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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. 

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):  
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where, s scosμ θ= , v vcosμ θ= , θs is solar zenith, θv is view 

zenith, L0(μv) is atmospheric path reflectance, S is atmospheric 
backscattering ratio, T is atmospheric transmission, r is land 
reflectance and F0 is TOA solar radiance. 

Eq.(1) is normalized by F0μs into Eq.(2):  
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where, φ is relative azimuth angle and ρS is angular spectral 
surface reflectance. 
Eq. (2) can be written in another form as:  
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(3) 
Usually, Eq. (3) is used for atmospheric correction—

calculating the surface reflectance from the apparent reflectance 
when the parameters (S, ρ0, 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 ρ0, 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), 
 

red blue
s skρ ρ=  (4) 

where 
red

sρ and 
blue

sρ  are respectively the surface reflectances 

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). 
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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 

 nir red

nir red
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ρ ρ
−
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where nirρ  is the reflectance at near infrared band, and redρ  

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) 
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where R is the band reflectance, S(λ) and R(λ) are spectral re-
spond function and monochrome reflectance with wavelength λ. 
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. 
 

 

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 

Reflectance 
Type Number

CCD1 CCD3 CCD4 
Ratio of 
blue/red NDVI

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 

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. 

 

 

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 NDVI 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, ρ0, 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, ρ0 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 5th of 2008 and over 
Nanning on October 6th 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

Mean Min Max Mean Min Max
R 

Nanning 59 0.310 0.226 0.385 29.5 20.9 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

 

 

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 

Absolute Error Sun 
Zenith 

/(°) 

Ratio of 
blue/red Mean Max Min 

R 

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
40 

k=1.617 0.0409 0.0873 0.0018 0.9996

k=1.449 0.0621 0.1964 0.0010 0.9992
60 

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 CBERS02B 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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摘  要:  研究利用 CBERS02B卫星的 CCD传感器数据反演陆地气溶胶的方法。采用的方法是暗像元法。具体步

骤为: 根据地面采集的植被光谱数据, 结合 CCD 传感器特点, 建立浓密植被(暗像元)红蓝波段(CCD 传感器的第三

和第一波段)反射率与地表反射率之间的关系, 确定了暗像元识别的阈值, 讨论气溶胶光学厚度对暗像元识别的影

响以及消除这种影响的方法; 利用 6S 进行辐射传输运算, 构建查找表; 根据 CBERS02B 卫星的 CCD 传感器数据, 

从查找表插值得到气溶胶光学厚度, 并进行了算法的误差分析。用广西南宁市及北京地区附近的两景数据进行了实

际的反演试验, 使用 MODIS的气溶胶产品与反演结果进行比对。结果显示, CBERS02B卫星的 CCD传感器数据能

够较好的反演陆地气溶胶。 
关键词:  遥感, CBERS02B, 陆地气溶胶, 暗像元 

中图分类号:  P407/TP701       文献标识码:  A  
 

1  引  言 

由于陆地气溶胶的物理化学性质多变, 时空分
布高度不均一, 以及地表反射的影响, 利用卫星遥
感气溶胶存在着较大的难度。目前, 监测陆地气溶
胶的方法主要有暗目标法 (Kaufman & Sendra, 
1988)、结构函数法(Tanré等, 1988)、基于地表反射
率数据库(Hsu等, 2004)的方法以及多角度偏振方法
(Herman等, 1997)等。目前, 利用遥感数据监测中国
的气溶胶国内主要完成了以下的研究工作 :  
MODIS 大气气溶胶产品在北京地区的验证(毛节泰
等, 2002), 利用云下阴影实现陆地上空气溶胶和地
表反射率的同时反演(段民征等, 2002), MODIS数据
的反演实验(王新强等, 2003), MODIS数据对陆地气
溶胶的反演方法的研究(李晓静等, 2003)。目前的气
溶胶反演研究主要针对国外低空间分辨率卫星(以
MODIS 为主)开展, 而对国产的高空间分辨率卫星
(如 CBERS)的研究开展得较少。 

