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ABSTRACT

A field campaign on air quality was carried out in Shanghai in winter of 2012. The
concentrations of NO, NO,, NOx, SO,, CO, and PM, s increased during haze formation. The
average masses of SO57, NO; and NHj were 10.3, 11.7 and 6.7 ug/m® during the haze
episodes, which exceeded the average (9.2, 7.9, and 3.4 pg/m® of these components in the
non-haze days. The mean values for the aerosol scattering coefficient (bsp), aerosol
absorption coefficient (b,p) and single scattering albedo (SSA) were 288.7, 27.7 and
0.91 Mm, respectively. A bi-peak distribution was observed for the mass concentrations
of CO, NO, NO,, and NOx. More sulfate was produced during daytime than that in the
evening due to photochemical reactions. The mass concentration of NH; achieved a small
peak at noontime. NO3 showed lower concentrations in the afternoon and higher
concentrations in the early morning. There were obvious bi-peak diurnal patterns for bg,
and b,, as well as SSA. by, and b,, showed a positive correlation with PM,s mass
concentration. (NH,4),SO4, NH4NO;, organic mass, elemental carbon and coarse mass
accounted for 21.7%, 19.3%, 31.0%, 9.3% and 12.3% of the total extinction coefficient during
non-haze days, and 25.6%, 24.3%, 30.1%, 8.1% and 8.2% during hazy days. Organic matter
was the largest contributor to light extinction. The contribution proportions of ammonium
sulfate and ammonium nitrate to light extinction were significantly higher during the hazy
time than during the non-haze days.
© 2014 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.
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Introduction

Aerosols, consisting of liquid and solid particles suspended in the
air, are important components in the atmosphere. Airborne
aerosols play a significant role in visibility (Watson, 2002; Liu et
al., 2013a), regional air quality (Han et al., 2014a,2014b,2014c; Liu et
al., 2013b), and climate change (Liu et al., 2012). Chemical
components in the aerosols, such as sulfate, nitrate, ammonium,
black carbon (BC), particulate organic matter (POM), and other
chemical species, can scatter and absorb the incident light and
therefore lead to atmospheric dimming and horizontal visibility
degradation (Liu et al., 2008; Jung et al., 2009). Several key aerosol
optical properties (AOPs), including the atmospheric aerosol
burden, single scattering albedo (), upscatter fraction and the
mass scattering and absorption efficiencies, must be measured or
estimated in order to evaluate the local or regional climate effect of
aerosols (Chylek and Wong 1995; Liu et al, 2012). To fully
understand the aerosol optical properties, extensive sets of both
in situ and remote measurements are required (Alados-Arboledas
et al, 2008). Consequently, several observation networks of
aerosol optical properties have been established internationally
to observe aerosol optical characterization such as AERONET
(AErosol RObotic NETwork), SKYNET (SKY Network), AEROCAN
(Canadian Sunphotometer Network), RIMA (Red Ibérica de Medida
de Aerosoles), AGSNet (Aerosol Ground Station Network) and so on
(Holben et al., 1998; Goloub et al., 2008; Uchiyama et al., 2005;
Bokoye et al., 2001; Campanelli et al., 2007; O’Brien and Mitchell,
2003).

