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Abstract: Compared to moderate/low resolution satellite sensors for aerosol detection, the high spatial resolution of HJ-1 CCD
camera (30 m) provides an opportunity to easily find spectrally pure pixels (SPP) over urban areas. In this study, we developed
an SPP algorithm for urban Aerosol Optical Depth (AOD) retrieval using HJ-1 CCD data. Pixel Purity Index (PPI) is used to
identify the pure pixels in the image. The surface reflectances of the pure pixels were estimated from the multi-temporal CCD
measurements of HJ-1A and HJ-1B based on the surface Bi-directional Reflectance Distribution Function (BRDF) model. Then
the AOD can be retrieved from satellite measurements. The comparison with ground-based AErosol RObotic NETwork
AERONET AOD measurements shows good performance of our algorithm. A significant correlation coefficient with R=0.83
was obtained with a linear regression slope close to 1 and a intercept of 0.053. With the retrieved AOD as an input, HJ-1CCD
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data over urban areas was significantly improved after the atmospheric correction.
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1 INTRODUCTION

Accurate radiative calibration of airborne or spaceborne sensors
and the atmospheric correction of remote sensing data are the basis
of quantitative remote sensing (Kaufman & Sendra, 1988). The
radiation measured by the satellite sensor is the coupling of signals
contributed by the surface and the atmosphere. The perturbation of
atmosphere may lead to indistinctness and decline in contrast of the
satellite image, as well as the lost of details. Moreover, it may
affect the subsequent quantitative retrievals such as surface reflec-
tance, vegetation index, and chlorophyll concentration, causing
significant deviation from the true values of these parameters.
Accurate atmospheric correction of satellite data significantly
depends on the input atmospheric parameters, among which aero-
sol properties have the greatest influence (Fallah, et al., 1997;
Liang, et al., 2001). Aerosol optical depth (AOD) and the
aerosol models used in the atmospheric correction remarkably
influence the surface reflectance, therefore accurate determina-
tion of aerosol optical properties and its spatial and temporal
distributions become the essential part in the quantitative appli-
cations of remote sensing.

Remote sensing technique is increasingly used to obtain the
global information on aerosol properties due to its high coverage

Received: 2011-12-26; Accepted: 2012-03-12

and low cost (Kokhanovsky & Leeuw, 2009), it includes using
multi-spectral information (Kaufman, et al., 1997; Levy, et al.,
2007), multi-angular information (Peter & North, 2002; Diner, et al.,
2005), and multi-angular polarization information (Waquet, et al.,
2007; Tanré, et al., 2011). Since late 1999, Moderate-Resolution
Imaging Spectro radiometer (MODIS) has been widely used for
aerosol retrieval over China (Li, et al., 2007; Xie, et al., 2011).
Retrieval of aerosol optical properties (aerosol optical depth and
Fine Model Weighting at 0.55 um) is achieved using the dark dense
vegetation (DDV) method. The Collection 005 (C5) version of the
algorithm introduced more accurate aerosol models and surface
reflectance relationship between the visible bands (470 nm and 660
nm) and the 2130 nm in 2007. The new algorithm performance is
largely improved as compared to the previous Collection 004(C4)
algorithm over China. However, the C5 AOD products show less
agreement with ground-based measurements over some urban areas
(Li, et al., 2007; Xie, et al., 2011), which can probably be
attributed to the uncertainty in the surface reflectance relation-
ship for urban complex underlying surface (Oo, et al.,2010).
Most currently operational satellite sensors for aerosol detection
have low-moderate spatial resolution, such as MODIS, Multi-angle
Imaging Spectro-Radiometer (MISR) and Polarization and Direc-
tionality of the Earth Reflectance (POLDER). Over urban areas,
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the imaging pixels of such sensors are usually mixed pixels
including several surface types. A significant influence factor for
aerosol retrieval over urban areas lies in the uncertainty in the
estimated surface reflectances of the mixed pixels, which is hard
to characterize accurately due to the complex surface types.
Therefore, accurate retrieval of aerosol properties over complex
underlying surface remains a challenge of remote sensing of
aerosols. Compared to mixed pixels, the spectrally pure pixels
(SPP) are dominated by only one typical surface type, whose
spectrum is the end-member of mixed pixels. The surface reflec-
tances of pure pixels are relatively more stable and easier to
characterize by ground-based measurements or surface reflec-
tance model. Thus aerosol retrieval for pure pixels may become a
new approach for accurate retrieval of aerosol properties over
complex underlying surface.

