processes (Dickinson
1995; Lofgren 1995; Zhang et al. 1995). Accurate inver-
sion of BRDF is significant for many remote sensing
applications. Recently, studying BRDF has become
increasingly important for the development of medium-
resolution and multi-angular remote sensing in Earth
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observation systems. BRDF enables the comparison of
remote sensing reversion results in varying geometric
conditions. It further allows for the extraction of surface
physical parameters and critical conditions of the Earth—
atmosphere system. Nicodemus defined the BRDF pre-
cisely in the 1970s. However, mechanistic research on
BRDF was not conducted systematically until the 1980s
(Liu and Fan 2008).

To better understand the bidirectional reflectance process,
scholars developed a series of theoretical models, including
statistical, physical, and semiempirical models. The statis-
tical models are relatively simple and practical, but lack
theoretical and logical relationships between parameters.
Physical models are theory based, but sometimes integrate
too many assumptions and negligible or non-primary factors.
Semiempirical models were developed to integrate the
advantages of both statistical and physics-based models.
Representative semiempirical models include both linear
Kernel-driven model (Roujean et al. 1992; Wanner et al.
1995) and nonlinear models (Rahman et al. 1993).

Recent studies on radiometric normalization of BRDF
are based primarily on advanced very high-resolution
radiometer (AVHRR), multi-angle imaging spectrora-
diometer (MISR), MODerate-Resolution Imaging Spec-
troradiometer (MODIS) and Landsat Thematic Mapper
(TM) data (Comar et al. 2014). The AVHRR, MISR and
MODIS sensors have a large width and wide field of view.
Due to this, they are able to receive adequate data within a
relatively short period and can subsequently retrieve the
BRDF with semiempirical models successfully. However,
the wide coverage and low spatial resolution of these
sensors may lead to mixed surface pixels. The TM sensor
has a high spatial resolution that is able to better reflect
surface details. However, it is not suitable for a wide range
of real-time surface BRDF inversions because of its narrow
width, low temporal resolution and single angle. The
Chinese satellite HJ-1 has several advantages for BRDF
quantitative inversion, including its wide width, high spa-
tial resolution and high temporal resolution. To date, few
studies have demonstrated short time retrievals of multi-
angular data of each pixel in HJ-1/charge-coupled device
(CCD) images. Therefore, it is important to explore the
surface BRDF model of the HJ-1 satellite, because it can
further the development of quantitative remote sensing and
satellite data applications.

Data and study area
Satellite data

The HJ-1A/B satellite was launched on September 6, 2008.
The CCD data of the HJ-1A/B satellite have four bands

@ Springer

with a spatial resolution of 30 m, time period of 4 days and
a Universal Transverse Mercator (UTM) coordinate sys-
tem. In this study, the HJ-1B/CCD (Table 1) is the data
source and the subsequent CCD multi-angular reflectance
is normalized using a semiempirical model. In addition to
data quality considerations, we also took the satellite
observation angles into account and tried to choose satellite
data with large differences in observation angles to better
reflect the anisotropy of surface reflections. Finally, we
chose 4-day HJ-1B CCD data under clear sky conditions
(July 30, 2012, August 3, 2012, August 5, 2012, and
August 6, 2012) to get multi-angular observation data of
each pixel to inverse the BRDF.

Study area

The study area is in Xilin Gol, Inner Mongolia, located at
43°24' N, 116°48’ E. The area has a flat and homogeneous
underlying surface (Fig. 1). It is located in a semiarid
grassland climate with a cold and dry winter and a warm
and moist summer. The area has steppe vegetation that
includes goat grass, grass and forbs. A 15-day field spec-
troscopic observation experiment was performed, and
multi-angular spectral observation data were collected.
Figure 1 shows the experiment location.