中巴地球资源卫星是 1988 年中国和巴西两国

政府联合议定书批准, 在中国资源一号原方案基础
上, 由中、巴两国共同投资, 联合研制的卫星(代号
China Brazil Earth Resources Satellite, 缩 写

CBERS)。2007-09-19, 中巴资源卫星 02B (CBERS- 
02B)在太原卫星发射中心成功发射, 于 22日上午 11
时成功接收到了 CBERS-02B 星首次开机成像的卫
星影像数据。目前, 中巴地球资源卫星已广泛服务
于中国国民经济的各个行业, 如农业、渔业、林业、
环境等。自 2006-04-01 起, 中巴地球资源卫星数据
实行免费网上分发。 

作为高空间分辨率光学卫星, 精确的大气校正
是 CBERS02B 卫星定量化应用的关键步骤, 而目前
从其他卫星获得的气溶胶数据分辨率偏低 (如
MODIS为 10km), 不能很好的为 CBERS02B卫星的
大气校正服务, 如何利用 CBERS02B 卫星自身的数
据反演获得气溶胶数据是迫切需要解决的问题。本

文在 CBERS02B 卫星 CCD 传感器数据定标的基础
上, 以广西省南宁地区及北京地区为试验区, 初步
探讨 CBERS02B 卫星 CCD 传感器数据反演气溶胶
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光学厚度的可行性。 

2  反演原理与算法 

2.1  大气气溶胶反演原理 

在地表朗伯体、大气水平均一假设条件下, 卫
星接收到的辐射 v( )L μ 可以表达为 (Vermote 等 , 
1997):  

 v 0 v s 0 s v( ) ( ) ( ) ( )
1

rL L F T T
rS

μ μ μ μ μ= +
−

 (1) 

式中, s scosμ θ= , v vcosμ θ= 。θs与θv分别为太阳天

顶角与观测天顶角; L0(μv)为观测方向的路径辐射项, 
r为朗伯体地表反射率, S为大气下界的半球反射率, 
T为大气透过率, μsF0为大气层顶与太阳光垂直方向

的辐射通量密度。 
利用入射太阳辐射项 F0μs对式(1)进行归一化可

得大气顶部反射率ρTOA:  

s v s s v
TOA s v 0 s v

s s v

( ) ( ) ( , , )( , , ) ( , , )
[1 ( , , ) ]

T T
S

μ μ ρ μ μ φρ μ μ φ ρ μ μ φ
ρ μ μ φ

= +
−

 

(2) 
式中, ρ0是大气的路径辐射项等效反射率, ρs为地表

二向反射率, 当地表为朗伯体时为 r。 
将式(2)变化形式, 转化为如下形式:  

TOA s v 0 s v
s s v

s v TOA s v 0 s v

( , , ) ( , , )( , , )
( ) ( ) ( , , ) ( , , )T T S S

ρ μ μ φ ρ μ μ φρ μ μ φ
μ μ ρ μ μ φ ρ μ μ φ

−
=

+ −

 (3) 
利用上式, 可以利用大气参数 S, ρ0, T(μs)T(μv)

从表观反射率ρ0 计算得到地表反射率ρs, 也就是进
行大气校正。 

由于 T(μs), T(μv)在式子中总是以乘积形式出现, 
因此将 T(μs)T(μs)作为一个参数考虑。实际反演中是
用辐射传输模型, 如 6S 或 MODTRAN 等计算假设
的不同大气气溶胶模式和观测几何时, 气溶胶光学
厚度和 S, ρ0, T(μs)T(μv)等 3 个参数之间的对应关系, 
据此建立查找表, 通过查找表获取气溶胶光学厚度。
暗像元法, 也就是浓密植被法, 原理为: (1)对于植
被密集的具有较低反照率的地表(即暗像元)存在近
红外通道反射率与红蓝通道反射率具有很好的线性