Compared to the currently operational satellite sensors for
aerosol detection, the high spatial resolution of HJ-1 CCD
camera (30 m) provides an opportunity to easily find spectrally
pure pixels over urban areas. In this study, an SPP algorithm is
developed for retrieving aerosol optical depth (AOD) over
urban areas from HJ-1 CCD observations, taking advantage of
the high spatial resolution of the CCD cameras. The derived
AODs are used to improve the accuracy of atmospheric correc-
tion of the CCD image.

2 THE SPP AEROSOL RETRIEVAL ALGORI-
THM OVER URBAN AREAS

2.1 Basic strategy

Assuming that the atmosphere is horizontally uniform and
vertically non-uniform, the measured reflectance at the top of the
atmosphere is a function of successive orders of radiation inte-
ractions in the coupled surface atmosphere system. The top of
atmosphere (TOA) angular spectral reflectance at a wavelength 1
results from the following: Scattering of radiation within the
atmosphere without interaction with the surface (known as the
‘atmospheric path reflectance’), the reflection of radiation off the
surface that is directly transmitted to the TOA (the ‘surface
function’), and the reflection of radiation from outside the
sensor’s field of view (the ‘environment function’). So the TOA
angular spectral reflectance can be approximated as (Vermote, et
al., 1997; Levy, et al., 2007)

s
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where 6y, 0, ¢ are solar zenith, view zenith and relative azimuth
angles respectively; p? is the atmospheric ‘path reflectance’;
T:(60) and T,(0) are the downward and upward atmospheric
transmissions; S;, is the atmospheric spherical albedo, and pj
is the bidirectional spectral surface reflectance. On the right
side of Eq. (1), p5, S, and T,(6o) * T.(0) are functions of the
aerosol optical depth (z). Remote sensing of aerosol stems from

these three atmospheric parameters (take T;(6o) * T,(0) as one
parameter).

2.2 ldentification of the spectrally pure pixels

In this study, the Pixel Purity Index (PPI) is used to identify
the pure pixels within the CCD image (Boardman, et al., 1993).
PPI has been successfully used as a method to find the pixels
with the “purest spectrum” from Hyperspectral satellite data.
The spectral radiation measured by satellite sensors is nonnega-
tive; vectors composed of the discrete spectrum form a convex
multidimensional region in the multidimensional space. Boun-
dary of the convex multidimensional region corresponds to pure
pixels whose spectrum is the end-member of mixed pixels, while
other vectors inside the convex multidimensional region is
considered to be linearly combined by the boundary-vectors.
Specifically, the N-dimensional scattered plots are projected
repeatedly onto separate random vectors. The pixels correspond
to extremes of each projection are identified and accumulatively
counted, resulting in a pixel purity index image whose value of
each pixel being the number of times counted during the process
of repeated projection. Pure pixels are those have higher values
within the pixel purity index image (Boardman, et al., 1993).
The PPl method has also been successfully applied to multis-
pectral satellite images (Hu, et al., 2010).

2.3 Introduction of the new algorithm

Another advantage of the HJ-1 CDD camera is its mul-
ti-temporal observation capability, particularly when we combine
observations from both HJ-1A and HJ-1B platforms. This advan-
tage enables us to collect a set of observations with different imag-
ing directions for the same pixel during a temporal window, which
includes both “clear” day images and “hazy” day images. For
aerosol retrieval over bright underlying surfaces, such as arid or
semi-arid areas (deserts) and urban areas, several algorithms have
been developed to derive the AOD of hazy days with the surface
reflectances obtained from the clear day images, assuming that the
surface reflection property is relatively stable within this temporal
window. These algorithms include the deep blue algorithm (Hsu, et
al., 2004), the contrast reduction algorithm (Tanré, et al., 1988) and
the improved algorithm for retrieving aerosol optical depth from
MODIS imagery over bright surfaces (Liang, et al., 2006). The
length of the temporal window is set to be a three-month period in
the study of Liang, et al. (2006), however, one-month period (Hsu,
et al., 2004) is considered to be better if adequate clear observa-
tions were included. However, the assumption may introduce large
uncertainty when applied to mixed pixels in urban areas. Surface
reflection of the mixed pixels in urban areas tends to be easily
affected by human activities; on the other hand, with the variation
of imaging geometries, the shadowing caused by high buildings in
urban areas make it more difficult to determine the surface reflec-
tances of the mixed pixels. In this study, most of the selected stable
pure pixels using PPl method are located in the center of large
uniform surface target, which are possibly less affected by human
activities and the building-shadowing. Furthermore, using pure
pixels may reduce the uncertainty in characterizing the reflection of
mixed pixels using surface BRDF model.