Along with rapid economic growth and urbanization, the
megacities in China are experiencing severe air pollution
problems (Chan and Yao, 2008; Liu et al.,, 2013b; Han et al.,,
2014c). The annual average of PM;o (particulate matter with
diameter smaller than 10 um) concentrations in 113 key cities
in China was 82 pg/m?®, which is about 4-6 times that in the
developed countries (Wang and Hao, 2012). Visibility degrada-
tion caused by enhanced aerosol concentrations has become a
pervasive phenomenon in the regions with dense population
and fast industrialization (Wang et al., 2009; Liu et al., 2013b).
Sulfate, nitrate, ammonium, POM, and BC have been identified
as the major chemical components in fine particles in Chinese
megacities and contribute over 90% of the extinction coefficient
(Caoetal., 2012; Wangetal.,, 2012; Zhanget al., 2012a; Han et al.,
20144a,2014b,2014c). In addition, previous studies showed that
sulfate and organic mass are the main chemical components
contributing to the light extinction and visibility degradation
(Cheung et al., 2005; Yang et al., 2007; Tao et al., 2009; Liu et al.,
2012). Huang et al. (2012a) investigated the proportion of
chemical components in PM,; o in Shanghai during 15 May to
10 June 2010 and reported that sulfate was the most abundant
component (on average accounting for 33.3% of the total mass)
followed by OM (28.7%), nitrate (16.3%), ammonium (13.4%), BC
(6.7%), and chloride (1.6%). Many articles have been dedicated to
aerosol optical properties and their variation measured at
worldwide locations (Bergin et al., 2001; Formenti et al., 2002;
Andreae et al., 2008; Jung et al., 2009; Lyamani et al., 2008; Liu
et al., 2013b). Chan et al. (1999) calculated the contribution of
chemical species to aerosol scattering and absorption. Liu et al.
(2009) focused on particle hygroscopic influences on aerosol
scattering and absorbing processes. There have been many
papers focused on the characteristics of chemical compositions
or the optical properties of aerosol alone, while papers about
the relationship between chemical compositions and optical
properties of aerosol are very limited in China. Thus, it is
necessary to study the characteristics of aerosol optical
properties and the associated chemical apportionments to
understand the causes of visibility degradation.

In this article, we described the characteristics of gaseous
pollutants and water-soluble inorganic ions, and then analyzed

their diurnal variation. Secondly, we presented intensive mea-
surements of aerosol optical properties such as aerosol scattering
and absorption coefficients and SSA (single scattering albedo) in
downtown Shanghai, and then analyzed their diurnal variation.
Finally, the correlation between aerosol optical parameters and
chemical compositions was investigated.

1. Experiment
1.1. Experimental site

Shanghai, with a population of over 20 million, is the largest
commercial and industrial city in China, as well as a famous
mega-city in the world. The gross domestic product (GDP) in
2012 exceeded 312 billion U.S. dollars with an annual growth
rate of 7.5% (http://www.stats-sh.gov.cn/). Furthermore, the
total energy consumption was 112.7 million tons of coal
equivalents (TCE) by the end of 2011. Shanghai had about 3.3
million cars, with an annual increase of 6.3%. (http://www.
stats-sh.gov.cn/data/toTjnj.xhtml?y=2012). High degrees of
industrial and metropolitan emissions had unavoidably
resulted in heavy emission of air pollutants in Shanghai.
Field measurements in an urban site of Shanghai were carried
out from December 1 to 31, 2012 in the yard of Shanghai
Academy of Environmental Sciences (31.17°N, 121.43°E),
which is located in the southwest of urban Shanghai and is
about 8 km away from the city center. The sample inlet was
on the roof of a 5-floor building (~15 m above the ground).
There were no buildings blocking observations at this height
and the air mass could smoothly flow through the area.

1.2. Instrumentation and measurements

Instruments used in this study are listed in Table 1. Mass
concentrations of PM;o and PM, s were measured by particu-
late monitors (Thermo, FH62C-14). Water-soluble ionic com-
ponents (WSIC) such as NHi, NO3 and SO;™ in PM,s were
measured by MARGA (Monitor for AeRosols and GAses in
Ambient Air). Gaseous pollutants (SO,, NO-NO,-NOx, O3, CO)
were detected by an SO, Analyzer (Ecotech, EC9580B), NO-
NO,-NOx Analyzer (Thermo scientific 42i), Os; Analyzer
(Ecotech, EC9810B) and CO Analyzer (Ecotech, EC9830B),
respectively. The aerosol scattering coefficient at dry condi-
tions bs, and aerosol absorption coefficient b,, were mea-
sured by an Integrating Nephelometer (Aurora 3000) and
Aethalometer (Magee AE31), respectively. It should be noted
that the wavelengths of bg, and b,, were different, thus, b,
and b,, values at different wavelengths were fitted by a
power-law equation and then bg, and by, values at 550 nm
could be calculated (Liu et al., 2012). In addition, atmospheric
visibility was measured by a visibility sensor (Belfort Model
6000). Elemental carbon (EC) and organic carbon (OC) were
monitored by a semi-continuous OC/EC analyzer (RT-4 model