相关; (2)气溶胶的影响在短波红外波段比在可见光
波段小 15—30 倍, 所以可被忽略不计。因此, 可以
从短波红外波段的表观反射率获得红蓝波段的地表

反射率, 然后从红蓝波段的表观反射率去除地表贡
献, 获得大气参数 S, ρ0, T(μs)T(μv), 进而得到气溶胶
光学厚度。 

中巴资源卫星 02B搭载有 CCD相机、宽视场成

像仪(WFI)和高分辨率相机(HR)。其中 CCD 相机包
括 5个波段: 蓝、绿、红、近红外和全色波段, 星下
点地表分辨率为 19.5m。由于 CCD相机没有短波红
外波段, 因此不能简单采用上面的方法进行暗像元
识别和获得地表反射率, 需按下面步骤进行反演。 

对于CBERS02B星的CCD传感器, 暗像元的红
蓝波段的地表反射率存在固定的线性关系:  
 

red blue

s skρ ρ=   (4) 

式中, 
red

sρ , 
blue

sρ 分别表示红光和蓝光波段浓密植被

(暗像元)的地表反射率, 对应 CCD 传感器的第 3 波
段和第 1波段, k为红蓝地表反射率比率, 在MODIS
算法中一般设置为 2, 对于 CBERS02B 卫星的 CCD
传感器则要根据传感器的特征, 结合地面观测数据
设定。在具体的反演过程中 , 大气参数 S, ρ0, 
T(μs)T(μv)可以看作是大气气溶胶光学厚度的函数 , 

将红、蓝波段的表观反射率
red

TOAρ , blue
TOAρ 代入式(2)

得到 2 个方程, 与式(3)结合, 可以得到一个三元一
次方程组, 未知数为大气气溶胶光学厚度、红波段

地表反射率
red

sρ 、蓝波段地表反射率
blue

sρ 。解这个方

程组即可实现气溶胶光学厚度的反演。 
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 (5) 

2.2  暗像元特征提取 

暗像元法的关键在于暗像元特征提取, 即根据
不同传感器的特点获得暗像元的识别方法, 以及暗
像元在红、蓝、短波近红外波段的地表反射率之间

的关系。对于 CBERS02B星的 CCD传感器, 由于没
有相应的短波红外波段 , 采用归一化植被指数
(NDVI)设定相应的阈值进行暗像元的选取(Kaufma 
& Sendra, 1988), 而红蓝波段地表反射率之间的关
系需要从地面观测获得。 

 nir red

nir red
NDVI

ρ ρ
ρ ρ

−
=

+
    (6) 

式中, nirρ , redρ 分别表示近红外和红光波段反射率, 
对应 CCD传感器的第 3波段和第 4波段。 

2007 年 11 月, 我们利用 ASD 观测仪获取了大
量的地面数据, 其中包括花生、茉莉花、木薯、桑
树、甘蔗、水稻等 6种植被的光谱数据。ASD观测
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仪获得的数据波长为 350—2500nm, 间隔 1nm; 而
CBERS02B的 CCD传感器有 5个波段, 每个波段有
不同的响应函数(图 1)。利用 CCD 传感器的不同波
段的响应函数按照下式进行卷积, 获得不同植被在
各个波段的地表反射率, 如表 1。 

 

2 1
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 (7) 

式中, ( )iS λ 表示传感器各波段的响应函数、 ( )iR λ 为

对应波段的反射率。 
从表 1 可以看出, 花生、茉莉花、木薯、桑树

的NDVI较为接近, 在 0.7—0.8附近, 同时红蓝波段
比率也比较接近, 在 1.4—1.6 之间; 甘蔗、水稻的
NDVI值要远远小于其他 4种, 红蓝波段比率变动也 

 
表 1  植被光谱数据 

地表反射率 地表 
类型 

观测 
数目 CCD1 CCD3 CCD4 

红蓝波段

比率 
NDVI

甘蔗 7 0.051 0.089 0.254 1.733 0.482

花生 1 0.035 0.052 0.326 1.491 0.726

茉莉花 7 0.025 0.040 0.377 1.582 0.809

木薯 7 0.032 0.046 0.415 1.449 0.802

桑树 6 0.036 0.058 0.406 1.617 0.750

水稻 3 0.052 0.118 0.260 2.248 0.377

 

