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Abstract: Haze pollution becomes more and more frequent in urban regions of China. Compared to ground based measurement ap—
proaches satellite remote sensing can obtain observation of haze in wide areas and monitor their distribution and intensity. The Chi—
nese environmental satellites of H]4 A and HJ- B play important roles in atmosphere monitoring due to their high spatial r esolution

high temporal resolution and wide swath. In this paper aerosol optical depth during haze in January 2013 is retrieved u sing HJ4

CCD blue and green bands based on the assumption of stable surface reflectance in a short period. Applications of HJ4 CCD haze

monitoring are also evaluated and feasibility and advantages of the high-resolution satellite are analyzed.
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1 INTRODUCTION

Haze is an aerosol system which consists of atmospheric par—
ticles such as soot and dust in specific humidity and temperature.
The sizes of the aerosol particles distribute mainly between 0. 1
pm and 10 pm which can come from human sources such as in—
dustrial emissions construction waste incineration waste gas
vehicle exhaust and natural source such as sand dust volcanic
2008) .
fied by the International Meteorological Organization ( WMO)

e ruptions and forest fires ( Ma et al. Haze is identi—
as the weather when air relative humidity is less than 80% and
the level of visibility is less than 10 km. According to the visibil—
ity haze can be divided into three levels: heavy haze ( visibility
< 2 km) moderate haze (2 km < visibility < 5 km) and light
haze (5 km < visibility < 10 km) .

At present the haze in China is very serious and prevails in
many cities and towns. There are four typcial hazy areas in Chi-
na: the Pearl River Delta the Yangize River Delta the Huang—
Huai-Hai region and the Sichuan Basin. Haze is a severe disas—
trous weather phenomenon which increasingly impacts on envi-
ronment and human health. It can cause human respiratory and
lung diseases. It can also reduce atmospheric visibility and affect
air quality in urhan hence resulting in the reduction of solar ra—
diation intensity and sunshine hours and even agricultural pro—

duction (Li & Yu 2011).

DOI: 10.11834/jrs. 20133062

Environmental protection departmenls concern mainly about
the concentration of respirable particulate matters and polluting
gases such as NO, and SO,

ground surface in haze days. The monitoring near ground in a

which affect the air quality near

point scale can indicate the status of haze pollution nearby. H
owever the large-scale monitoring is absent ( Li 2010) . It is
difficult to obtain the trend of haze distribution and intensity in a
large area at present. Due to wide coverage and efficiency of da—
ta satellite remote sensing is a fast approach to obtain regional
haze aerosol optical depth for atmospheric environment monito—
ring.

The approaches for aerosol remote sensing over land can be
divided into four main categories: (1) Dark target method which
has been successfully applied to the Moderate-Resolution Ima—
ging Spectroradiometer ( MODIS) aerosol retrieval ( Levy e
tal. 2007) based on the relationship of shortwave infrared
channel (2.12 um) red channel (0.66 wm) and blue chan—
nel (0.47 um) ; (2) Multi-angle method which is adopted by
the Multi-angle Imaging Spectroradiometer ( MISR) ( Marton—
chik et al.
(3) Contrast reduction method based on the surface reflectance
1998) ; (4) The Polarized aerosol retrieval
method based on the polarization information ( Polarization and
Directionality of the Earth’s Reflectances: POLDER) ( Deuzé
et al. 2001) .

1992) based on observation of the multi-angle;

( Tanre et al.
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HJ-4 A/1B satellites ( The China Environment and Disasters
Monitoring Microsatellite Constellation) launched in 2008 are
dedicated to the environment and disaster monitoring and forecas—
ting. The CCD sensors have three visible bands (430—5 20 nm
520—600 nm 630—690 nm) and a near-infrared band ( 760—
900 nm) with 30 m spatial resolution 360 km swath for each
(700 km when jointly used) and 4 days revisit period for each
(2 days when jointly used) . The high temporal resolution spa—
tial resolution and wide coverage characteristics enable HJd sat—
ellites to be suitable for atmospheric monitoring. Therefore the
atmosphere environmental monitoring and remote sensing studies
2010) . Li
(2010) discussed the cloud recognition and Aerosol Optical
Depth ( AOD) retrieval method of haze using MODIS and HJ-H
CCD data respectively. Wang et al. (2012) also used HJH

CCD data of environment satellites to study the haze phenomenon

based on HJH are in great interests ( Wang et al.

in Beijing during 2009. Xu et al. (2013) gave a brief presen—
tation of AOD on both haze ( January 14) and clear ( January
17) days in 2013. This paper focuses on the aerosol retrieval
method and the multi4temporal AOD results using CCD images of
HJH satellites during Beijing 2013 haze process and compares
the retrieval results with the low resolution MODIS aerosol prod-

ucts.