Sunset Laboratory Inc.) equipped with a PM; s|cyclone and an
upstream parallel-plate organic denuder (Supset Laboratory
Inc.). Meteorological parameters including (relative hu-
midity) were monitored by an automatic |meteorological
station (Metone). All of the instruments méntioned above
were calibrated according to their manufacturgers’ manuals,
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Table 1 - Overview of instruments involved in this study.

Instrument Parameter Manufacturer Calibration Resolution = Wavelength
model (nm)
Particulate monitor PM; o/PM, 5/PM4q Thermo FH 62C-14 Zero, span check every month 5 min /
SO, analyzer SO, Ecotech EC9580B Zero, span check every two weeks 5 min /
NO-NO,-NOx analyzer NO-NO,-NOx Thermo scientific 421 Zero, span check every two weeks 5 min /
O3 analyzer O3 Ecotech EC9810B Zero, span check every two weeks 5 min /
CO analyzer Cco Ecotech EC9830B Zero, span check every two weeks 5 min /
RH sensor RH Metone / 1 min /
Visibility sensor Visibility Belfort Model 6000 Zero, span check every six months 1 min
Integrating nephelometer Aerosol scattering  Aurora3000 Zero check every day; Span check 5 min 450/525/635
coefficient every week by CO,
MARGA NHj;, NO; and SO3~ ADI 2080 IC calibration before and after the 30 min /
campaign
Semi-continuous OG/EC ~ OGC/EC mass Sunset. RT4 Zero, span check every two weeks 1 hr /
analyzer concentration
Aethalometer Black carbon Magee AE31 Zero check every week 5 min 370/470/520/590/
660/880/950

The light extinction coefficient, bext, Which is wave-
length dependent, can be expressed by Eq. (1) as the sum of
scattering (bscar) and absorption (baps) by gases and
particles.

bext = bscat + babs = bsg + bsp + bag + bap (1)
where, b is the sum of scattering by gases bg, and particles
bsp, and by is the sum of absorption by gases b,g and particles
bap. bsg is referred to as Rayleigh scattering (10 Mm™ at ground
level), and bsp, which is the largest contributor to total light
extinction in most areas (Chan et al., 1999; Liu et al., 2013b), is
caused by both fine and coarse particles. by, is mainly due to
absorption of nitrogen dioxide (NO,), while by, is primarily
caused by EC particles.

The approach used in the IMPROVE (The Interagency
Monitoring of Protected Visual Environments) program to
estimate light extinction for aerosol components assumes
externally mixed aerosols. The reconstructed by can then be
calculated from the mass concentrations of the aerosol

components by Eq. (2), based on the original IMPROVE algorithm
(Malm and Hand, 2007).

bext = 3f(RH) x [(NH4),S04] + 3f(RH) x [NHsNO3] + 4
x [POM] + 10 x [EC] + 1 x [FineSoil] + 0.6 x [Coarses]
+0.161 x [NO,] + 10

NH,4),S04] = 0.944 x [NH,*] + 1.02 x |S04%
2

[NH;NOs] = 1.29 x [NO5]
[POM] = 1.6 x [OC]

[FineSoil] = 2.49 x [Si] + 2.2 x [Al] + 2.42 x [Fe] + 1.63 x [Ca]
+1.94 x [Ti|

[CoarseMass] = PM;o—PM, 5 (7

Eq. (2) includes a constant 10 Mm™, which denotes the
Rayleigh scattering of clear air (Malm and Hand, 2007). The light
extinction coefficients of atmospheric aerosol are expressed in