图 1  CBERS02B星 CCD传感器的波段响应函数 
 

比较大 , 并不适合作为暗像元。因此 , 暗像元的
NDVI阈值可以设置 0.7, 红蓝波段比率设置为 1.55。 

但在可见光(包括红光)与近红外波段, 卫星接
收到的反射率并非地表反射率, 而是受到大气影响
的表观反射率, 利用表观反射率获得的 NDVI 会受
到大气的影响。图 2为利用 6S模拟大气状况, 计算
得到 S, ρ0,T(μs)T(μv)3个大气参数, 利用式(2)计算得
到红波段和近红外波段的表观反射率 , 然后计算
NDVI值。 

从图 2 中可以看出, 大气尤其是气溶胶对植被
的NDVI会有很大的影响, 在气溶胶光学厚度达到 2  

 

 

图 2  不同大气条件对植被 NDVI的影响 
(a)太阳天顶角为 10°; (b)太阳天顶角为 20°; (c) 太阳天顶角为 40°; (d) 太阳天顶角为 60°, 观测天顶角和相对方位角统一设置为 0° 
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时, 会使 NDVI从 0.7降低到 0.3左右。考虑到大气
对 NDVI的影响, 暗像元的阈值设置为 0.3。将阈值
设低, 可能会使某些不是暗像元的点也被判别为暗
像元, 还需在反演结束时, 根据得到的气溶胶光学
厚度值做进一步的处理, 以剔除非暗像元数据。 

3  数据处理流程 

3.1  查找表构建 

查找表的构建使用 6S 软件设定相应的参数进
行辐射传输计算得出。6S(the Second Simulation of 
the Satellite Signal in the Solar Spectrum)是在 5S的
基础上, 由 Vermote 等改进。它是利用连续阶散射
(Successive Orders of Scattering)方法对大气辐射传
输过程进行计算的软件, 能够处理吸收气体(水汽、
臭氧、甲烷、二氧化氮等), 并能对非朗伯地表进行
处理(Vermote等, 1997)。 

利用 6S进行辐射传输计算时, 要设定不同的几
何参数、气溶胶参数、波段、地表参数。几何参数: 
太阳天顶角 9个(0°, 6°, 12°, 24°, 35.2°, 48°, 54°, 60°, 
66°), 观测天顶角和相对方位角设为 0°(CBERS02B
的 CCD传感器观测天顶角与视场角较小, 可以看作
垂直观测); 气溶胶参数: 大陆型气溶胶, 0.55μm 的
光学厚度 6个(0, 0.25, 0.5, 1, 1.5, 1.95); 波段: CCD
传感器的第 1、第 3波段和第 4波段, 即蓝光、红光
和近红外波段; 地表参数: 海拔为 0m, 地表类型为
植被。 

3.2  数据预处理 

在进行气溶胶反演时, 需要对获得的图像进行
预处理 , 包括 2 个方面的工作 : (1)重采样。
CBERS02B 星的 CCD 传感器的星下点分辨率为

19.5m, 对于反演大气气溶胶分辨率过细, 不仅使反
演容易受到地表地形起伏影响, 同时会带来较大的
噪声, 而且会大大延缓反演速度。因此, 在运算之前, 
对图像进行 10×10的合成, 重采样为 195m分辨率的
图像。(2)辐射定标。2007年 10月, 中国科学院遥感
应用研究所论证中心在达里湖贡戈尔草原进行场地

在轨定标试验, 对 CBERS02B 卫星搭载的传感器进
行辐射定标, 并获得相应的定标系数, 其中 CCD 传
感器的定标精度小于 6%。本文的定标系数采用的就
是这次试验的结果。 

