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Anthropogenic aerosol optical depth during days of
high haze levels in the Beijing winter
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Abstract: we estimated anthropogenic contributions to Aerosol Optical Depth ( AOD) during days of high haze level using ground-
based measurements in Beijing ( January 2009 and 2013) . We compared the anthropogenic AOD ( AOD,,) with optical p arameters
determined directly from aerosol samples. The results showed: (1) The monthly mean AOD,, ( at 440 nm) of January was 0. 88 in
2009 and 0.44 in 2013; (2) The proportion of days where contributions from AOD, dominated in January 2013 was 86.7% high—
er than that in January 2009 (62.5%) ; (3) The ratio of the AOD,, to total AOD ( at 440 nm) was about 88% in January 2013
indicating the importance of the anthropogenic aerosol contribution to haze pollution; (4) The two haze events studied featured ¢
ontributions from accumulation of local pollutants and pollutants transported from surrounding areas of Beijing.
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1 INTRODUCTION

Haze pollution is a significant hazard to public health and
is a topic of growing public concern. Owing to rapid growth of
population and the number of motor vehicles over the last 20
years Beijing as the largest city in North China has suffered
the effects of serious anthropogenic pollution. Following the
2008 Beijing Olympic Games the air quality of Beijing has de—
clined with frequent and severe haze pollution incidents in au-
tumn and winter particularly in February 2011 and 2012 ( Li
et al. 2013).

conditions of only five days satisfied environmental standards.

Statistics show that during January 2013  the

Many scientists had studied the optical properties of aerosol haze
pollution and several researchers have studied the anthropogenic
AOD during days of intense haze ( Yan 2010; Yu 2012;
Wang 2009) .

The aerosols can be divided into two different sources n
atural and man-made aerosols. Natural aerosols consist primarily
of large dust particles and sea salt. Anthropogenic aerosols are e—
missions from human activities consisting of small sized particu—
late matter including sulfates nitrates carbon black and organ—
ic carbon. There has been a large amount of research concerning
anthropogenic aerosols radiative forcing and climatic effects

(Sun etal. 2008a 2008b) .

Researchers may use remote sensing techniques to distinguish
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between natural and anthropogenic aerosols using the Accumula—
tion Mode Fraction ( AMF) . AMF is defined as the proportion of
fine modal aerosol optical thickness of the total optical thickness
( ONeill 2003) . Generally AMFs >0. 83 are classified as an—
thropogenic aerosols and the AMFs <0. 35 are classified as nat-
ural aerosols ( Bellouin et al. 2005) .

In this paper the AMF method is extended for use with
ground-based remote sensing data to estimate the anthropogenic
aerosol optical thickness during haze pollution events in Beijing
in January 2013. We also compare these finding with calculations

based upon results from January 2009.

2 DATA AND METHODS

2.1 Observation data

In this study we used the AERONET ( AErosol RObotic
NETwork) data of Beijing site ( 39.98°N 116.38°E Ali-
tude: 95 m) in January 2009 and January 2013. AERONET is
a global aerosol monitoring network initiated by NASA ( Hol-
2001) and PHOTONS ( Goloub et al. 2008) and
has greatly e xpanded over the years through the participation of
collaborators around the world. AERONET aerosol data are

widely used by the atmospheric science community to character—

2009; Dubovik et

ben et al.

ize aerosol properties ( Schuster et al.

Received: 2013-03-26; Accepted: 2013-05-44; Version of record first published: 2013-0521
Foundatién:) Natishal’ Major Scibntific Reseaceli Prograhd)(INo) 2010CB9508001 (201 0CEISOBA1Y; [Steatkgie. Priority ReSdarchcProgiim @f the [CHinedé Waoademy

of Sciences ( No. XDA05100202)
First author biography: WANG Yan (1974— ) female Ph.D.

she majors in aerosol and the aerosol of radiative forcing. E-mail: wylf369@ sina. com

Corresponding author biography: LI Zhengqiang (1977— ) male professor his research interest is environment remote sensing. E-mail: lizq@ irsa. ac.

cn



994 Journal of Remote Sensing

#ERFER 2013,17(4)

al. 2000 2006) . The data used in this article include AOD
AMF  Single Scattering Albedo ( SSA) and particle size distri—
bution.