Visibility (Km)
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Fig. 1 - Time series of visibility and relative humidity (RH) in Shanghai during the whole campajgn.
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Mm™. The chemical composition concentrations shown in mass extinction coefficient of hygroscopic aerosol implies a
brackets are in units of pg/m>. Dry efficiency terms are in units RH-dependent scaling factor (f(RH)), which represents the
of m%g; and the hygroscopic growth terms, f(RH), are unitless. relationship between RH and the scattering efficiency. Egs. (3)
ECis referred to as light-absorbing carbon (b,, = 10[EC]), and the and (4) assume that SO;~ and NOj are fully neutralized by NH.
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Fig. 2 - Time series of observed NO,, NOx, NO, O3, SO,, CO, and PM, s in Shanghai during 1-31 December, 2012.
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POM was estimated by multiplying the measured OC by a factor
(1.6) to compensate for other atoms such as H, O and N in the
organic molecules (Turpin and Lim, 2001).

2. Results and discussion
2.1. Process of haze

2.1.1. Temporal variations of gaseous pollutants and aerosol
chemical compositions

Temporal distributions of visibility and RH in Shanghai are
illustrated in Fig. 1. The relationship between visibility and RH is
a negative correlation, that is, the visibility reaches the
minimum value of the day in the middle of the night while RH
reaches the maximum, and vice versa. According to the
definition of haze (visibility < 10 km and RH < 90%) (Wu et al.,
2006), there were seven haze episodes observed in Shanghai in
the time periods of December 8 2:00-11:00, December 8 17:00-
21:00, December 20 21:00-06:00, December 21 13:00-03:00,
December 28 0:00-17:00, December 29 02:00-12:00 and December
29 17:00-06:00, and the other days during the campaign could be
classified as non-haze days. The hazy time accounted for 11.4%
of the whole campaign. Temporal variations of the measured
NO,, NOx, NO, O3, SO,, CO, and PM, 5 from 1-31 December 2012
are depicted in Fig. 2. Generally, the concentrations of air
pollutants NO,, NOx, NO, SO,, CO, and PM, s had an increasing
trend during the haze episodes. The pollutants SO,, NO, and CO,
being the emissions from fuel and coal burning, had the same
increasing trend from 1-9 December, with maximum instanta-
neous values of 384, 40.5 ppb and 1.8 ppm, respectively. The
mass loading of PM, s gradually accumulated, and its instanta-
neous value reached 173.8 ug/m?® at LST 18:00 of 8 December
with an averaged value of 75.5 pg/m?® during the haze episode,
which was nearly two times as high as the daily limit (35 ng/m°)
of the USA Ambient Air Quality Standard. Os, which is formed by
photochemical reactions between volatile organic compounds
(VOCs) and nitrogen oxides (NOx) in the presence of heat and
sunlight (Seinfeld and Pandis, 2006), showed a cyclical variation
and reached a maximum value at noon.

Time series of the mass concentrations of SO2~, NO; and
NH; are shown in Fig. 3. The average values of S0O3%~, NO3 and
NHj were 10.3, 11.7 and 6.7 pg/m> during the haze episodes
in Shanghai, which all exceeded the averages (9.2, 7.9, and

80
EEE NO,” 1SS0, EZENH,
60}

40t

201

Mass concentration (pg/m?)

0
12/1 12/5 12/9 12/13 12/17 12/21 12/25 12/29 172
Date (mm-dd)

Fig. 3 - Time series of NO3, SO3~ and NH}, mass concentrations
in Shanghai during 1-31 December, 2012.

3.4 ug/m®) of these components during the non-haze days
(Table 2). Du et al. (2011) reported the corresponding values of
SO3~ (28.7 pg/m?®), NO3 (32.9 ng/m® and NHi (19.3 ng/m®)
during the haze events in Shanghai from May 27 to June 16,
2009. The results of this study are also smaller than those
reported from urban Beijing (49.8, 31.4 and 25.8 ug/m°) from
August 18 to September 8, 2006 on the campus of Peking
University (Han et al., 2004c).