3.3  气溶胶光学厚度的反演 

在获得查找表和图像的表观反射率数据后, 按

照下面的步骤进行气溶胶反演计算:  
(1)查找表插值。从图像的描述文件中读取的太

阳高度角 sun_elevationθ , 进而计算得到太阳天顶角

sun_zenithθ , 在查找表选取相应的数据 , 按照太阳天

顶角进行线性插值, 得到第 1波段、第 3波段和第 4
波段的不同气溶胶光学厚度的ρ0, s v( ) ( )T Tμ μ 和 S
参数。 

(2) 计算暗像元气溶胶。按照式(4), 从图像第 3
波段和第 4波段的表观反射率计算图像的NDVI, 根
据阈值选取暗像元。按照不同的光学厚度插值ρ0, 

s v( ) ( )T Tμ μ 和 S 参数, 代入式(3)中计算第 1 波段和
第 3波段的地表反射率; 然后计算所得的第 1、第 3
波段的地表反射率是否满足式(4)要求, 相差最小的
气溶胶光学厚度值即为所求。 

(3) 剔除非暗像元点。考虑到大气的影响 , 选
取暗像元的 NDVI阈值是在大气影响最大的情况下
确定的。而实际情况中, 由于大气条件很少满足极
端的情况(也就是气溶胶光学厚度达到 2), 会有部
分非暗像元被误判为暗像元。因此, 需要根据反演
的结果进行检验, 以剔除非暗像元点。首先, 利用
反演得到的气溶胶光学厚度值和太阳天顶角对查

找表进行插值, 得到第 3波段和第 4波段的大气参
数; 然后, 将大气参数和表观反射率代入式(3)进行
大气校正 , 得到地表反射率; 最后 , 根据地表反射
率计算 NDVI, 将大气校正后 NDVI小于 0.7的非暗
像元点剔除。 

4  结果比对与误差分析 

4.1  结果比对 

按照上述的方法对 2007 年 10 月 6 日广西南宁
附近和 2008年 6月 5日北京附近的两景数据进行了
反演试验, 结果如图 3所示。 

从图 3 可以看到, 气溶胶光学厚度南宁地区的 
 

 

图 3  反演试验图 
(a)南宁地区结果; (b)北京地区结果 



 王中挺等: CBERS02B卫星 CCD传感器数据反演陆地气溶胶 1057 

 

 

值偏大, 而北京地区的值偏小; 同时分布比较均匀, 
变化缓慢, 符合气溶胶局域变化特征。因此, 可以认
为本算法能够反映气溶胶的变化特征。反演结果图

像中出现许多的空白之处, 是因为将不符合暗像元
要求的地物(如云、裸土、水体等)的气溶胶光学厚度
设置为零的原因。 

由于没有过境时获得相应的地基气溶胶观测数

据, 采用 MODIS 的气溶胶产品与本文反演结果进
行比对, 以得出反演结果的精度进行部分的评价。
MODIS气溶胶算法比较成熟, 国内外已有多人进行
过验证工作, 研究表明, 在中国境内的农业生态区
域 MODIS能够获得较高的精度(Wang等, 2007)。 

MODIS 气溶胶产品的分辨率为 10km, 本文计
算出 CBERS02B 的 CCD 传感器获得的分辨率为
195m, 而且二者的投影方式不同。因此, 对获得的
结果完成重采样和配准工作 , 将分辨率采样为
10km, 然后与 MODIS 产品进行比较, 得到结果如
图 4、表 2。 

 
表 2  反演结果与 MODIS 气溶胶产品比较表 

绝对误差 相对误差/% 
地区 

有效

观测

数 
平均

值 
最小

值 
最大

值 
平均

值 
最小

值 
最大

值 

相关

系数

南宁 59 0.310 0.226 0.385 29.5 20.9 40.6 0.715

北京 60 0.111 0.0007 0.646 26.4 0.07 149 0.772

合计 119 0.135 0.0007 0.646 21.1 0.07 149 0.910

 

 

图 4  CBERS02反演气溶胶光学厚度结果与 
MODIS产品比较图 

 