According to the Aid Quality Index ( AQI) ( API before
2013)

and higher values denote polluted conditions. Air quality may be

clean weather conditions are defined by an AQI <100

rated by other haze monitoring indicators such as humidity visi—
bility and particle size ( Wu 2007; China Meteorological A
dministration 2010) . By combining these standards with meteoro—
logical data we select haze pollution events for study. Table 1
shows two different periods of weather pollution in January 2009
and 2013. In January 2009 unpolluted days in Beijing totaled 2
4 days accounting for 77. 4% of the month with 0 day of m
oderate pollution. In January 2013 10 unpolluted days accoun-
ted for only 32.2% of the month. Moderate pollution occurred on
16 days accounting for 51. 6% of the month. It is considered
reasonable to select these two months to compare aerosol optical

properties and anthropogenic aerosols.

Table 1 Weather pollution statistics in

January 2009 and 2013 /d
Excellent Good Slightly polluted > Slightly polluted
2009 5 19 7 0
2013 3 7 6 15

2.2 Research Methods

In this paper we used the Kaufman’s algorithm ( Kaufman
et al. 2005a 2005b) and extended it to ground-based remote
sensing observations from which the anthropogenic aerosol prop—
erties were obtained in Beijing. We use the following a
ssumptions to estimate the anthropogenic aerosol component:

(1) It is assumed that the aerosols may be divided into two
kinds: anthropogenic and natural aerosols where natural aero—
sols only include the dust and sea salt particulates while the an—
thropogenic aerosols are those generated by burning including
smoke and pollution.

(2) The fractional contribution to the aerosol optical depth
that arises from an aerosol is constant for a particular aerosol type
( anthropogenic dust maritime) . We represent the total aerosol

optical depth 755, by the sum of anthropogenic ( air pollution and

smoke aerosol) -7, dust—7,, and baseline marine —7,,
components:

7(A) = 7.,(A) +7,(A) +7,(4) (1)

7(A) =7(A) « AMF (2)

The Fine Aerosol Optical Depth ( AOD,)

observed data can be described as:

T(A) = furu(A) +fuTu(A) +fu7.(A) (3)
In Beijing winters a northwesterly wind prevails such that

calculated by the

transport of sea salt aerosols from the east and southeastern coast
is rare. Thus it may be further assumed that contribution of sea
salt to the aerosol optical depth is 0 such that 7,,( A) equals 0.
This assumption' Has littlé-elfeet onl the'éstiniatiol of atithropogéii-
ic aerosols.

Based on the above analysis we have two equations ( Eq.

(1) and Eq.(3)) and four unknown parameters. The parame-

ters f,, and f,, are the dust and anthropogenic fine fractions re—
spectively. The other parameters include the dust and anthropo—
genic aerosol optical depths. Kaufman ( 2005b) calculated the
typical regional anthropogenic and dust aerosol proportions as 0.
92 + 0.03 and 0.51 + 0.03 respectively.

There are two ways to get AMF parameters. The first method
is based on the spectral distribution of the aerosol volume calcu—
lated directly using the Mie scattering theory to o btain AMF pa—
rameters (2013 —02 — 17  http: //aeronet. gsfc. nasa. gov/cgi—
bin/type_piece_of_map_opera_v2_inv2) . The second a pproach
is the use of 500 nm spectral deconvolution method for solving the
AMF ( ONeill et al. 2001 2003; Zhang et al. 2013). In
this paper we obtain the AMF of 440 nm values by the first
method.

