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In this work, a one-year observation focusing on high time resolution characteristics of
components in fine particles was conducted at an urban site in Shanghai. Contributions of
different components on visibility impairment were also studied. Our research indicates
that the major components of PM2.5 in Shanghai are water-soluble inorganic ions and
carbonaceous aerosol, accounting for about 60% and 30% respectively. Higher concentra-
tions of sulfate (SO4

2−) and organic carbon (OC) in PM2.5 occurred in fall and summer, while
higher concentrations of nitrate (NO3

−) were observed in winter and spring. The mass
concentrations of Cl− and K+ were higher in winter. Moreover, NO3

− increased significantly
during PM2.5 pollution episodes. The high values observed for the sulfate oxidizing rate
(SOR), nitrate oxidizing rate (NOR) and secondary organic carbon (SOC) in OC indicate that
photochemical reactions were quite active in Shanghai. The IMPROVE (Interagency
Monitoring of Protected Visual Environments) formula was used in this study to investigate
the contributions of individual PM2.5 chemical components to the light extinction efficient
in Shanghai. Both NH4NO3 and (NH4)2SO4 had close relationships with visibility impairment
in Shanghai. Our results show that the reduction of anthropogenic SO2, NOx and NH3 would
have a significant effect on the improvement of air quality and visibility in Shanghai.
© 2016 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Particulate matter plays an important role in the atmosphere,
affecting the Earth's climate system by absorbing and
scattering solar radiation. Because of its impact on atmo-
spheric visibility and human health, fine particulate matter
has attracted more and more concern in recent years (Huang
et al., 2014; Jung et al., 2009; Sokolik & Toon, 1996; Qiao et al.,
2014).
n (Li Li).

o-Environmental Science
The chemical composition of fine particulate matter is
quite complicated, including primary particulate matter,
secondary inorganic ions (SO4

2−, NO3
−, NH4

+), carbon aerosol
(EC (elemental carbon), OC (organic carbon)), crustal elements
and water (Seinfield & Pandis, 2006; Sun et al., 2014). Different
compositions have different impacts on the light extinction
coefficient, cloud formation process, climate system and
human health (Li et al., 2015; Kulkarni et al., 2015; Quan
et al., 2014). Therefore, to study the chemical characteristics of
s, Chinese Academy of Sciences. Published by Elsevier B.V.
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the fine particulate matter is of great significance, and is
helpful in explaining the pollution sources, formation mech-
anism, migration, biological effects and effect on human
health of particulate matter (Tang et al., 2006;Tao et al., 2014;
Pateraki et al., 2014). Many works have been reported in this
field. Zhang et al. (2013) studied the seasonal characteristics of
water-soluble ions, OC, EC and elements in PM2.5 in Beijing.
They showed that different meteorological and synoptic
conditions could change the chemical composition of the
particle distribution, and obtained six major sources of PM2.5

by using the PMF model. There is also research investigating
the characteristics of organic carbon and elemental carbon in
PM2.5 in California, Pennsylvania and Xian, which estimates
the concentrations of secondary organic carbon using the
EC-tracer method and Chemical Mass Balance receptor model
(Na et al., 2004; Cabada et al., 2004; Cao et al., 2005). Sun et al.
(2006) and Wang et al. (2006b) investigated the particulate
matter mass concentrations, water-soluble ions and carbon
aerosol under different pollution episodes including dust,
haze, and clear days, and established the different formation
mechanisms by combining the climate conditions and an-
thropogenic pollution sources. Huang et al. (2012) provided a
complementary picture of typical haze types and the forma-
tion mechanisms in megacities over China by using a synergy
of ground-based monitoring, satellite and lidar observations.
Liu et al. (2013) found that the key factors affecting the
formation and evolution of a regional haze episode were
stable anti-cyclone synoptic conditions at the surface layer,
decrease of the planetary boundary layer (PBL) height, heavy
pollution emissions from urban areas, number and size
evolution of aerosols, and hygroscopic growth for aerosol
scattering. Han et al. (2015) found that the proportional
contributions of ammonium sulfate and ammonium nitrate
to light extinction were higher during hazy times than during
non-haze days. However, available studies on particulate
matter have focused on the chemical characteristics of fine
particles and their impact on visibility impairment based on
off-line data, and there is a lack of direct observation evidence
showing the impact from chemical species at high time
resolution for a long period.

Shanghai, one of the largest commercial and industrial
cities in China, continually suffers from severe and complex
air pollution. The atmospheric haze phenomenon caused by
high particle mass concentrations, which greatly decreases
the visibility, is very common in Shanghai (Fu et al., 2008;
Huang et al., 2012; Wang et al., 2012). In this study, we have
performed a one-year continuous PM2.5 sampling campaign at
an urban site in Shanghai and focused the study on the
seasonal variations of chemical compounds identified by
on-line instruments. The analysis focuses on the following
issues: (1) annual variations of particulate matter and major
chemical compounds in PM2.5 in Shanghai; (2) ambient
concentration levels of different chemical components and
their seasonal variations; (3) proportions of chemical compo-
nents of PM2.5 during different pollution episodes; (4) charac-
terization of secondary components in PM2.5 in Shanghai; (5)
contributions of chemical components in PM2.5 on visibility
impairment. The results are very important for understanding
the pollution characteristics and potential sources, and also of
great importance for policy makers to improve the air quality.
1. Materials and methods

1.1. Sampling sites and descriptions

The observational site in this study is located in Shanghai
Academy of Environmental Sciences (SAES, 31°10′N,121°25′E),
which is in the southwest of Shanghai, in a commercial and
residential mixed district. The sampling height was at 15 m
above the ground level. About 500 m east from this sampling
site is the Humin Traffic Road, 150 m south is the Caobao
Road. There is no significant industrial source around this
sampling site, which could be regarded as a representative
urban area in Shanghai.

