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Abstract:

In this paper, the retrieval of AOD (aerosol optical depth) over land surfaces from CCD (Charge Coupled Device)

data of CBERS (China Brazil Earth Resources Satellite) 02B was studied. The inversive method is modified DDV (dark dense
vegetation) algorithm: (1) based on the spectral data of vegetation and the characteristics of the CCD sensor, the relationship
between blue and red band surface reflectances and the NDVI (Normalized Difference Vegetation Index) thresholds for dense
vegetation (dark pixel) were worked out, and the atmospheric effect and its correction were also analyzed. (2) The LUT (look up
table) for different bands was pre-computed using the 6S atmospheric radiative transfer code. (3) The AODs was retrieved
through interpolating in LUT in accordance with radiances obtained by CCD, and the errors of this modified DDV method was
also analyzed and discussed. Finally, the modified DDV method was successfully applied to Nanning and Beijing areas. The
comparison of the retrieved AODs with those of MODIS shows a good agreement.
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1 INTRODUCTION

It is difficult to retrieve aerosol over land surfaces from sat-
ellite data, because of the variety of aerosol physical and
chemical properties, uneven distribution in spatio-temporal
scale and the influence of land surfaces. Now, there are many
methods for the aerosol properties retrieval, such as DDV
(Kaufman & Sendra, 1988), contrast reduction (Tanré et al.,
1988), the method based on global surface reflectance database
(Hsu et al., 2004) and directional polarized method (Herman et
al., 1997). In China, researches have been carried out on the
MODIS aerosol product validation (Mao et al., 2002), the re-
trieval of surface reflectance and AOD simultaneously from
space measurement over land (Duan et al., 2002), and aerosol
optical depth retrieval from MODIS (Wang et al., 2003; Li et
al., 2003). Nowadays, the China Brazil Earth Resources Sat-
ellite-CBERS02B data has been widely used in agriculture,
land cover classification and forestry utilizations, etc. But few
tests have been reported about the AOD inversion from this
high spatial resolution data. In this paper, based on the calibra-
tion of the CCD data, the probability of retrieving AOD from
CBERS02B CCD data was discussed over the experiment ar-
eas.
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2 METHODOLOGY

2.1 Modified DDV method

The upward reflectance (normalized solar radiance), at the
top of the atmosphere (TOA), is a function of successive orders
of radiation interactions, within the coupled surface-atmosphere
system (Vermote et al., 1997):

L) = Lo(ua) + =< R () (D)

where, g =Cc0s6;, u, =c0s6,, 6 is solar zenith, &, is view

zenith, Lo(zs,) is atmospheric path reflectance, S is atmospheric
backscattering ratio, T is atmospheric transmission, r is land
reflectance and F,is TOA solar radiance.

Eq.(1) is normalized by Fous into Eq.(2):

5 +T(ﬂs)T(/lv)ps(/‘suuv1¢) P

Proa (s . 8) = potis, 11y, [L— ps (s, 11, 9)S]

where, ¢ is relative azimuth angle and ps is angular spectral
surface reflectance.
Eq. (2) can be written in another form as:

Foundation: 863 project (No. 2006AA06A303) and Chinese Academy of Sciences major projects of knowledge innovation program (No:

kzcx1-yw-06-01).
First author biography: WANG Zhong-ting (1980—

), male, engineer, received the Ph. D. degree in Cartography and Geographical Information Sys-

tems in 2008 from Graduate School of Chinese Academy of Sciences. His researches focus on atmospheric aerrosol remote sensing inversion. He has published

more than 10 papers.



1048 Journal of Remote Sensing

#RFR 2009, 13(6)

Proa s, 1y, 8) — po (s, 1y, )
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3)

Usually, Eq. (3) is used for atmospheric correction—

s (s, 11y, 9) =

calculating the surface reflectance from the apparent reflectance
when the parameters (S, po, and T) are known.

Considering sun-satellite position conditions, the LUT was
built by using 6S (Second Simulation of the Satellite Signal in
the Solar Spectrum) or MODTRAN (MODerate resolution
atmospheric TRANsmission) code to simulate different AODs
with corresponding po, S and T. AODs can be retrieved by in-
terpolating the LUT.