从比较结果来看, 本算法获得的结果与 MODIS
有较高的相关系数, 结果基本可以满足精度要求。
但绝对误差比较大, 可能是以下原因造成的: (1)二
者分辨率不同, 重采样带来误差; (2)气溶胶模式不
同, 本文采用的是大陆型气溶胶, 而 MODIS则是粗
细粒子组合的形式。 

4.2  误差分析 

在确定红蓝波段地表反射率关系时, 红蓝波段
地表反射率比率 k 设为一个固定值。虽然暗像元的
地表反射率较低, 但研究表明, 地表反射率 0.01 的
误差会带来气溶胶光学厚度 0.1的误差(Kaufman等, 
1997)。因此, 需要对红蓝波段地表反射率比率带来
的误差做进一步的讨论。 

根据 2.2 节中的计算结果, 植被红蓝波段地表
反射率比率最大值为 1.617, 最小值为 1.449, 分别
对应桑树和木薯 2 种类型的植被。利用这 2 种植被
的地表反射率数据, 模拟不同的大气状况, 利用 6S
进行辐射传输运算, 产生相应的模拟数据, 然后使
用本算法进行反演, 得到的结果如图 5和表 3。观测
天顶角和相对方位角设置为 0°。 

从图 5 和表 3 可以看出, 暗像元地表反射率带
来的误差较小, 虽然有最大为 0.19 的误差, 但平均
值在 0.05 附近, 总体可以将误差控制在 0.1 的范围
之内; 而且随着太阳天顶角以及气溶胶光学厚度的
增大, 误差并没有发生明显的变化。 
 
表 3  红蓝波段地表反射率比率误差对反演结果影响表 

绝对误差 太阳 
天顶角

/(°) 

红蓝波段

地表反射

率比率
平均值 最大值 最小值

相关

系数

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
40 

k=1.617 0.0409 0.0873 0.0018 0.9996

k=1.449 0.0621 0.1964 0.0010 0.9992
60 

k=1.617 0.0410 0.1555 0.0045 0.9992
 

5  结论与讨论 

利用暗像元法对 CBERS02B 卫星的 CCD 传感
器数据进行了陆地气溶胶的反演研究。主要完成了

以下的工作, 并获得了相应的结论:  
(1) CCD 传感器数据具有红光和蓝光波段, 浓

密植被在这两个波段较低的地表反射率及其之间的

线性关系为气溶胶光学厚度的反演提供了可能; 但
CCD 传感器数据缺失相应的短波红外数据, 也为暗
像元的提取与暗像元地表反射率确定造成了困难;  

(2) 利用地面观测数据, 针对 CBERS02B 星的
CCD 传感器, 提取了暗像元的特征, 即暗像元识别
的阈值与红蓝波段地表反射率比率;  
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图 5  红蓝波段地表反射率比率误差对气溶胶反演的影响 
(a)太阳天顶角为 10°; (b) 太阳天顶角为 20°; (c) 太阳天顶角为 40°; (d) 太阳天顶角为 60° 

 
(3) 讨论了大气对暗像元识别的影响 , 提出了

剔除非暗像元的方法, 即先假定反演结果是正确的, 
利用反演的气溶胶光学厚度值进行大气校正, 获得
不受大气影响的 NDVI值, 剔除小于 0.7的像元;   

(4) 对算法进行了误差分析 , 结果表明暗像元
地表反射率关系的误差对反演结果的影响较小, 在
可以接受范围之内;  

(5) 利用MODIS气溶胶产品与算法反演结果进
行了比对, 得出在南方和北方不同地区本算法的精
度都能够满足需求。 

当然, 本研究也存在着不足之处。查找表的海
拔高度设置为 0, 没有考虑到随着海拔的变化、大气
分子光学厚度的变化带来的影响; 暗像元的地表反
射率关系的确定采用的地基观测数据比较有限, 还
需要更多季节和更多地区的观测数据以进行进一步

的探讨; 暗像元法适用于植被比较茂密的地区, 在
中国北方冬季时或者西北荒漠地区 , 算法会失效 , 
需考虑其他办法反演气溶胶。 
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