Ground measurements

To check the precision of the BRDF inversion results, a
series of grassland observation field experiments were
conducted between 10:00 and 13:00, from July 30, 2012, to
August 10, 2012 (N43° 26’ 26.5”, E116° 39’ 58.8"). The
multi-angular characteristics of grassland BRDF were also
surveyed. The surveyed grassland is a pristine semiarid
landscape with sparse grass. A field-spec FR2500 spec-
trometer (ASD Inc., Boulder, CO, USA) was used to
conduct the multi-angular observation experiments on
cloud- and wind-free days. The top of the spectrometer was
2.0 m from the ground. The measurements were repeated
twice for each viewing angle, and average values were
calculated. We measured the reflectance spectrum of sev-
eral solar zenith angles in the principle and perpendicular
planes. The solar zenith angle is positive when viewing
directions and incident directions are on the same side;

Table 1 Characteristics of HJ-1B/CCD

Channel  Spectrum (um)  Spatial resolution (m)  Spectral types
1 0.43~0.52 30 Blue

2 0.52~0.60 30 Green

3 0.63~0.69 30 Red

4 0.76 ~0.90 30 Near-infrared
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coincided with the north direction. The zenith angle was
increased clockwise from 0° to 60° with a step size of 10°.
Five lots of BRDF data in each survey area were obtained
using a reference plate before and after each lot of grass-
land measurements.

Methodology

Figure 2 describes the stepwise workflow.

First, we applied radiometric corrections to the multi-
angular images based on radiometric calibration coeffi-
cients published by the China Centre for Resources Satel-
lite Data and Application. Then, we created a look-up
table based on the 6S model (Vermote et al. 1997) and
applied an atmospheric correction based on the atmo-
spheric correction parameters obtained from the look-up
table. Finally, we calculated the inverted BRDF based on a
kernel-driven Algorithm for Model Bidirectional Reflec-
tance Anisotropies of the Land Surface (Ambrals) model
and validated the results from a comparison with the
measured BRDF.

Atmospheric correction
Assuming that the underlying surface is Lambertian, then
the atmospheric apparent reflectance can be defined by

Eq. (1):

pTOA(esv va b5 — (pv) =T Lﬂ»dz/E/l : COS(GS) (1)
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Fig. 2 Technical flow chart

where  ppoa(0s, 0y, 0, — @,) represents the apparent
reflectance of the A-band,L, refers to the apparent radiance
of the A-band, d is the Earth—Sun distance in astronomical
units, and E, is the solar spectral irradiance of the A-band
in the upper atmosphere. This value can be calculated from
the CCD data spectral response functions. 0;, 0,, ¢, and @,
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represent the solar zenith angle, view zenith angle, solar
azimuth angle and view azimuth angle, respectively.

Equation (1) can be converted to the following equation
(Lee and Kaufman 1986):

p.&'(gsa 0\/7 Qs — qu)
_ proa(bs, 0y, @5 — @,) = po(bs, 0y, @ — @)
T(05)T(0y) + (proa(bs, 0v, @5 — @,) — po(bs, Ov, 05 — 9,))S

(2)

where p, is the reflectance of the land surface and S,p,,
T(6;) and T(0,) are four necessary atmospheric correction
parameters.T(0,)T(60,) will be replaced by T in subse-
quent formulas. Equation (2) shows that the atmospheric
correction needs three atmospheric correction parame-
ters:S, pg,T. It is difficult to obtain target atmospheric
correction parameters by solving the radiative transfer
equation; thus, the look-up table method is commonly
used (Liu 2010).

Atmospheric correction methods based on radiative
transfer models are very accurate. There are several such
models, including the 6S (Second Simulation of the
Satellite Signal in the Solar Spectrum) (Vermote et al.
1997), LOWTRAN (Wu 1998), MORTRAN (Wang et al.
2002), ATCOR (Matthew et al. 2002), UVRAD, ATREM
and TURNER (6S User Guide version 2 1997). In this
study, we develop a look-up table through the implemen-
tation of the 6S model and by assuming that the underlying
surface is Lambertian and homogeneous. The 6S model has
been extensively implemented and validated (Zhao 2003).
Many radiative transfer codes have been documented and
are known within the remote sensing community. The 6S
model calculates scattering and absorption by integrating
the method of latest approximation and a successive order
of scattering. This work is built on the 5S model and is able
to achieve inversion results much closer to actual values
(Strahler et al. 1999). The atmospheric correction of CCD
data from the HJ-1B satellite was implemented for each
pixel from the look-up table. Due to the differences in the
spectral response functions at each of the four bands of the
CCD data, the look-up table was used for each band.
Changes in aerosol optical depth, solar zenith angle,
satellite zenith angle and other parameters are typically
taken into account during atmospheric corrections, while
the influence of water vapor is negligible and is thus not
considered.