DDV method is based on two facts: first, the surface reflec-
tances of dark pixel at red and blue bands are low and
VIS/SWIR surface reflectance relationship is linear; second, at
Short Wave Infrared (SWIR) band, aerosols are relatively
transparent. But for the CCD aboard on CBERS02B does not
include SWIR band, it is difficult to directly use DDV method
in this paper to recognize dark pixel in the CCD images. Some
modification about DDV algorithm is necessary before the
AOD inversion based on CDD data.

For CCD sensor aboard on CBERS02B, the relationship
between red and blue surface reflectances is established as
Eq.(4),

P =kp? 4)

blue

where p° and p°  are respectively the surface reflectances
red blue

of dark pixel at red and blue bands, k is VIS/SWIR ratio and it
is set to 2 in the MODIS Algorithm Theoretical Basis Docu-
ment (ATBD) of version 4.0. In this paper, the coefficient k is
obtained through ground level measurements for different kinds
of land covers. Then based on the reflectance relationship be-
tween red and blue bands, the LUT can be established using the
radiative transfer code 6S. Finally, AOD is worked out by solv-

ing Eq.(5).

T ()T (1) P
pguce)A(ﬂsvﬂvﬁ)=/30(,us,yv,¢) %
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T (us)T (22) 98
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2.2 Dark pixel recognizing and ratio of blue/red

The key step in the modified DDV method in this paper is
dark pixel recognizing and reflectance relationship establishing
between blue and red bands for CBERS02B CCD sensor. Be-
cause of the lack of SWIR band, the NDVI (Kaufma & Sendra,
1988) is utilized to recognize dark pixel. As all known, the
NDVI definition is as

Pnir ~ Pred (6)
Pnir T Pred

NDVI =

where p,;, is the reflectance at near infrared band, and pyeq

is the reflectance at red band.

In September 2007, we measured the spectrums of six kinds
of vegetation using Analytical Spectral Device (ASD), which
include peanut, jasmine, cassava, mulberry, sugarcane and rice.
The wavelength of spectral data ranges from 350nm to 2500nm
with step of 1nm. In order to calculate the NDVIs of the differ-
ent kinds of vegetation with the reflectances from the same
bands as the CCD sensor, the band reflectances are computed
by integrating the monochrome reflectances mentioned above
with the channel respond functions of CCD according to Eq.(7)

A2 N-1
_ jﬂ S(A)R(A)dA _ Yo S(HR(A)AL
22 N-1
jﬂ S(A)dA Y, S()Ad
where R is the band reflectance, S(1) and R(A) are spectral re-
spond function and monochrome reflectance with wavelength A.
The spectral respond function for different bands is shown in
Fig. 1. The results of band reflectance for CCD channels, the

ratios of blue to red band reflectances and the relative NDVIs
are list in the Table 1.
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Fig. 1 Spectral response function of CCD sensor of CBERS02B

Table 1 The channel reflectances, ratio of blue to red band reflec-
tances and the NDVI for different kinds of vegetations

Type Number Reflectance Elit;?ré)(; NDVI
CCD1 CCD3 CcCD4
Sugarcane 7 0.051 0.089 0.254 1.733 0.482
Peanut 1 0.035 0.052 0.326 1.491 0.726
Jasmine 7 0.025 0.040 0.377 1.582 0.809
Cassava 7 0.032 0.046 0.415 1.449 0.802
Mulberry 6 0.036 0.058 0.406 1.617 0.750
Rice 3 0.052 0.118 0.260 2.248 0.377

Table 1 illustrates that: (1) the NDVIs of peanut, jasmine,
cassava and mulberry are very high, which range from 0.7 to
0.8 and the ratios of blue to red band reflectances for corre-
sponding vegetations are near 1.4 to 1.6. (2) The NDVIs of
sugarcane and rice are less than the others’ but just the opposite
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their ratios are more than those of other kinds of vegetations.
The NDVI and ratio thresholds for dark pixel are respectively
set to 0.7 and 1.55 based on the results shown in Table 1, it is
assumed that the pixels with vegetation cover like peanut, jas-
mine, cassava and mulberry are recognized as dark pixels. But
when the AOD inversion is implemented, the first step in the
systematic project is to calculate the NDVI using the CCD
measurements. As the NDVIs are directly calculated based on

