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Aerosol optical and microphysical properties in haze days

based on ground-based remote sensing measurements
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Abstract: Aerosol optical and microphysical parameters retrieved from ground-based sun-sky photometer (CE318) measurements
are used to investigate aerosol properties during heavy haze days. The heavy haze episode in January 2013 is analyzed, and we find
that: (1) Aerosol Optical Depth (AOD) in haze days (an average of 0.87 at 440 nm), is much higher than that of clean days, and
can reach up to about 3 in some seriously polluted conditions. (2) Aerosol properties are well related to the haze pollution levels.
For example, the averaged Angstrom exponent, imaginary part of refractive index, single scattering albedo and asymmetry factor
under clean condition are 1.3, 0.04, 0.73 and 0.58, respectively, while the corresponding values in polluted days change to 0.95,
0.01, 092 and 0.67, respectively. (3) The volume proportion of fine mode aerosol is higher than that of coarse mode during the
haze episode. The average volume ratio of fine mode to total aerosol is 73%, with the maximum of 90.5% . The fine mode radius
peak increases with the increase of AOD, indicating clearly hygroscopic growth effects, while that of coarse mode aerosol decrea-
ses accordingly. Moreover, the peak radius of size distribution is 0.43 wm when the heaviest haze pollution during January 2013
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1 INTRODUCTION

In recent years, the occurrence of haze polluted weather
shows an ascending trend. Both the frequency and pollution level
have increased rapidly in industrial regions, especially in urban
agglomerations of Beijing-Tianjin-Tangshan, the Yangtze River
Delta, and the Pearl River Delta regions (Wang, et al., 2011).
Beijing has been suffering serious haze pollution in winters (Li,
et al., 2013). Research on aerosol properties in Beijing is useful
to understand aerosol impacts on environment, climate and
human health.

Previous studies on aerosol optical and microphysical prop-
erties from ground-based measurements have shown some
acrosol characteristics in haze days. Li, et al. (2013) compared
aerosol properties, as well as the remotely sensed component
fractions, of two haze events in Beijing during the winters of
2011 and 2012. Yu, et al. (2012) utilized ground-based aerosol

observation to analyze the optical properties of haze aerosol.
Min, et al. (2009) analyzed the aerosol properties during an obvi-
ous haze episode in Xianghe in 2007 based on sunphotometer
and lidar observation. Differences of aerosol properties between
haze and clean atmosphere were also observed and compared
(Yan, et al., 2010; Xu, et al., 2011).

On the basis of above researches, we utilized the sun-sky
photometer to acquire aerosol properties in Beijing during the
serious haze pollution in January 2013. Aerosol optical
parameters like Aerosol Optical Depth ( AOD), Angstrtim
exponent («), Single Scattering Albedo (SSA), complex
refractive index (real part m,, imaginary part m;), asymmetry
factor (g), and microphysical parameters (size distribution) are
studied. These properties in the haze pollution, as an example,
are analyzed in depth to show their variation during the haze

process.
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2 DATA AND METHOD
2.1 Instrument and data

The polarized sun-sky photometer (CE-318, manufactured
by CIMEL Electronique of Paris, France) is employed to acquire
aerosol properties. It has ten channels (0.340 wm, 0.380 pm,
0441 pm, 0.500 pm, 0.670 pm, 0.870 pwm, 0936 wm, 1.020 pm,
1.020i wm and 1.638 m) for the aerosol and water vapor obser-
vation with the Full Width at Half Maximum (FWHM) of 2 nm
(034 pwm and 0.38 wm) and 10 nm (other channels). The instru-
ment is capable of automatical observation of the direct solar
irradiation and sky radiation with ALMucantar (ALM) and Prin-
ciple Plan (PP) geometries. Large scattering angles are attainable
at noon in PP geometry, which measures sky radiation at
different solar elevation angles at a fixed solar azimuthal angle.
The ALM is superb for providing effective cloud identification
for sky radiation which measures symmetrically at different
azimuth at a fixed solar zenith. Cloud identification is crucial for
data quality control. In this paper we use a limitation of 20%
deviation between left ALM (“.ALL” files) and right ALM
(“.ALR” files) measurements (Dubovik, et al., 2000) to identify
the cloud. Measurements identified as free of cloud are then
averaged and employed in inversion programs (Section 2.2).