Four steps were needed to derive the atmospheric cor-
rection. First, a look-up table with atmospheric parameters
S,po and T was built. Second, the appropriate data from the
look-up table were selected according to the bands, solar
zenith angle, solar azimuth angle, viewing zenith angle and
viewing azimuth angle of each pixel. Solar zenith angle
and solar azimuth angle were obtained indirectly from the
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header file. Satellite zenith angle and satellite azimuth
angle were obtained from the downloaded
Sat_Zenith_Azimuth.txt file. Third, different aerosol opti-
cal depths from the look-up table were used to interpolate
the data to arrive at S,p, and T for each pixel. Aerosol
optical depth was converted from the horizontal meteoro-
logical range. Finally, the atmospheric parameters of S,p,
and7 were substituted into Eq. (2) and combined with
Proa to calculate surface reflectance. The utilized atmo-
spheric model was mid-latitude summer and incorporated
the rural aerosol mode. The solar zenith angles were set to
0°, 6°, 12°, 18°, 24°, 30°, 36°, 42°, 48°, 54°, 60° and 66°.
The satellite zenith angles were 0°, 6°, 12°, 18°, 24°, 30°,
36°, 42°, 48°, 54°, 60° and 66°. The satellite azimuth
angles were 0°, 12°, 24°, 36°, 48°, 60°, 72°, 84°, 96°, 108°,
120°, 132°, 144°, 156°, 168° and 180°. The aerosol
parameter was set to continental. The aerosol optical
depths at 550 nm were set to 0.0001, 0.25, 0.5, 1, 1.5 and
1.95. The altitude was 1276 m. These atmospheric
parameters, in conjunction with the 6S model, helped build
the look-up table. The atmospheric correction of the CCD
data from the HJ-1B satellite was achieved using Interac-
tive Data Language (IDL) programming.

Inversion algorithm of BRDF

There were four steps for BRDF inversion based on CCD
data from the HJ-1B satellite: (1) collection and extraction of
data sets in the same region as the four multi-angular images
and subsequent calculation of the solar zenith angle, solar
azimuth angle, view zenith angle, view azimuth angle and
reflectance of each data set. (2) Matching of the multi-an-
gular data sets, followed by extraction of the BRDF of each
pixel from the matched data set. (3) Inversion of the
parameters using semiempirical BRDF model according to
the extracted BRDF for differing surface features. (4) Sim-
ulation of the normalized reflectance of the specified illu-
mination-observing geometry, according to demand. This
facilitated the comparison and analysis of remote sensing
images between differing observation angles.

The BRDF model used in this study utilized a linear,
kernel-driven Ambrals model, which depicts the directional
reflection characteristics of the Earth’s surface with a linear
combination of kernels with certain physical meanings.
The reflectances of mixed pixels were simulated by sum-
ming volume scattering, geometric scattering and isotropic
scattering, as follows:

R(esa Dy va q)v) :fiso +fv01Kv01(0S> Dy Hva q)v)
+fge0ngo(0sa Py 91/7 (Pv) (3)

where R is the bidirectional reflectance, K,,; is the volume
scattering kernel (Ross 1981), and K., is the geometric
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scattering kernel (Li and Strahler 1992). All of the vari-
ables were functions of the viewing and incident directions.
fisos fvol and fge, are parameters to be inversed and denote
the weight of isotropic scattering, volume scattering and
geometric scattering, respectively. We calculated the
parameters fis,, fvol and fgeo by fitting the data with a linear
regression model. The bidirectional reflectance of random
incident direction and viewing direction was obtained by
kernel extrapolation.

Ross-Thick Li—Sparse is a widely used kernel combi-
nation. Despite the algorithm’s strong fitting capability, it
loses physical meaning and can give negative reflectance
values when zenith angles are large. To resolve this, Li
Xiaowen proposed the Li—Transit kernel, to replace the Li—
Sparse kernel with the Li-Dense kernel when zenith angles
are large. The fitting capability of Li—Transit is similar to
Li-Sparse, but the extrapolation capability of Li—Transit
exceeds that of Li—Sparse (Strahler et al. 1999; Liu and
Yang 2001). In this study, the Ross—Thick Li-Transit
kernel combination was used to drive the Ambrals model.
The Ross-Thick kernel was used to depict the volume
scattering (Roujean et al. 1992; Ross 1981):

Fig. 3 Inversion results of

fisofgeofvor and BRDF. a Image
of fis, b image of f,, ¢ image
of f,,1, d normalization of BRDF

(/2 —y)cosyy +siny n
cos 0 + cos 0, 4

Kinick = (4)
where i/ denotes the scattering angle.