2.1.2. Temporal variations of atmospheric optical properties
Temporal variations of the optical properties of aerosols in
Shanghai from December 1 to 31 are depicted in Fig. 4. The
atmospheric aerosol scattering coefficient bsp, aerosol absorp-
tion coefficient b,p, and single scattering albedo » at 550 nm
during the whole campaign in Shanghai were 288.7 (186.3), 27.7
(17.6) and 0.91 (0.04) Mm™, expressed as mean and standard
deviation (S.D.), respectively. Generally, aerosol optical param-
eters in this study were lower in magnitude than those at other
sites in China. Li et al. (2007) reported by, = 468 + 472 Mm™ and
bap = 65 £ 75 Mm? in March 2005 at the rural site Xianghe
(~70 km southeast of Beijing). The results of this study are also
smaller than those reported at urban Guangzhou (bsp,sss =
463 + 178 and byp,s3, = 92 + 62 Mm‘l) (Andreae et al., 2008), but
are similar to those from a study in Shanghai (bsp,s32 = 293 + 206
and bgp,s3; = 66 =+ 47Mm’?) from 1 December 2010 to 31 March
2011 (Xu et al., 2012).

The single scattering albedo, o\, is the ratio of the
scattering coefficient over the extinction coefficient at a
given wavelength. Here, o has been calculated at A = 550 nm

by Eq. (8).

bsp

®ss0 = bsp + bap

(8)

The single scattering albedo reflects the scattering power
of the atmospheric particulate matter. Mean SSA was 0.91
during the experimental period, which indicated a higher
proportion of scattering particulate matter at the urban site,
similar to the values of 0.93 in Lin’an (Xu et al., 2002) and 0.88
in Gosan (Kim et al., 2004), but remarkably larger than 0.68 at
the Pedregal site of Mexico City (Eidels-Dubovoi, 2002).

2.2. Diurnal variations

2.2.1. Diurnal variations of gaseous pollutants and aerosol
chemical compositions

Fig. 5 presents the diurnal variations of different species during
the campaign. The major source of Oz is photochemical
reactions, and the concentrations of O; are closely connected
with the solar radiation intensity (Seinfeld and Pandis, 2006). At
night, the O; concentration in the atmosphere remained almost
at zero, and the Oz concentration began to rise slowly with the
strengthening of solar radiation after sunrise. At 13:00 LST the
concentration of O3 reached the peak of the day. Subsequently.

the O3 concentration showed a slow downwardl trend. A bi-peak
distribution was observed for the mass conc¢ntrations of CO,
NO,, NOx and NO as shown in Fig. 5. For all of these four species,
the two peaks appeared at morning (7:00-8:00 1.ST) and nightfall
(17:00-18:00 LST), respectively. The emergence|of the two peaks
was mainly attributed to the combustion of fpssil fuelsduring
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Table 2 - Statistical summary of chemical species, visibility and RH during the non-haze days and haze days in Shanghai.

Index Start Duration Visibility RH PM,s NO3 SO;~ NH% NO NOy SO, CO O3
tme  (how) (km) (%) (im) (g/m’) (gm’) (igm’) (PPb) (ppb) (pPb) (PPM) (PPH)

Haze days 2012-12-8 02:00 10 8.7 57.9 131.2 28.0 12.7 9.1 86.2 58.2 14.9 1.4 2.4
2012-12-8 17:00 5 9.7 39.7 160.0 28.5 15.5 11.8 54.3 62.2 28.0 1.3 3.0