The main procedures to derive aerosol optical depth using HJ-1
CCD data are discussed as below.
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(1) Pre-calculating the look-up tables (LUT). The atmospheric
optical properties (i.e. path reflectance and atmospheric transmis-
sions) are pre-calculated for several aerosol loadings using 6S
radiative transfer codes (Vermote, et al., 1997) based on analysis of
the regional aerosol model.

(2) Calculating the apparent reflectance measured by the CCD
camera using absolute calibration coefficients and the cloud dis-
crimination after cloud detection.

(3) Selecting several clear days images within the temporal
window and the identification of the spectrally pure pixels using
PPI method. Since the surface property in urban areas is signifi-
cantly influenced by human activities, the pure pixels identified
from different clear images may vary slightly, thus only those
stably obtained from all clear images are finally kept for retrieving
aerosol optical depth.

(4) Determining the surface BRDF of the pure pixels from the
clear observations with a BRDF model. Then the surface reflec-
tances of the haze observations are interpolated from the fitted
surface BRDF using the corresponding imaging geometries. The
Roujean BRDF model (Roujean, et al., 1992) is used in this study
which requires at least three observations to determine the model
parameters for a certain pixel, thus at least three clear images
should be selected in Step (3). For each pure pixel, the parameters
required to characterize the BRDF model are derived from the
multiple directional surface reflectances, which are converted from
the measured TOA radiance through atmospheric correction of the
clear images. With the obtained model parameters as well as the
imaging geometries, the directional surface reflectances of the pure
pixels of the hazy observations are interpolated from the surface
temporal BRDF.

(5) Retrieving aerosol optical depth of the pure pixels for the
hazy days based on the LUT. The spatial variation of aerosol
optical depth is much smoother than the surface features (Liang, et
al., 2006). Under the condition that pure pixels are well-distributed,
linear interpolation is finally performed to obtain the aerosol
optical depth of the whole image.

2.4 Validation and analysis

The previous studies (Wang, et al., 2011) show that aerosol
model of Beijing is composed of mixtures of fine and coarse
particles with the domination of fine urban pollutants. However,
the spring season is more influenced by coarse dust particles. The
monthly mean AOD over Beijing ranges between 0.5 and 1.8.
During the period from August to October, 2009, the coarse-fine
particles volume ratio averaged from Aerosol Robotic Network
(AERONET) (Holben, et al., 1998) measurements at Beijing site is
1.37. To examine the performance of our algorithm, we performed
AOD retrievals over Beijing from the HJ-1 CCD observations from
August to October, 2009. The retrieval results were validated by the
ground-based measurements from a sun photometer (CE318) at the
AERONET Beijing site. The MODIS aerosol products close to the
HJ-1 pass time were also evaluated using AERONET measure-
ments. All the satellite retrievals and ground measurements were
calculated at 550 nm to guarantee the consistency of the data.

Based on the AERONET AOD measurements nearest to HJ-1
overpass time, the days with AOD at 500 nm less than 0.10 is consi-
dered as the “clear” atmospheric condition at Beijing, while the mean

AOD calculated from AERONET measurements between 2005 and
2009 is 0.86. Fig. 1 shows the location of AERONET Beijing site
(39.977°N, 116.381°E) on the true color composite CCD image
using the red, green, and blue bands. The identified pure pixels
around the AERONET site are also shown in the image.

Fig. 1 Location of AERONET Beijing site (red star) and distribution
of the surrounding pure pixels (blue triangles)

A constant atmospheric visibility, i.e. 100 km, was used to
perform atmospheric correction of the clear images. Fig. 2 demon-
strates the resulting BRDF for two typical surface types (cement
road: 40.000°N, 116.382°E; grass: 39.974°N, 116.391°E) at the
blue band.

The comparison of AOD retrieved from HJ-1 CCD observations
with the sunphotometer measurements of AERONET is shown in
Fig. 3. We used AERONET Level 2 quality assured data nearest to
the HJ-1 overpass time for comparison. The time intervals
between AERONET measurements and satellite overpasses were
within 0.5 h for all the match-ups to ensure stable atmospheric
conditions. Fig. 3 indicates good agreement between the retrieved
AOD using our algorithm and the ground measurements with a
high correlation of 0.83. The linear regression slope and intercept
are 1.091 and 0.053, respectively. And the Root-Mean-Square
Error(RMSE)is 0.15.