—=— earthpea

NDVI

NDVI

0.2 1 T T 1

Aerosol Optical Depth ¢

== hasnube

the apparent reflectances which including the atmosphere in-
fluence, the atmospheric effects caused by different AOD on
NDVI for dark pixel recognizing are analyzed and the results
are figured out in Fig. 2. Since the incident light path is a very
important factor relative to atmospheric effects, four different
solar zenith angles such as 10°, 20°, 40° and 60° as variable
have been considered in our modified DDV method and the
results are demonstrated in Fig. 2.
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Fig. 2 The influence of atmosphere on NDVI
The sun zenith angles are 10° (a), 20° (b), 40° (c), and 60° (d)

As Fig. 2 shown, the AOD has great influences on NDVI
including those of the dark pixel. The NDVIs resulting from the
simulations for dark pixels with the vegetation cover such as
earthpea, jasmine, cassava and mulberry decrease from 0.7 to
0.3 when the AOD increases from 0 to 2.0. So it is necessary to
adjust the NDVI1 threshold from 0.7 to 0.3 in order to not miss
the real dark pixel. Meanwhile the problem of fake dark pixel
could be faced because of the low NDVI. The detail technique
about fake dark pixel elimination will be illustrated in Section
3.3 of this paper.

3 AOD RETRIEVAL PROCEDURE

3.1 Building LUT

The LUT was built by 6S. 6S is a code with powerful func-
tions, including the ability to simulate plane observations, deal
with the case with elevated targets and non lambertian surface,
etc (Vermote et al., 1997). The LUT contains pre-computed

atmospheric optical properties (S, po, T) at three discrete wave-
lengths (red, blue and near infrared bands) for many different
cases, which resulting from different inputing parameter, such
as AOD, viewing geometry including solar zenith angle, sensor
zenith angle and relative azimuth angle. The AOD is respec-
tively set to 0.0, 0.1, 0.2, 0.4, 0.6 and 0.8, the solar zenith an-
gles consist of 0.0°, 6.0°, 12.0°, 24.0°, 35.2°, 48.0°, 54.0°, 60.0°
and 66.0°, the sensor zenith angles and relative azimuth angles
were 0°. All of these properties are calculated assuming a sur-
face reflectance of 0.

3.2 Data Pre-processing

Before the AOD retrieval, the data pre-processing includes
two aspects. The first one is radiance calibration for
CBERS02B CCD. Calibration coefficients obtained from field
expriments in desert area in Inner Mongolia in October 2007
were used to calibrate the TOA reflectances calculated from
CCD radiance data. The results showed the indeterminacy of
the calibration was less than 6%. The second one is data resam-
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pling from fine spatial resolution with 19.5m to coarse resolu-
tion with 195m in order to reduce signal to noise ratio (SNR)
and speed the retrieving process.

3.3 AOD inversion process

The AOD was retrieved from CBERS02B CCD data as fol-
low:

(1) Interpolate in LUT according to actual radiances and the
solar elevation angle from the CBERS02B description files,
then the corresponding optical properties S, po and T at different
AODs were worked out by linear interpolating method.

(2) Recognize the dark pixels by means of the NDVIs from
the CCD measurements, and then the AOD of dark pixels with
reflectance ratio of 1.55 were retrieved.

(3) Fake dark pixel elimination. Based on the atmospheric
properties at band 3 and 4 obtained from the LUT, the atmos-
pheric correction could be implemented by substituting the
atmosphere properties into Eq.3, then the surface reflectances
are worked out and further used to calculate the NDVIs. If the
NDVI is less than 0.7, the pixel would be considered as fake
dark pixel and it will be eliminated from the dark pixel.

4 RESULT VALIDATION AND ERROR ANALYSIS

4.1 Result validation

In order to validate the AODs retrieved using the modified
DDV method developed in this paper, two CBERS02B CCD
images respectively over Beijing on June 5" of 2008 and over
Nanning on October 6™ of 2007 were chosen in this test. Both
AOD images were illustrated respectively in Fig. 3. Except
some black pixels with no value because they are not dark pixel,
the results show the AOD varies smoothly in both images.

Fig. 3 The experimental images
(a) Retrieved AOD in Nanning area; (b) Retrieved AOD in Beijing area

Because of the lack of ground based AOD measurements
while the satellite passing over, the validation of AOD inversed
using the modified DDV method was carried out by comparing
with MODIS AOD products. Because of the different spatial
resolution and projection between MODIS AOD product and
CBERS02B AOD product, for example, 10km spatial for
MODIS AOD with no projection, but only 195m for

CBERS02B AOD product with UTM projection, the AOD im-
age from CBERS02B were resampled and re-projected to meet
those of MODIS AOD product. The comparison of CBERS02B
AOD with MODIS AOD is shown in Fig. 3. The results shows
a good correlation between the two kinds of AODs, the correla-
tion coefficient (R) was larger than 0.9 which are list in the last
column in Table 2. Table 2 also illustrates the absolute and rela-
tive errors for both AOD products (Fig. 4).