To verify whether the f,

" and f,
this study we selected a day of serious haze pollution ( October

9 2010) and a day of dust storms ( April 17 2004)

the measured aerosol size distribution data to estimate the values

values could be applied to

du

and used

of f,, and f,, from Mie scattering calculation.

We obtained the real particle spectral distribution by using an
Aerodynamic Particle Size Spectrometer ( APS3321) at Beijing U-
niversity of Technology on October 9 2010 and then calculated
the f,, and f,, as0.92 and 0.50 respectively in good agreement
with the results of Kaufman ( Kaufman et al. 2005b) . Therefore
we use the values 0.92 and 0. 50 for f,, and f,

estimate the anthropogenic aerosols in this work.

3 RESULTS AND ANALYSIS
3.1 The anthropogenic aerosol optical depth during
haze pollution

respectively to

lu

Fig. 1 shows the total AOD AMF and AOD,, at 440 nm o—
ver the month of January 2009 and January 2013. The daily mean
AOD of January 2013 was 0. 92 about 77% higher than the
mean of January 2009 0.52. Only two days with AOD greater
than 1. 0 occurred in January 2009 while four such days oc—
curred in January 2013. The maximum AOD in 2013 reached 3.
2 much higher than that of 1.7 in January 2009. The concentra—
tion of atmospheric aerosols in January 2013 was much higher
than that of January 2009.

AMF parameters used to distinguish anthropogenic aerosols
were significantly different over these two periods as shown in
Fig. 1( b) . The minimum maximum and monthly mean values of
the AMF were 0.37 0.93 and 0. 83 respectively in January
2009. In January 2013
mean values of the AMF were 0.62 0.96 and 0. 87 respective—
ly and significantly higher than those in 2009. During January

the minimum maximum and monthly

23 t025 2013 there was a significant decline in the process.
The AMF in January 2013 remained above 0. 8; only two days
declined slightly to 0. 6—0.7 ( on January 8 and 24) . According
to the methods of Bellouin ( Bellouin 2005)
of high anthropogenic aerosol levels ( daily average AMF > 0.
83) a ccounting for 62. 5% of the total days 4.2% of which
weredays ol Righ Habiral acrossl TevélsSCdatly averagd) ANEVAT-

ue <0.35) in January 2009. Other days featured a mixture of

there were 15 days

natural and anthropogenic contributions accounting for 33. 3%

of the total number of days. In January 2013 days of high an—



WANG Yan, et al. : Anthropogenic aerosol optical depth during days of high haze levels in the Beijing winter 995

35F
3.0 F
I 2009
) s a2013
20}
<
15 F
1.0+
05 11 2
A% A 7
0 A A7 / AN
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Days of January
(a) The total AOD
1.0 -
°
0.8 | i
E 0.6
<
04+r
——2009
-0—2013
[ T T S T T T S S S SO TR ST S S SV
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Days of January
(b) AMF
35¢
30F
. 2009
25+ w2013
~ 20r B
®
< 5 /
L5 F g
1.0 F
0.5 ? % # 2 g
0 A A 9 %
8 8

l 16 18 20 22 3 26 2
Days of January
(c) AOD,,
Fig. 1 The daily average AOD AMF and AOD,,

in January 2009 and 2003

thropogenic aerosol levels accounted for 86. 7% of the total
mixed weather days accounted for 13.3% and there were no days
with high natural aerosol levels.