Fig. 3 also shows the validation of MODIS aerosol products
close to the HJ-1 pass time against AERONET measurements. The
time intervals between MODIS and HJ-1 overpasses were within
0.5 h for all the coincidences except for that of October 15", 2009,
which was approximately 35 min. The caption in the plot reports
the correlation coefficient, the linear regression slope and intercept,
which are 1.216, 0.183 and 0.87, respectively. The RMSE is 0.27.
Fig. 3 suggests that the slope, intercept as well as the RSME
corresponding to HJ-1 AODs are superior to those of MODIS.
However, the correlation is slightly lower. Table 1 lists the HJ-1
AOD retrievals, MODIS AOD products, and the AERONET mea-
surements of all the coincidences. The relative differences of
satellite retrievals with AERONET AODs are also listed in Table 1.
It can be seen that the relative differences of HJ-1 AODs are gener-
ally lower than those of MODIS AODs. The average difference is
49% and 139% for HJ-1 and MODIS, respectively. Both HJ-1 and
MODIS retrievals have several coincidences with relative differ-
ence beyond 0.05+0.15xzagroner, Which is the criterion used to
define an accurate AOD retrieval over land (Remer, et al., 2005). One
possible reason is that it is still difficult to accurately determine
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the urban surface reflectance due to heterogeneity, though pure pixels
are used. Another possible reason lies in the low AOD values of the
validation samples (the average AOD is 0.25). In the atmos-
phere-Earth surface system illuminated by the sun, the lower contri-
bution of atmosphere leads to lower sensitivity of the satellite meas-
ured radiation to aerosol optical properties (Bréon, et al., 2011).
However, generally, the SPP method can be effectively used to
monitor urban aerosols and to further provide the parameters for
atmospheric correction of HJ-1 CCD data.

3 ATMOSPHERIC CORRECTION OF HJ-1 CCD
IMAGE BASED ON RADIATIVE TRANSFER

MODEL
Based on the retrieved AOD using SPP method, we performed
180 atmospheric correction of HJ-1 CCD image to obtain the surface
(b) Grass directional reflectance of each pixel, which is realized through the

pre-established LUT containing atmospheric parameters. Fig. 4 and
Fig.5 show the TOA and atmospheric corrected reflectance image
covering Beijing on August 13, 2009 for the blue band and red
band, respectively.

Fig. 2 The simulated BRDF at the blue band for cement road
and grass

Table1 AODs of HJ-1 CCD, MODIS, AERONET and the relative error against AERONET AODs

Date HJ-1 AOD MODIS AOD AERONET AOD Relative error of HJ-1 AOD/% Relative error of MODIS AOD/%
2009-08-02 0.3792 0.5620 0.1311 189 329
2009-08-13 0.6172 0.7320 0.3969 56 84
2009-08-23 0.3426 0.6130 0.4817 -29 27
2009-09-21 0.1300 0.3120 0.1175 11 166
2009-10-02 0.2153 0.3460 0.0842 156 311
2009-10-05 0.1794 0.4280 0.2113 -15 103
2009-10-09 0.8600 1.0440 0.6044 42 73
2009-10-14 0.1920 0.2940 0.0945 103 211
2009-10-15 0.2559 0.3350 0.2468 4 36
2009-10-17 0.1061 0.2210 0.1467 -28 51

Average 0.3278 0.4887 0.2515 49 139
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Fig. 4 The TOA and atmospheric corrected reflectance images at the blue band
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Fig. 5 The TOA and atmospheric corrected reflectance images at the red band

Obvious discrepancy in reflected radiance and image contrast is
found between the TOA and atmospheric corrected images. The
satellite observed surface is affected by atmospheric scattering and
gaseous absorptions leading to image blurring and low image
contrast. However, the influences of aerosol scattering and gaseous
absorption by water vapor and ozone are largely eliminated after
atmospheric correction. Higher image definition and contrast is
achieved. As molecular scattering and aerosol scattering have higher
influence at shortwave band, it can be found from Fig. 4 and Fig.5
that the variations between the TOA and atmospheric corrected
images at the blue band are greater than those of the red band.

To quantitatively evaluate the accuracy of atmospheric correc-
tion for HJ-1 CCD data, the surface reflectances before and after
atmospheric correction were compared with the ground-based
measured surface reflectances. The atmospheric corrected results
for HJ-1 CCD data using image-based DOS (dark object subtrac-
tion) method (Kaufman, 1989) were also included in the compari-
son. Fig. 6 demonstrates the location of the validation sites (cement
road: 39.993°N, 116.393°E; grass: 39.991°N, 116.434°E) on the
CCD image acquired on August 13, 2009. And the comparison
among the independently obtained surface reflectances is shown in
Fig.7.

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

It indicates significant variations between the TOA and corrected
reflectance, where the latter shows higher agreement with the ground
data. The influence caused by atmospheric scattering and absorption
is effectively corrected. Compared to the image-based DOS method,
our method gives results more close to the ground data, indicating
significant improvement in correction accuracy.

Fig. 6 Location of the ground sites used for validation of atmospheric
correction (Red: cement road; Green: grass)

http://www.cnki.net
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