2 METHOD AND ALGORITHM
2.1 Method basis

Satellite remote sensing of AOD relies on the reflectance at
the top of atmoshpere ( TOA) . Assuming a Lambertian surface
and no gas absorption the apparent reflectance of satellite obser—
vation can be written as
() T(p) p (e o @)

U-p(p p ¢)S
(1)

where pq, is reflectance at TOA @, and @, are solar zenith angle

proal e pe @) =p (. p, @) +

and viewing zenith angle respectively w, =cosf, u, =cos, p,
is the normalized atmospheric path reflectance T is atmospheric
transmission S is the atmospheric albedo and p is the Lambertian
reflectance.

Atmospheric transmittance can be divided into transmitted
part and scattering parts:
T(p) =e ™ +1,(p)
and ¢, is scattering transmittance.

where 7 is total aerosol optical depth

The total radiance which is received by satellite sensor ¢
ontains both surface and atmosphere information and the path
radiance mainly from the atmospheric contribution.

Removal of underlying surface reflectance from total reflec—
tance is the key technique of AOD retrieval. In this paper we
use 6S ( Second Simulation of Satellite Signal in the Solar Spec—
trum) Radiance Transfer ( RT) model to simulate the reflect—
cance that r eceived by satellite and separate it into surface and
atmoshpere reflectances based on some assumed of surface reflec—

tance to a cquire AOD from satellite observation.
2.2 HJH AOD retrieval method

Thecretrievab algorithm, of AOD. is: based, en twp jassymptions

( Hagolle et al. 2008): (1) Aerosol optical properties vary

quickly with time but slowly with location and thus AOD in our
research is assumed to be invariable within a small study area.
(2) Surface reflectance varies quickly with location but slowly
with time and thus we can consider a stable surface reflectance
in a short time. Based on the two assumptions the differences of
apparent radiance between two images ( in a short time: e.g. 2
days) are mostly considered to be the contribution of aerosols.
Therefore we can get the surface reflectance and correspondingly
AOD from the variation of TOA reflectance based on the stablity
of surface reflectance.

The processing of AOD retrieval is as follows.

(1) The Look-up Table ( LUT) is precalculated for a given lo—
cation sensor and time. In this paper the LUT is bulit using 6S ra—
diative transfer model. Parameters ( e. g. solar zenith angle viewing
zenith angle relative azimuth angle aerosol optical depth surface
reflectance) are considered in the LUT. Meanwhile the atmospher—
Midlatitude Winter

aerosol models ( Continental Urban etc) in 6S are used.

ic models ( Midlatitude Summer etc) and

The difference in AOD retrievals’ for weak and haze aerosol
mainly lies on the selection of parameters of aerosol models. Pre—
vious studies show that ( Li et al. 2013) the parameters of
aerosol model in haze days are similar with those of ¢ ontinental
aerosol model and with higher aerosol concertration. Therefore
continental aerosol model is selected in this paper.

(2) Using a constant aerosol model with different aerosol
optical depth we can get the surface reflectance related to the
AOD by the LUT.

(3) The surface reflectance and corresponding AOD ap-
proach to the real values when the surface reflectance differences
between two adjacent images are minimized.

The following cost function ( Hagolle et al. 2008) is used
to calculate the difference of surface reflectance.

Cost = K (atm,,(Ly,(ij A DI) AOD(D1)) -

A

atm, (Lo (i j A D2) AOD(D2))) St
Y (atm,(Ligy(i j A DI) AOD(D1)) —p,(ijx D))" +

v

cor

(Lyop(ij A D2) AOD(D2)) -p..(ijA D1))*
(2)

where A is the wavelength (i j) are the coordinates of neighbor—

A
(atm

cor
A

hood pixels and we assume the aerosol is constant in this neigh—
borhood. p,, is the initial surface reflectance L, is TOA radi-
ance atm,, is the atmospheric model that enables estimate the
surface reflectance from TOA reflectance. D1 and D2 represent
imaging date. K is a weighting coefficient which is proportional to
the average variation of Ly, between D1 and D2. Assuming that
the selected images of D1 and D2 in the selected area are cloud—
less and surface reflectances are stable in a short period we can
obtain the AOD in D1 and D2 and the corresponding surface re—
flectance by minimizing the cost funtion in Eq. (2) .