The observation site (40°00'N, 116°23'E) is located on the
roof of a building (59 m) of Institute of Remote Sensing and
Digital Earth (RADI), Chinese Academy of Sciences. We collect
effective solar irradiation and sky radiation data from January 1
to 31 in 2013. Some data are excluded due to cloud
contamination and precipitation. The meteorological observation
data used in this paper are supplied by the Public Meteorological
Service of China Meteorological Administration.

The haze pollution in Beijing in January 2013 lasted for
about one month, and during this period some extremely polluted
days occurred. The entire haze process in January can be further
divided into five subprocesses: 6—38, 10—16, 18—19, 21—23,
and 25—31, with clear days appearing occasionally. In this
paper, the aerosol properties of the entire month are retrieved,
and those of the second haze subprocess (10—16) are further
analyzed in detail to show the variation during haze process.

2.2 Retrieval of aerosol properties

According to Beer-Lambert-Bouguer’s law, the relation
between photometer measurement and total optical depth can be
expressed as

V(A) = Vo(A) (dy/d) expl = mr(A) ] (1)
where V(A) is the photometer signal at wavelength A, V(1) is
the corresponding calibration coefficient (i.e., the measurement at
the top of atmosphere), 7(A) is the total atmospheric optical
depth, (d,/d) * is the earth-sun distance correction factor, and m
is the aimass that can be calculated from solar zenith. The
aerosol optical depth 7,(A) can be further calculated by subtrac-
ting the Rayleigh optical depth 74,(A) and gas absorption optical
depth 7,(1) from the total optical depth following

7,(A) =7(X) —7x(A) —7,(X) (2)
In Eq.(2), 7r(A) can be estimated according to site altitude and

7,(A) can be calculated by the 5S model (Tanré, et al., 1990).

Our retrieval approach is an extension of the AErosol
RObotic NETwork (AERONET) inversion process (Dubovik,
et al., 2000, 2006). AOD calculated from Eq.(2) and sky
radiation are used as input parameters in the retrieval. Meanwhile
some priori constraints to the parameters are also performed. For
example, real part of refractive index is restricted from 1.3 to 1.7,
and imaginary part from 0.0005 to 0.5. We retrieved aerosol size
distribution and refractive index firstly, and then derived the
optical properties such as SSA and asymmetry factor.

3 RESULTS AND ANALYSIS

In accordance with AERONET, the standard channels at
440 nm, 675 nm, 870 nm and 1020 nm are selected in the analy-
sis. Fig.1 shows the daily averaged AOD (level 1.5) at Beijing
RADI site in January 2013. It is clearly shown that AOD at
440 nm in haze days (0.87) are much larger than that in clear
days 0.22. AOD at 440 nm shows extremely rapid increases
when haze outbreaks, and the AOD level further reaches up to
294 (January 13) and 3.29 (January 27).

35

—=— 440 nm
—o— 675 nm
—A— 870 nm
—¥— 1020 nm

3.0 F

2.5

L 1 L 1 J

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Date

Fig.l Daily averaged AOD at Beijing RADI site in January 2013

(error bars show the standard deviation)

Daily averaged aerosol parameters are shown in Fig2(a)—(e),
including Angstrﬁm exponent (calculated from AOD at 440 nm
and 870 nm), SSA (870 nm), refractive index (870 nm), and
asymmetry factor (870 nm). The aerosol size distribution is
shown in Fig.3.

The Second Haze Subprocess (SHS) is the heaviest and
longest one in January 2013. It is thus taken as an example for a
detailed quantitative analysis of the variation of the aerosol. We
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Fig2 Daily averaged aerosol optical and microphysical properties

add observation of two days under clean condition before
(January 9) and after (January 17) the SHS, to show differences
between clean and haze conditions.

04 r

== 1/11

dV/dInr (um®/pm?)