2012-12-20 21:00 10 5.9 84.2 22.2 3.4 4.4 1.2 22.1 22.4 1.1 0.5 10.3

2012-12-21 13:00 15 7.3 76 642 / / / 47.5 41.7 9.0 1.1 1.1

2012-12-28 00:00 18 6.5 82.3 37.5 4.7 13.0 49 40.9 33.7 6.8 0.8 2.0

2012-12-29 02:00 11 8.4 79.6 449 4.5 11.3 4.5 68.1 45.4 7.4 1.1 1.1

2012-12-29 17:00 14 6.1 75.7 68.5 13.0 15.5 8.4 34.1 32.9 13.4 1.2 4.6

Average 7.5 70.8 75.5 11.7 10.3 6.7 50.5 424 11.5 1.1 3.5
Non-haze days 22.2 56.4 49.1 7.9 9.2 3.4 19.9 32.2 8.7 0.7 11.7

the morning and evening traffic rush hours. After the morning
rush hour, the CO, NO,, NOx and NO concentrations showed
slow downward trends, which probably was the result of strong
atmospheric mixing and dilution due to the elevated height of
the atmospheric planetary boundary layer (PBL). After sunset
(18:00 LST), the formation of a stable nocturnal PBL in atmo-
spheric inversion led to a low atmospheric diffusion ability, and
thus resulted in high concentrations throughout the night. The
diurnal variations of CO, NO,, NOx and NO were very similar,
which indicated that these gaseous pollutants may come from
the same sources. The concentration of SO, reached a maximum
at 9:00 LST and then maintained at a relatively constant level.
The diurnal variations of SNA (sulfate, nitrate, and ammo-
nium) are presented in Fig. 6. Following the increasing solar

radiation during daytime, the photochemistry was more active
and therefore produced more sulfate during daytime than in
the evening. The diurnal variation of sulfate showed two peaks
at 15:00 LST. The mass concentration of ammonium kept at a
lower level before 12:00 LST, then achieved a small peak at 12:00
LST. The time when it reached the second peak was 17:00 LST,
and the maximum of daily-averaged mass concentration of NH;
was 4.5 pg/m°>. As shown in Fig. 6¢, nitrate showed little hourly
variation, indicating that it was well mixed in the boundary
layer. In addition, the nitrate showed lower concentrations in
the afternoon and higher concentrations in the early morning,
suggesting that boundary layer variation and gas-aerosol
partitioning were the dominant control mechanisms for its
diurnal patterns (Huang et al., 2012a,2012b).
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2.2.2. Diurnal variations of atmospheric optical properties

Fig. 7 shows diurnal variation of b, and by, as well as SSA
based on hourly averages. There were obvious bi-peak diurnal
patterns for all variables. As is clear in Fig. 7, the diurnal
variation of bs, showed two peaks, which occurred at 11:00
LST and 18:00 LST. For by, peak values were 310.9 and
324.6 Mm™. The scattering coefficient b, showed a decrease
between 11:00 LST and 15:00 LST, which might be due to the
increase of the height of the PBL. Fig. 7b displays the diurnal
cycle for b,,, which was even more pronounced than that of
dry bsp,. Higher values (36.8 Mm™) of the absorption coefficient
appeared at 8:00 LST, mainly attributed to the severe emission
of light-absorbing pollutants during the morning traffic rush
hours. Both the mean and median values were enhanced at
night, with a maximum hourly mean value of 35.5 Mm™ (19:00
LST). The mean and median values then fell between 19:00
and 08:00 the next day, with a minimum hourly mean value of

18.8 Mm™ at 02:00 LST. As seen in Fig. 7c, the diurnal cycle
observed for SSA is a mirror image of the by, cycle. The
maximum hourly mean values (0.90-0.91) occurred during the
daytime (10:00-14:00) and the minimum hourly mean values
(0.87-0.88) occurred in the morning (07:00-08:00). The curve
shape of the SSA is analogous to that measured at Beijing
(Han et al., 2014c) and Guangzhou (Garland et al., 2008). That
is, the shape of the SSA curve from sunrise to sunset is an arc,
which should relate to the photochemical reactions and new
particle formation in the air. This phenomenon is worthy of
further study.

2.3. Characteristics of aerosol optical properties and their
interrelationship with chemical compositions

Fig. 8a, b illustrates the relationship between b, b, and the
mass concentration of PM,s in Shanghai during the whole

Table 3 - Statistical summary of mean f(RH) values for (NH,),SO, and NH4NO; in selected relative humidity ranges.