The CCD sensors of HJ- have three visible bands and one
near-infrard band. The blue and green bands centered at 483
nm and 568 nm are employed for the inversion since they are
sensitive to aerosols. In most of cases the surface reflectance of
these bands varies slowly ( Hagolle & King 2008) .

per we use these two bands to derive AOD. The spectral. re—

In this pa—

sponse functions of four bands are shown in Fig. 1.
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Fig. 1 Spectral response functions of HJ-
(adopted from HJ4 A CCDI)

2.3 Cloud identification

Haze pixel must be recognized before AOD retrieval. Mean—
while the accuracy is directly affected by the identification of
haze cloud and surface pixels. Many satellite sensors have ma—
ture algorithms for cloud identification which in not the case of
HJ4 CCD. Considering that CCD sensors of HJH only have three
visible bands and one near infrared band we use threshold val-
ues 0.07 0.25 inblue band and 0.1 0.28

to identify clouds. These threshold ranges can exclude most of

in green band

thick clouds and prevent misjudgment of the heavy haze or bright
2010; Li 2010) . The
cloud data is identified and removed by using this sample thresh—
old method and then AOD will be not retrieved in the case of

s urface into clouds ( Ackerman et al.

cloud.

3 RESULTS AND DISCUSSION
3.1 Data selection and processing

Six images of HJ4 CCD in haze days from January 8 to 17
2013 ( Table 1) are selected. The image on January 8 shows the
beginning of haze. The Air Quality Index ( AQI) is 158 on Agri-
cultural Exhibition Hall site in Beijing during this day. The ima—
ges on January 12 and 14 show the heavy haze polution of the
process. In those days the AQI are 500 and 293
The image on January 17 is obtained after haze dispersing with
the AQL of about 106. Series images shows the whole haze

respectively.

process of generation development accumulation and dispersion

in Beijing.
Table 1 Selection of data in 2013 at Beijing
Date Sensor Transit time
2013-01-08 HJ4A CCD1 02:37
20130140 HJ4B CCD1 02:36
2013-0142 HJ4 A CCD1 02:42
20130144 HJ4B CCD1 02:41
2013-0146 HJ4 A CCD1 02:46
20130147 HJ4B CCD2 02:20

After geocorrection and resizing of images we select the 2
0 x20 km® study area in Beijing which contains about 666 x

666 pixels in HJ CCD images ( with 30 m spatial resolution) . F

ig. 2 shows the false color image of the study area. In this figure
the red box represents location of ground-based CE318 sun pho—
tometer at the Institute of Remote Sensing and Digital Earth( RA-
DI) .

Fig.2

Study area of HJH4 CCD
(‘area: 20 x20 km®)

HJ4 CCD images are then resampled into 100 m resolution
(200 x 200 pixels) in order to reduce the noise geometric reg—
istration errors as well as local variation of surface reflectance.
Then we can acquire images of TOA ( Top of Atmosphere) sig—
nal after radiance calibration. AOD is considered to be constant
in the 5 x5 pixels area ( 0.5 x 0.5 km?)
and j are both 5 in Eq. (2) i.e. the spatial resolution of AOD

result is 500 m.

so the maximum i

3.2 HJ4 AOD retrieval results

Fig. 3 shows AOD results in haze days from January 8 to 17
in Beijing. The initial surface reflectance in this method is o
btained from the atmospheric correction data of the first day in
the time series ( January 8 2013) . The values of zero in AOD r
esults on January 10 and 12 2013 are invalid which is attribu—
ted to residuals cloud contamination.