Based on the method described in Section 2.2 we calculated
the AOD,,. The AOD,, shows synchronous changes with AOD
and AMF  which can be seen in Fig. 1(¢) . A decrease of AMF
values corresponds with low AOD,_, ( Januaryl8 and 23 to 25
2009 and January 8 and 24 2013) .
January 2009 and 2013 we can see that the maximum AOD,,
and monthly average of January 2009 were 1. 28 and 0. 44 r

From comparing AOD, in

espectively. The maximum and monthly average AOD , values for

January 2013 were 3.06 and 0. 88 respectively which are much
higher than those of 2009 and correspond with the number of days
in January 2013 featuring extremely high values. The AOD, of
2013 was 87.9% of the total AOD while the AOD,, of 2009 was
78.9% of the total AOD. This shows that contributions to total
aerosols from human activities were higher in January 2013. In
this study the dust and anthropogenic fine fractions ( f,, f..)
were fixed but in reality these values may fluctuate with weather
conditions. This suggests there is a certain error for the anthropo—
genic aerosol optical depth. As there is no chemical composition

data for aerosols it is not possible to quantify this error further.
3.2 Analysis of aerosols properties in haze process

In this section we select two haze events to analyze the r
elationship between anthropogenic aerosol optical depth and aero—
sol optical characteristic parameters: January 25 to 29 2009 and
January 24 to 28 2013 ( hereafter referred to as 09 haze and 13
Fig. 2 shows the AOD,, at 440 nm the total

AOD SSA and the volumes and aerosol size distributions of the

haze events) .

two haze events.

From Fig.2 (a) (b) we can see that the average AOD of
the 2013 haze event is much higher than that of the 2009 haze e—
vent. The maximum AOD at 440 nm reaches 3.2 for the 2013
haze e vent while that of 2009 is only 1. 1. The maximum
AOD,, of the two haze events are 3.06 and 0.95 respectively.
In addition the 2009 haze event shows a slow increase of AOD
while the AOD of 2013 haze event features large fluctuations. In
both haze events the AOD and AOD,, show consistent trends
which s uggest that the AOD,, makes an overall greater contribu—
tion to the total optical thickness during the haze event.

Fig. 2 (¢) shows the comparison of the SSA in two pollution
events. The SSA of the 2013 haze event gradually increased from
0.83 t00.90 from a good day to heavy pollution day. This is al—
so in good agreement with the AOD,, increase. The larger SSA
suggests that the strong scattering may be attributed to a
nthropogenic aerosols during this period. In the 2009 haze event
the mean SSA was 0.92 in January 25. The SSA was r educed to
0. 84 as pollution accumulates and then increases to 0 . 88. There
is also a large difference in the change of the AOD_, trend. It
may be that coal-fired heating in winter caused an i ncrease of the
carbon black content of anthropogenic aerosols leading to higher
absorption and smaller SSA values. It is possible that increases
in the volume of aerosol particles may o ccur through water ad-
sorption ( Wang 2013) as in January 24 to 28 the average rela—
tive humidities were 37.6 46.5 64.7 77.7 and 80.9% which
correlates with the upward trend of the SSA.

It can be seen that small particles were the main constituent
of the bimodal aerosol size distribution during the two haze
process ( Fig.2 (d) and Fig.2 (e)) which is consistent with the
r esearch of Yu Xingna ( Yu 2012) .

on 25 January large particles were the main constituent of the to—

During the 09 haze event

tal aerosol size distribution. The amount of small aerosol particles
increased continually as the haze event developed. On 27 Januar—
y small particles became the main constituent of the total aerosol
distribution and gradually increase. During the event AOD,, also

increased continually. The change in the proportion of small par—
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ticles and AOD,, during the 2013 haze event occurred on a simi—
lar basis to that in 2009. However the average radius of the small
particle distribution was larger than that of the 2009 haze event.

When the AOD < 1.0 the maximum radius value of the small
particles is concentrated at 0. 11 pm. When the AOD > 1.0

the maximum value was concentrated at 0. 15—0 .43 pum. This
is mainly because of the higher relative humidity during the pol-
luted process which leads to volume growth of the hygroscopic
particles ( Eck et al. 2005) .

mean peak radius of large particle distribution becomes smaller

During both haze events the

with an increase of AOD. As an example over the course of the
2013 haze event for AOD < 1.0
large particle distribution was centered around 5 .06 pm; when
AOD > 1.0 the average peak radius was about 3 .85 pum. A

the average peak radius of

possible reason for this behavior is that when fog and a haze event
coincide the weather system stabilizes which results in pollu—

tant accumulation.
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Fig.2  Contrast changes of aerosols properties in 2009
and 2013 haze process

3.3 Analysis of weather Process in haze pollution

To understand the weather conditions of haze events in B
eijing we analyzed the surface weather charts of region of Hua—
bei at 8: 00 pm in January 2009 and January 2013 ( Fig. 3 and
Fig. 4) .