RH (%)

20-25 25-30 30-35 3540 4045 45-50 50-55 55-60 6065 65-70 70-75 75-80 80-85

f(RH) 1.06 111 1.16 121 1.22 1.27 1.33

1.38 1.45 1.55 1.65 1.83 2.10
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Table 4-Composite variables for particulate matter
proposed by IMPROVE.

Component Specification Mass calculation
(NHg4)2SO4 Ammonium sulfate 0.944[NHj] + 1.02[S0%7] @
NH,NO3 Ammonium nitrate 1.29[NO3]

OMC Organic mass by carbon  1.6[0C]®

Dabs Absorption coefficient [EC]

CM Coarse mass [PM10] — [PMy 5]

@ Malm and Day, 2001; Tao et al., 2009.
Y Turpin and Lim, 2001.

campaign, respectively. In Fig. 8a, bs, showed a strong and
positive correlation with PM,s mass concentration with a
correlation coefficient of 0.98. As shown in Fig. 8b, by, was also
strongly correlated (r = 0.93) with PM,s mass concentration.
MSE is aerosol mass scattering efficiency, and MAE is aerosol
mass absorption efficiency, being the ratio of the measured
aerosol scattering coefficient and absorption coefficient to the
mass concentration of particulate matter, respectively. In this
study, the slopes of the regression lines can be regarded as the
average mass scattering/absorption efficiency. It could be
concluded from Fig. 8a and b that the mean values for MSE
and MAE were 5.6 and 0.5 m?/g, respectively. The value of MSE
was 3.2 m%g and MAE 0.8 m%g in Guangzhou during the 2006

a non-Haze day

. Elemental carbon
Organic mass 4.5%

22.4%

Others
27.9%

21.5%
Ammonium
nitrate

23.7%
Ammonium sulfate

Ammonium
nitrate

PRIDE-PRD campaign (Liu et al, 2012). Liu et al. (2013a)
determined that the MSE and MAE for PM,s were 3.97 and
0.62 m%g in Beijing from October 24 to November 9, 2007.
Extinction by fine soil could be neglected from the stand-
point of light extinction in summer (Liu et al.,, 2009; Han et al.,
2014c). Thus, the modified IMPROVE algorithm is presented as

Eq. (9).
bexe = 3f (RH) x [(NH4),S04] + 3f(RH) x [NHsNO3] + 4 x [POM] (9)
+10 x [EC] + 0.6 x [CoarseMass] + 10

Table 3 summarizes different f(RH) values for (NH4),SO4 and
NH,NO; in selected relative humidity ranges (Malm and Day,
2001; Liu et al., 2012; Han et al., 2014c). Table 4 lists the composite
variables for particulate matter proposed by IMPROVE. According
to Egs. (3), (4), (5), (7) and (9), the calculated beyx can be derived.

Fig. 9 signifies the averaged mass proportion of chemical
components in PM, s during the campaign for non-haze and
haze days. Ammonium sulfate, ammonium nitrate, organic
mass and elemental carbon accounted for 23.7%, 21.5%, 22.4%
and 4.5% of the mass concentration of PM, s during non-haze
days; the corresponding values were 32.5%, 21.9%, 21% and
4.4% during hazy days. Ammonium sulfate, ammonium
nitrate and POM accounted for 20.2%, 11.2% and 15.8% of the
mass concentration of PM;o during clean days, and 34.0%,
19.1% and 13.9% during hazy days in Beijing (Han et al., 2014c);

b Haze day

Organic mass
21%

Elemental carbon
4.4%

Others

0,
21.9% 202%

32.5%
Ammonium sulfate

Fig. 9 - The averaged mass proportion of the chemical components in PM, s under (a) non-haze days, and (b) haze days in

Shanghai.

a non-Haze day

Organic mass
31%

Elemental carbon

9.3%
12.3%

Coarse mass

b Haze day

Organic mass
30.1%

Elemental carbon
8.1%

Coarse mass

24.3%
Ammonius
nitrate

8.2%

3.7%
Others

19.3%
Ammonium nitrate

21.7%
Ammonium sulfate

25.6%
Ammonium sulfate

Fig. 10 — Averaged fractional contributions to extinction coefficient by chemical components under (a) non-hz
(b) haze days in Shanghai.