Combining HI4A and HJ4B we can get AOD data in e
very two days. Therefore we can investigate haze process incl—
uding generation development accumulation and dispersion.
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Fig.3  AOD series from January 8 to 17 2013

We draw conclusions from the above results: The image on
January 8 is the beginning of the haze with the mean AOD of a
bout 0.1 and the differences of AOD among pixels in the whole
study area are small ( less than 0. 15) . January 10 is the develo—
ping period of the haze. Although the south area is cloudy AOD
in north area is higher than that on January 8 obviously which il-
lustrates the accumulation of the haze. The AOD continues to in—
crease on Januray 12 which is higher than that on January 10 to—
tally. AOD in the south city is higher than that in the north and
the biggest difference between south and north reach to 1. 4
which represents the most serious haze pollution day. J anuary 14
is another serious haze day. Due to spreading of haze to the
north the AOD results in north city becomes higher than the re—
sults on January 12 obviously and the biggest difference between
south and north reaches to 1. 6. That is similar with the result of
January 12. The haze begins to disappear during January 16 and
AOD has a significant decline compared with the result of Januar—
y 14. The value of AOD decreases from 1.7 ( January 14) to 1.
4 ( January 16) in north area and from 0.9 ( January 14) to 0.
6 ( January 16) in south area. The haze disappears on January
17 and AOD is less than 0.35 in the whole area.

3.3 Validation

(1) Validation of the retrieved AOD.

AOD at 550 nm is calculated by Angstrom exponent ( Dubo—
vik et al 2000; Angstrom 1929) which is acquired from
CE318 observation ( the site of Institute of Remote Sensing and
Digital Earth Institute) at 440 and 870 nm. Angstrom equation
used in this work is shown blow ( Eq. (3)) .

T.(A) =pBr" (3)
where 7.(A) is aerosol optical depth at wavelength A B is t
urbidity factor and « is band index which indicates the particle
size. The smaller & means the larger aerosol particles.

The observed AOD at 550 nm is then compared with the r
etrieved AOD from HJd CCD data. Here Level 2. 0 AErosol
RObotic NETwork ( AERONET) AOD is used as validation data
which is acquired at the HJ transit time i.e. averaged for the
period before and after half an hour of satellite transit time.

Table 2 shows the verification results. The mean difference
between the retrieved; AOD and.CE318 observed, AOD, during 6

days is about 0. 002. The maximum error is 0. 252 which occurs
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on January 10 and the minimum error is 0. 007 which occurs on
January 14. The correlation equation between CE318 and H Jd
CCD AOD is: 7y = 1. 083 X 76 —0.030 R =0. 84.

Table 2 Verification of HJ4 CCD AOD retrieval results

Date CE318-A0D HJH4 AOD Error
2013-01-08 0.102 0.074 0.026
20130140 0.412 0. 160 0.252
20130142 0.365 0.420 0.055
20130144 0.858 0.940 0.082
20130146 0.467 0.560 0.093
20130147 0.138 0.200 0.062

Mean 0.390 0.392 0.095

(2) Comparison between retrieved AOD and MODIS AOD p
roduction

Haze is often misjudged as light cloud fog or bright surface
in MODIS cloud masking and aerosol products ( King et al.
2003; Liang et al. 2006) so that there are many inaccurate
or missing values in MODIS aerosol products. MODOS ( the MO-
DIS Level 3 daily 8-day and monthly atmospheric product in a
spatial resolution of 1km) products during January 2013 have
rare valid values compared with our results which limits signifi-

cantly the application of MODIS data in the haze monitoring.
4 CONCLUSION

AOD retrieval from HJ satellites shows the process of haze
generation development accumulation and dispersion in Januar—
y in Beijing. The advantages of HJ4 CCD observation such as
high spaital and time resolution make it suitable for haze monito—
ring . From above analysis our conclusions are as follows.

(1) In the haze days from January 8 to 17 2013 in Bei-
jing the haze spreads from north to south area. January 8 and 10
are the process of haze development and January 12 and 14 are
serious pollution days. Haze begins to disperse on January 16
and January 17 it becomes a clear day.

(2) From the AOD results of January 12 and 14 2013 it
is found that haze spreads from south to north area in Beijing
while the south area is more polluted than north area. The haze
expands from the south and gradually surrounds the northern a
rea. The AOD in south area is higher than that in north signifi-
cantly.

Satellite remote sensing can be an effective complement to
the ground observation. It can provide real-ime and fast monito—
ring of haze and provide the influence severity and distribution

of haze.
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