Before January 28 2009 the surface wind speeds of Bei—
jing were 2—8 m/s in a westerly to northerly direction. The sur—
face wind speed decreases from the January 28 to less than 2 m/s
on January 29. At some points the wind speed dropped to 0 m/s.
The low wind speeds were the main factor that caused accumula—

tion of regional atmospheric pollutants. From the surface wind
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distribution we can see that during January 25 to 26 2009
high pressure was located in the northwest and low pressure in
the southeast and the surface wind direction in Beijing was
northwesterly and during January 27 to 29  Beijing was in a re—
gion of low pressure with a weak pressure gradient. The atmos—
pheric pollution in Beijing was much more serious because of pol—
lution transported by the southerly wind ( Feng 2008; Xi
2008) .

The surface wind speed was lower than 4 m/s during the en—

tire haze processes of January 2013. From the form of the flow
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field in North China we can see that on 24 January the surface
pressure field was high northwesterly and low northeasterly. D
uring January 25 to 26 the bottom of the high-pressure zone and
dominant wind direction was northeasterly. On January 27 the
pressure field was reduced to a weakened high-pressure zone.
During January 27 to 28 the high pressure zone became a low
pressure zone and the wind direction changed to southerly. Anal-
ysis of the two haze events in 2009 and 2013 show that the s
urface wind speed is lower later in the events. It also shows that
the degree of pollution in the two haze process was noticably dif-
ferent. Compared with 2009 the local and external sources of the
2013 haze event were enhanced. A possible reason is the i
ncrease of anthropogenic emissions around Beijing owing to North
China’s rapid economic development. The increase in the number
of motor vehicles in Beijing is one of factor that may contribute to
the increase in local sources. Beijing’s air pollution control is in—
fluenced by a combination of local sources and sources around

Beijing.
4 CONCLUSIONS

In this study we estimated the AOD_, during days of high
haze levels using ground-based measurements in Beijing in Janu—

ary 2009 and 2013. We then compared AOD, with retrieved

N

aerosol optical parameters. This work provides a certain reference
value to the policy and to understand the effect of h uman activi—
ties on haze weather.

However because of data limitations no further error analy—
sis was possible. We hope to combine ground-based observations
with aerosol chemical composition in the near future so that we
can validate our estimation of anthropogenic aerosols in Beijing.

Our main conclusions are as below:

(1) In January 2013 the monthly average AOD at 440 nm
was 0.92 greater than 0. 52 in January 2009. The value of max—
imum AOD (3.2) was also higher in 2013 than in 2009 ( 1.7)
showing that atmospheric
January 2013.

(2) The monthly mean AMF ( at 440 nm) in January 2013
was 0. 87 greater than 0. 83 in January 2009. The proportion of

aerosol levels were higher in

days of high anthropogenic aerosol levels ( average daily AMF >
0. 83) in January 2013 was 86. 7% and 62. 5% in
January 2009.

(3) The monthly mean anthropogenic aerosol optical depths
(‘at 440 nm) in January 2013 and 2009 were 0. 88 and 0.44 r
espectively. The average proportions of anthropogenic aerosol op—
tical thickness and total optical thickness were 88% and 79%
respectively. This shows that the haze pollution was mainly
caused by human activity in January 2013 and was more serious
than 2009.

(4) Weather conditions contributed to the heavy haze pollu-—
tion events in Beijing as a result of the accumulation of local pol-

lution and pollutants transported from southern cities.
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