Table 2 The retrieved aerosol optical depth from CBERS02B
compared with MODIS aerosol products

. Absolute error Relative error/%
Region | Number R
Mean Min Max | Mean Min Max

Nanning 59 0.310 0.226 0.385| 295 209 40.6 | 0.715
Beijing 60 0.111 0.0007 0.646 | 26.4 0.07 149 | 0.772
Total 119 0.135 0.0007 0.646 | 21.1 0.07 149 | 0.910
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Fig. 4 Comparis on of the aerosol optical depth (AOD) between
CBERS02B and MODIS

4.2 Errors brought by red to blue band reflectance
ratio

The research revealed that the 0.01 error of surface reflec-
tance may cause 0.1 error for AOD (Kaufman et al., 1997). It is
necessary to study the errors brought by red to blue band re-
flectances ratio, which was set to a fixed value 1.55 for this
modified DDV method. The maximum and minimum ratios
listed in table are respectively 1.617 for mulberry and 1.449 for
cassava, so three levels of ratio, which are 1.449, 1.55 and
1.617 respectively, had been used to simulate the influences
caused by a fixed ratio based on 6S code. In this simulation,
four different solar zenith angles 10°, 20°, 40° and 60° were
used, and the simulated results were presented in Fig.5 and
Table 3 respectively.

As shown in Fig.5 and Table 3, the errors resulting from the
fixed ratio were small, and the mean error was only about 0.05.
Although the maximal error was 0.19, the error kept stable even
when the solar zenith angle and AOD increased.
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Fig. 5 The image of the influence of reflectance error on aerosol retrieval
The sun zenith angles are 10° (a), 20° (b), 40° (c), and 60° (d).

Table 3 The influence of reflectance error on aerosol retrieval
Ziﬁirlh Elit;?r gg Absolute Error . o
1) Mean Max Min
k=1.449 0.0507 0.1500 0.0027 | 0.9996
10 k=1.617 0.0442 0.0982 0.0018 | 0.9996
k=1.449 0.0478 0.1391 0.0027 | 0.9997
20 k=1.617 0.0440 0.0900 0.0018 | 0.9997
k=1.449 0.0459 0.1391 0.0027 | 0.9996
0 k=1.617 0.0409 0.0873 0.0018 | 0.9996
k=1.449 0.0621 0.1964 0.0010 | 0.9992
%0 k=1.617 0.0410 0.1555 0.0045 | 0.9992

5 CONCLUSION

The key important technique in DDV method is the dark
pixel recognition based on the SWIR reflectance, but DDV can
not be directly used for the CCD data because of the lack of the
SWIR band. So the very important modification for DDV is
how to develop the techniques combining NDVI, the ratio of
red to blue band reflectances and their thresholds for dark pix-
els together in this paper. For the CCD data with fine spatial
resolution aboard on CBERSO02B satellite, a modified DDV
method has been successfully used to retrieve the AOD. The
conclusions are summarized as follows.

Firstly, the NDVI together with the ratio of red to blue band

reflectances were used to judge the dark pixel. The shresholds
are set to 0.7 and 1.55, respectively, for the dark pixel without
the atmospheric effects.

Secondly, the NDVI calculated from apparent reflectance
will be much lower than the NDVI threshold mentioned above
because of the atmospheric effects for the actual CCD image.
So based on the NDVIs resulted from the simulated reflectance
under different AOD modules, the NDVI threshold for dark
pixel discrimination in actual CCD image is modulated to 0.3.

After the AOD retrieval tests of CBERS02B over two dif-
ferent experiments areas, the AOD results were compared with
MODIS AOD product and their errors analysis showed that the
modified DDV method developed in this paper can be used to
retrieve AOD from fine resolution CBERS02B data.

But a work left to do for the modified DDV method is the
elevation effect on AOD, in which the molecular scattering
effects should be corrected according to the actual elevation for
each dark pixel. In addition, more tests are necessary to evalu-
ate the modified DDV method availability for different seasons,
especially in winter.
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