Radius/pm

Fig3 Daily averaged aerosol size distribution in
Beijing in January 2013

Table 1 Aerosol optical and microphysical parameters during the SHS in Beijing in January 2013 ( daily averaged)

January 10—12
(beginning phase )

Aerosol January 9

parameters (clean condition)

January 13 January 14—16 January 17

(pollution peak) (cleaning phase) (clean condition)

@ 1.32+0.04 1.08+0.03 0.70 1.07+0.01 1.29+0.08
SSA 0.73+0.05 0.89+0.02 0.96 0.92+0.01 0.72+0.04
m, 1.61+0.05 1.53+0.04 1.42 1.53+0.02 1.63+0.03
m; 0.039+0.012 0.014+0. 003 0. 006 0.011+0.030 0.044+£0.013
g 0.57+0.01 0.63+0.02 0.72 0.66+0.01 0.58+0.01

Table 1 shows the variations of aerosol optical and micro-
physical properties during the SHS. The retrieval results of Janu-
ary 12, 15, and 16 are not available due to cloud contamination
and precipitation. Beyond that, only one retrieval on January 13
is valid.

(1) Angstrb’m exponent

Angstr'dm exponent « is used to describe the spectral
dependency of the AOD. It is inversely related to the average
size of the aerosol particles in the aerosol, when the number
density distribution of aerosol is close to Junge distribution, the
larger the particles are the smaller the exponent is (Eck, et al.,
1999). In clean atmosphere « is about 1.3, while in the SHS the
value decreases to 0.95 (averaged from 10 to 16 in January),
indicating the increased average size of particles. This is
probably due to aerosol hygroscopic growth (relative humidity of
33%,69%, 67%,73%,75% and 29% for 9—11, 13—14 and
17 in January, respectively). The research of Min, et al. (2009)
on Xianghe haze pollution in 2007 showed that Angstrom expo-
nent before and during the haze episode were 1.4 and 1 respec-
tively, similar to our results.

(2) Single scattering albedo

Single scattering albedo is the ratio of scattering efficiency
to total extinction efficiency. From Table 1 we can see that
before the haze pollution SSA is 0.73. SSA increases as the
pollution gets heavier, then it reaches up to the peak 0.96, show-
ing the enhanced aerosol scattering in haze atmosphere. SSA
decreases to 0.72 when pollution is removed, representing the
weakest scattering effect during this period. The average SSA
during this haze episode is 0.92, higher than that under clean
condition (0.72—0.73), showing similar result with previous
work (Min, et al., 2009; Xu, et al.,, 2011;Yu, et al., 2012). The
main reason for the SSA variation might be the transformation of
SO, and NO, to secondary aerosols such as sulfate and nitrate

during haze period. Such transformation greatly enhances the
acrosol scattering effect (Yan, et al., 2008) and consequently
leads to higher SSA.

(3) Refractive index

Refractive index is the most important optical parameter of
aerosol components, the real part m, indicates the refractivity of
aerosol, while the imaginary part m; indicates the amount of light
absorption when the electromagnetic wave propagates through
the medium. Before haze pollution, m, is about 1.61, and decrea-
ses to minimum value of 142 with the development of pollution.
m, increases again to 1.63 when haze is moved. For the haze
days there is an obvious relevance between air humidity and the
level of haze pollution. Heavy pollution relates to high water
content in aerosol (Wang, et al., 2013), and lower real refractive
index as well, considering in aerosol components the refractive
index of water (1.33) is the lowest (Dubovik, et al., 2002). The
imaginary refractive index m; shows similar variation trend
(decreases in haze developing phase and increases in cleaning
phase). The average m; values are 0.04 and 0.01 under clean
condition and haze pollution, respectively, indicating a weak
absorption effect of aerosol in haze. This is probably due to
increasing secondary aerosols such as sulfate and nitrate (typical
value of m, is 0) during the haze process (Wei, et al., 2013).

(4) Asymmetry factor

Aerosol asymmetry factor g stands for the ratio of forward
scattering to the total scattering. The value close to 1 means a
large proportion of forward scattering, while the value close to
-1 means a large proportion of backward scattering, and the
value of 0 means isotropic scattering. The asymmetry factor
increases from 0.57 (clean atmosphere, January 9) to 0.72 (pollu-
tion peak, January 13) as haze aggravates, and then decreases to
0.58 (clean atmosphere, January 17) in the cleaning phase, show-
ing higher proportion of forward scattering in haze days than that
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in clean atmosphere. The average asymmetry factor in haze and
clean days are 0.67 and 0.58, respectively. This is probably due
to the enlarged size of aerosol particles caused by hygroscopic
growth in haze pollution days (Liou, et al., 2002).
(5) Aerosol size distribution

Fig.4 shows the aerosol size distribution of the SHS of haze
pollution and Table 2 gives the Volume Concentration (VC)of
fine and coarse modes calculated from size distribution.