The Li—Transit kernel was used to depict the geometric
scattering (Wanner et al. 1995):

KSparse B < 2
Ktransit = 5
Transit KDense — E KSparse others ( )
Ksparse = O(Hia Bra (/)) — sec 9; — sec 0;
1 S (6)
+3 (1 +cos{)secl,sect,
1 / /
0(0;,0,, ¢) =—(r —sint - cost)(sec 0; + sec 0,) (7)
T
h \/Dz(tan 0, tan 0, sin )*
cost = — ; ; (8)
b sec 0, +sec 0,
D= \/tan2 0 +tan? 0, — 2 tan 0; tan 0, cos ¢ 9)
cos{ = cos 0, cos 0, + sin 0; sin 0, cos ¢ (10)
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0; = tan"! (l;tan 6i> HIV = tan! <l:tan 9V> (11)
where B is equal to 2 for continuity of the function and
0(0;,0,, @) is the overlap area between the view and solar
shadows. The term cos t was constrained to the range [—1,
1]; values outside of this range imply no overlap and
should be disregarded. Note that the dimensionless crown
relative height and shape parameters, & = b and b = r, are
within the kernel and should be preselected. For MODIS
processing, as well as the examples given in this paper,
h=b=2 and b=r =1, meaning that the spherical
crowns were separated from the ground by half their
diameter. Generally, the shapes of the crowns affect the
BRDF more than their relative height (Wanner et al. 1995).

Results and analysis
Inversion results of BRDF model

The semiempirical kernel-driven Ambrals model was
selected for BRDF inversion. The directional reflectance

can be normalized to specified angles under the require-
ments of users. Figure 3 displays the inversion results
obtained using three parameters and normalized BRDF
after implementation of the Ross—Thick Li-Transit kernel-
driven model, based on HJ-1B/CCD data in the Inner
Mongolia study area.

Comparison with measured BRDF

The expression of BRDF is primarily the linear expression of
the geometrical optics scattering weight parameter and vol-
ume scattering weight parameter. The shape of the geomet-
rical optics kernel (Li—Sparse kernel) is bow-like in the
backscattering direction, and there is a hot spot peak. The
shape of the volume scattering kernel (Ross—Thick kernel) is
that of a bowl tilted slightly in the direction of forward scat-
tering. Therefore, the simulated BRDF shapes based on dif-
ferent surface reflectances and measured data can be thought
of as a composite of the two shapes (Zhang et al. 2015a, b).
Figure 4 is a comparison of measured and simulated
grass BRDF from the kernel-driven model in the solar
principle plane under equivalent geometric conditions
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Fig. 4 Bidirectional reflectance curves of grass canopy in the principle plane of the Sun
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(marked “meas” and “simu,” respectively; solar zenith
angle is 30°).

Figure 4 shows that the simulated BRDF values from
the kernel-driven model agree well with the measured
BRDF values in the blue, green, red and near-infrared
bands under equivalent geometric conditions. This com-
parison demonstrates the following: (1) The bidirectional
reflectance in the principle plane of the Sun has strong
anisotropy, and bidirectional reflectance in the backward
scattering direction is higher than that in the forward
scattering direction. (2) Spectral curves of the visible band
change dramatically, and there is a “hot spot” in the
backward scattering direction at a zenith angle of 30°. (3)
Due to multiple scattering, the bidirectional reflectance of
the near-infrared band is minimally affected by angle. The
bidirectional reflectance in the near-infrared band is high.
The shape of the BRDF is bowl-like.

Figure 5 compares measured and kernel-driven model-
simulated grass BRDFs in the perpendicular plane of the
Sun under equivalent geometric conditions; they are
marked “meas” and “simu,” respectively.

Figure 5 shows that the simulated BRDF values from
kernel-driven model agree well with the measured BRDF
values in blue, green, red and near-infrared bands under the
same geometric conditions. This comparison demonstrates
the following: (1) The bidirectional reflectance in the
principle plane of the Sun displays a weak anisotropy. The
bidirectional reflectances in backward and forward scat-
tering directions show symmetry. (2) The shape of the
BRDF in the visible band is bow-like. The shape of the
BRDF in the near-infrared band is bowl-like.