1ze days, and
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while as depicted in Fig. 10, ammonium sulfate, ammonium
nitrate, organic mass, elemental carbon and coarse mass
accounted for 21.7%, 19.3%, 31.0%, 9.3% and 12.3% of the total
extinction coefficient during non-haze days, and 25.6%, 24.3%,
30.1%, 8.1% and 8.2% during hazy days. As shown in Fig. 10,
organic mass was the largest contributor to bex, Which was
comparable to the value of Xiamen (39.5%) (Zhang et al., 2012).
The results implied that organic mass was the largest
contributor to visibility degradation in Shanghai. However,
ammonium sulfate was the largest contributor to visibility
degradation in Hong Kong (Cheung et al., 2005), Jinan (Yang et
al., 2007), Beijing (Han et al., 2014c) and Guangzhou (Tao et al.,
2009) in China and in the eastern United States (Watson,
2002). Meanwhile, the contribution proportions of ammonium
sulfate and ammonium nitrate to light extinction were
significantly higher during the hazy time than during the
non-haze days, while the contribution proportions of organic
mass, elemental carbon and coarse mass to bey; Were lower
during the hazy time than during the non-haze days.

3. Conclusions

A field campaign was carried out from December 1 to 31, 2012,
wherein aerosol optical and physical properties as well as
aerosol chemical components were measured simultaneous-
ly. In this study, we analyzed the characteristics of the aerosol
optical properties and explored their relationships to the
changes in chemical components.

The hazy time accounted for 11.4% of the whole campaign.
The concentrations of the air pollutants NO,, NOx, NO, SO,,
CO, and PM;s had an increasing trend during the haze
episodes. The mass loading of PM, s gradually accumulated,
and its instantaneous value reached 173.8 ug/m>. The average
values of SOZ~, NO3 and NHj during the haze episodes all
exceeded the average values of these components during the
non-haze days. The atmospheric aerosol scattering coefficient
bsp, aerosol absorption coefficient b,,, and single scattering
albedo o at 550 nm during the whole campaign were 288.7
(186.3), 27.7 (17.6) and 0.91 (0.04)Mm*, respectively.

A bi-peak distribution was observed for the mass concen-
trations of CO, NO,, NOx and NO. Because of the more active
photochemistry, more sulfate was produced during daytime
than in the evening. The mass concentration of ammonium
achieved a small peak at 12:00 LST. The time when it reached
the second peak was 17:00 LST. The diurnal variations of
nitrate showed little hourly variation, with lower concentra-
tions in the afternoon and higher concentrations in the early
morning. There were obvious bi-peak diurnal patterns for bsp,
bap as well as SSA. The diurnal cycle for by, was even more
pronounced than that of dry bs,. Higher values of the by,
appeared at 8:00 LST. The diurnal cycle observed for SSA is a
mirror image of the b, cycle.

bsp and b,p showed strong and positive correlations with
PM, s mass concentration. Ammonium sulfate, ammonium
nitrate, organic mass, elemental carbon and coarse mass
accounted for 21.7%, 19.3%, 31.0%, 9.3% and 12.3% of the total
extinction coefficient during non-haze days, and 25.6%, 24.3%,
30.1%, 8.1% and 8.2% during hazy days. Organic mass was the
largest contributor to bex: in Shanghai. The contribution

proportions of ammonium sulfate and ammonium nitrate to
bext Were significantly higher during the hazy time than
during the non-haze days, while the contribution proportions
of organic mass, elemental carbon and coarse mass to beyxt
were contrary.
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