. 04,:2013-01-09 _ 04,2013-01-10 __ 0.4, 2013-01-11
E E E
203 203 203
£ £ £
202 202 202
~ ~ ~
= = £
B 0.1 B 0.1 z 01
= AN }j' X
01 1 10 01 1 10 01 1 10
Radius/pm Radius/pm Radius/pm
0.4, 2013-01-13 04 2013-01-14 04, 2013-01-17
E E E
303 303 303
T = =
202 202 202
g = 2
5 0.1 5 0.1 5 0.1
5 5 5
0 L —et2%0nnsssageeeette,,
01 1 10 0 01 1 10 g 01 1 10
Radius/pm Radius/pm Radius/pm

Fig4 Aerosol size distribution of the SHS (daily averaged)

Table 2 Volume concentration of fine and coarse
mode aerosol (pm’/pm’) and AOD (440 nm)
of the SHS ( daily averaged)

Date VC-fine VC-coarse VC ratio AOD
(pm*/pum*) (pm*/pm*) F/C (440 nm)
01-09 0.031+0.014 0.038+0.015 0.82 0.26=0.08
01-10 0.090+0. 024 0.065+0.009 1.38 0.58+0.04
01-11 0.279+0. 143 0.104+0. 009 2.68 1.47+0.19
01-13 0.545 0.057 9.56 2.94
01-14 0.202+0. 058 0.084+0.024 2.39 1.10+0.21
01-17 0.025+0. 005 0.026+0. 005 0.95 0.21+0.08

There is an obvious trend in variation of aerosol size distri-
bution with time during the SHS (Fig.4). VC values of fine and
coarse modes on 9 January (clean atmosphere) are both very low
and show no significant difference, corresponding to relatively
small AOD (0.26 at 440 nm). Aerosol shows a bimodal
lognormal size distribution, with the peak radii of fine and coarse
modes around 0.1 and 3.9 um respectively. The VC ratio of fine
to coarse is about 0.82, illustrating that coarse mode is the domi-
nant mode of aerosol size distribution in Beijing at clean atmos-
phere, agreeing with previous studies (Yu, et al., 2012). Then VC
of both modes increase as haze pollution becomes heavier on 10
and 11 January, along with increasing AOD (0.58 and 1.47 on
the two days). This is due to the continuous accumulation of air
pollutants in haze days because stable weather system limits the
pollutant dispersion. VC of fine mode increases more
significantly than the other mode and becomes the dominant
mode of the bimodal lognormal size distribution since haze
begins. On January 11 the ratio of fine to coarse VC rises to
268, and the peak radii of fine and coarse modes change to

03 pm and 2.9 pm respectively. The haze pollution reaches its

peak on 13 January and VC of total aerosol is 8.7 times of that
on January 9° AOD also reaches to the maximum of 2.94 in the
SHS, which is about 11 times larger than that in clean atmos-
phere. The aerosol changes to single mode lognormal distribution
with the peak radius at 043 wm, and VC ratio of fine to coarse
mode is 9.56. VC of fine mode aerosol accounts for 90.5% of
the total aecrosol. Note that during the haze developing phase, the
increasing peak radius of fine mode aerosol is probably caused
by the hygroscopic growth effect of soluble aerosols under
condition with high humidity (Eck, et al., 2005). After that, VC
of the total aerosol begins to decrease from its peak and so does
AOD (decreases rapidly to 1.10), due to aerosol particle
deposition which might be caused by precipitation on January 14
afternoon. The size distribution reverts to bimodal with peak
radii of fine and coarse modes at 0.15 and 2.9 pum respectively.
VC of fine mode is still larger than that of coarse mode while
VC ratio of fine to coarse mode is 2.39. On January 17, haze
pollutants are significantly cleaned up, and VC of both modes
and AOD fall to the lowest levels during the SHS, which are
comparable with those on January 9. Aerosol shows bimodal
lognormal size distribution (with peak radii 0.1 pm and 5.0 pm
respectively), similar as that of January 9. The coarse mode
dominates the size distribution again, although VC of the two
modes are very close and VC ratio of fine to coarse mode is 0.95.