Accuracy validation

Relative error is typically used to compare and analyze the
advantages and disadvantages of two or more methods.
Relative error is calculated in the form of IV1—-V2I/V2
(where V1 is the calculated value and V2 is the actual
value) (Ross 1981). The relative error of measured and
simulated BRDFs of grasslands is defined as:

e = |psimu - pmeas| % 100%
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where e is relative error, pg,, is simulated BRDF on CCD
data from the HJ-1B satellite, p,.,; is measured BRDF,
and“Il” denotes absolute value.

1. Validation of BRDF in the principle plane of the Sun.

When verifying and evaluating the accuracy of simu-
lated BRDF in the visible bands and near-infrared band
with measured grassland data in the principle plane of the
Sun, the viewing zenith angles were set to —60°, —50°,
—40°, —30°, —20°, 0°, 10°, 20°, 30°, 40°, 50° and 60°. The
results are shown in Fig. 6.

2. Validation of BRDF in the perpendicular plane of the
Sun.

When verifying and evaluating the accuracy of simu-
lated BRDF in the visible bands and the near-infrared band
with measured grassland data in the perpendicular plane of
the Sun, the viewing zenith angles were set to —60°, —50°,
—40°, —30°, —20°, 0°, 10°, 20°, 30°, 40°, 50° and 60°; the
results are shown in Fig. 7.
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Fig. 7 Errors between measured BRDF and inversed BRDF in the
perpendicular plane of the Sun
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Figures 6 and 7 show that the errors in the visible bands
and the near-infrared band in the principle plane of the Sun
are within 6 %. The errors in the visible bands and the
near-infrared band in the perpendicular plane of the Sun are
within 7 %. Prior research has shown that the simulated
surface reflectance can be considered valid when the rela-
tive error is <20 % (Sun 2011). In this regard, the BRDF
inversion model presented in this study is valid and pro-
vides a reference for BRDF inversion calculation of uni-
form surfaces.

The principal sources of error are from the following:
(1) error in the BRDF inversion model. Ambrals is an older
BRDF inversion model, but there are still some internal
errors in the model. For example, the assumption of iso-
tropic scattering and the choice of driving kernels can
increase the model error. (2) Error in image processing.
Prior to the BRDF inversion, we performed radiometric
and atmospheric correction. This produced errors that were
sent down the modeling chain. (3) Artificial error. The field
measurements include human factors such as tilt of the
reference plate. These can lead to measurement value
errors and can create potential discrepancies between
measured and simulated values.

Conclusions

To date, BRDF inversion studies have been based primarily
on MODIS and TM data, while the study of BRDF
inversion based on CCD data from the HJ-1 satellite is
limited. Exploration of BRDF inversion based on CCD
data from the HJ-1 satellite can further and improve
applications of satellite data. On the assumption that
underlying surface is homogeneous and Lambertian, we
performed an atmospheric correction from the 6S
radioactive transfer model with IDL scripts. We then per-
formed inversion and normalization of BRDF by imple-
menting a kernel-driven Ambrals model for grasslands
based on CCD data from the HJ-1B satellite. The inversion
results display high accuracies. The main conclusions and
results are as follows:

1. The radiometric normalization of BRDF at different
viewing and incident angles was realized based on
CCD data from the HJ-1B satellite. The BRDF
inversion was based on the Ambrals kernel-driven
model and agrees well with the measured BRDF. The
errors are within 7 %.

2. The bidirectional reflectance of grassland in the
principle plane of the Sun displays a strong anisotropy.
In the case of the Lambertian surface, bidirectional
reflectance in a backward scattering direction is higher
than that in a forward scattering direction. There is a
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“hot spot” in the visible band when the viewing and
incident directions are the same. There is no “hot spot”
in the near-infrared band, because this band is not as
affected by angle. The bidirectional reflectance in the
principle plane of the Sun has weak anisotropy. The
bidirectional reflectance in both the backward and
forward scattering directions shows symmetry.

3. The BRDF curves are different between the visible and
near-infrared bands based on CCD data from the HJ-
1B satellite. The geometrical optics effect is a principal
factor in the visible band, while the volume scattering
effect is the principal factor in the near-infrared band.

Based on the above, we created not only an integrated
atmospheric correction and an inversion of the BRDF
process, but also the normalization of BRDF. The model
inversion results display high accuracy. The research
conducted in this study will provide a reference for BRDF
inversion over complex terrain in the future.
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