From the variation of the aerosol properties during the haze
process (including two clean days), we can see the main
pollutants of haze are fine aerosol particles (with radius less than
1.0 pm), while the coarse mode aerosol can also increase a little
with aggravation of pollutants. The VC ratio of fine to coarse
mode coincides well with AOD at 440 nm in the SHS, indicating
significant contribution of fine mode aerosol to the total aerosol
optical depth. According to Dubovik, et al. (2002), for urban-
industrial aerosol type AOD at 440 nm has higher correlation
with fine mode aerosol than coarse mode, in accordance with the
results of our work.

4 CONCLUSION

We focus on the serious haze pollution in Beijing in January
2013, and use ground-based sun-sky photometer CE-318 meas-
urements to retrieve aerosol optical and microphysical properties,
including aerosol optical depth, Angstrom exponent, single scat-
tering albedo, refractive index, size distribution and asymmetry
factor. The paper analyzes these properties during the second
haze subprocess in January 2013 and we conclude that:

(1) AOD at 440 nm reaches to 0.87 during the haze, about
four times larger than that of clean days at the same period. The
peaks of AOD even reach to 2.94 on January 13 and to 3.29 on
January 27.

(2) Aerosol properties are closely related to the haze
process. Angstr'dm exponent decreases from 1.3 to 0.95 at pollu-
tion period due to hygroscopic growth of soluble aerosol
particles. Weakening aerosol absorption effect can lead to
decrease of imaginary refractive index (0.04—0.01). Increasing
scattering effect of aerosol enlarges single scattering albedo from
0.73 under clean condition to 0.92 during the haze. Asymmetry
factor increases by about 15.5% (0.58—0.67), indicating the
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enhanced forward scattering in haze days.

(3) In the second haze subprocess, fine mode aerosol is
dominant and its VC proportion to the total aerosol is about
90.5% at pollution peak. The aerosol size distribution varies with
pollution level during the process, and the VC ratio of fine to
coarse mode increases as pollution develops. The average peak
radius of fine mode aerosol increases with AOD, indicating the
hygroscopic growth effect of aerosol particles, while that of
coarse model varies inversely. Aerosol size distribution changes
to single mode from bimodal lognormal mode when haze reaches
its peak and the peak radius is 043 pm.
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About the Cover

20105+ EHBERISBUSIEEEMR ( ChinaCover2010 )
The China National Land Cover Data for 2010 (ChinaCover2010)

2010 S E T EERERETUEIESE ( ChinaCover2010 ) HFERFRIEMSHFHIRMRAAKSEM 9 AN HEREAE , RA 30 m 25
SHRNTEE (H)-1A/1B ) 48 , FARSERKRES (FAO) NLCCSHE TR, MBTIERTPEERREN 38 - EW SRR, F
BEFBEFANEETLE. ERNRNBmSE. WEEASEHSHN 10 A MNFINFELURBASIERE S38EaI5E | 8UENEIAT 85%.
ChinaCover2010 EEE‘FE?‘EEB?& ﬁﬂﬁ%ﬁm & . FEEMERI M LR PSR RIS HIERATE R RIE 78RR | rlhs
E&EAINET AL SR ARG EREHRSTH. ( Rkt : http://www.chinacover.org.cn)

The China National Land Cover Data for 2010 (ChinaCover2010) has been completed after two years of team effort by the Institute of
Remote Sensing and Digital Earth (RADI), Chinese Academy of Sciences (CAS), together with nine other institutions’ participation. The HJ-
1A/1B satellite at 30 m resolution is main data source. Based on the landscape features in China, 38 land cover classes have been defined
using UN FAO Land Cover Classification System (LCCS). Super computers were used in the data preprocessing. An object-oriented method
and a thorough field survey (about 100000 field samples) were used in the land cover classification, with radar imagery as auxiliary data.
The overall accuracy of ChinaCover2010 is around 85%. Mainly based on domestic imagery, the products take advantage of various in situ
data and strict quality control. ChinaCover2010 is a good dataset for ecological environment change assessment and terrestrial carbon
budget studies. (Website: http://www.chinacover.org.cn)
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