1.2. Sample collection and analysis

The observational period was from January 1st to December
31th, 2011. The mass concentrations of PM10, PM2.5 and PM1.0

were simultaneously measured by an on-line PM monitor (FH
62 C14 series, Thermo Fisher Scientific) using beta attenuation
techniques operated at a flow rate of 16.67 L/min. The
detection limit was below 1 μg/m3, and the time resolution
was 5 min.

An on-line analyzer for monitoring aerosols and gases
(MARGA ADI 2080, Applikon Analytical B.V) (Du et al., 2011)
through a PM2.5 cyclone was applied to measure the
mass concentrations of major water-soluble inorganic ions
(Cl−, NO3

−, SO4
2−, NH4

+, Na+, K+, Ca2+, Mg2+) in PM2.5 at one hour
resolution, and the detection limits for all components were
0.1 μg/m3, except for K+ (0.16 μg/m3), Mg2+ (0.12 μg/m3) and
Ca2+ (0.12 μg/m3). The air sample was drawn through a wet
rotating annular denuder (WRD) where water-soluble gases
diffused into the absorption solution (0.0035%H2O2), then particles
were collected in a stream-jet aerosol collector (SJAC).
The absorption solutions were drawn from the WRD and the
SJAC using syringes and subsequently injected into ion
chromatographs with an internal standard (LiBr) for component
analysis once every hour (Qiao et al., 2014; Du et al., 2010).

A Thermal/Optical Carbon Aerosol Analyzer (model RT-4,
Sunset laboratory Inc.) operated with a thermal/optical
transmittance principle was used for the carbon analysis. It
was equipped with a PM2.5 cyclone and an upstream
parallel-plate organic denuder. OC and EC in PM2.5 were
analyzed at a flow rate of 8 L/min with a two-stage thermal
procedure (600–840°C in a He atmosphere and 550–650–870°C
in an oxidizing atmosphere of 2% O2 with He as diluent gas).
The detection limit was 0.5 μg/m3, and the time resolution
was 1 hr for each sample, with 45 min of sampling and 15 min
of analysis.

Trace gases including ozone (O3), sulfur dioxide (SO2) and
nitrogen oxides (NOx) were evaluated. O3 was measured by an
O3 monitor (Model EC9811, Ecotech Inc) at 5 min time
resolution; the detection limit was 0.5 ppbv. SO2 was mea-
sured by a SO2 monitor (Model EC9580B, Ecotech Inc) at 5 min
resolution; the detection limit was 0.5 ppbv. NOx was mea-
sured by a NOx monitor (Model 42i, Thermo Fisher Scientific
Inc) at 5 min resolution, and the detection limit was 0.5 ppbv.
The relative humidity (RH) and visibility were also measured
at 1 hr time resolution in this station.
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2. Results

2.1. Particulate matter pollution characteristics in urban
Shanghai area

The time series of the airborneparticulatematter concentrations
from January 1st to December 31st in 2011 is shown in Fig. 1. As
shown from the figure, the averagemass concentrations of PM10,
PM2.5, and PM1.0 were (88 ± 66), (49 ± 47) and (35 ± 30) μg/m3,
respectively. The ratios of PM1.0/PM2.5,PM1.0/PM10 and PM2.5/PM10

were 71.4%, 39.7% and 55.6%, respectively, indicating that fine
particles dominated PM10. In 2011, the annual average concen-
tration of atmospheric PM2.5 in Shanghai was lower than the
reported value of 94.6 μg/m3 measured from September 2003 to
January 2005 (Wang et al., 2006a), and 57.9 μg/m3 and 61.4 μg/m3

at two sites in Shanghai, respectively, measured from 1999 to
2000 (Ye et al., 2003). This shows that the air quality of Shanghai
in 2011 was relatively better than in previous years.

As shown in Fig. 1, the PM concentrations in summer were
relatively lower than in other seasons. The heaviest particu-
late matter pollution episode occurred in early May, when the
maximum hourly concentrations of PM10 and PM2.5 reached
999 and 185 μg/m3, respectively. This episode was mainly due
to intrusion of a dust storm in northwest China (Li et al., 2014).
The highest monthly average concentration of PM10 occurred
in May, which was 148 ± 177 μg/m3; while the lowest was in
August, with the average concentration of 49 ± 26 μg/m3. The
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Fig. 1 – Time series of the particulate matter m
high concentration that occurred in May was due to coarse
particulate pollution that emerged after sand and dust
weather. However, the more favorable diffusion conditions
in summer made it difficult for pollutant accumulation,
causing low particulate matter concentrations during August
and September. For PM2.5, the highest monthly-average
concentration, 74 ± 70 μg/m3, occurred in February; while the
lowest, 31 ± 18 μg/m3, occurred in September. The high
precursor emissions accompanied by worse diffusion condi-
tions in winter were the reasons for the frequent appearance
of high concentrations of fine particles (Park et al., 2004).

2.2. Chemical composition characterization of PM2.5 in urban
Shanghai area

2.2.1. Seasonal characteristics of chemical components in PM2.5

Fig. 2 and Table 1 show the seasonal concentrations of
water-soluble inorganic ions, organic matters (OM = OC × 1.4)
(Turpin et al., 2001) and EC in PM2.5 in urban Shanghai in 2011.

Among all the seasons in 2011, winter had themost serious
pollution. The mass concentration of PM2.5 arranged from
high to low follows the order winter, spring, fall, summer.
Among the chemical components of PM2.5, secondary inor-
ganic ions including NO3

−, SO4
2−, NH4

+ and organic matter (OM)
constituted the largest proportion, accounting for 75.2%–94.0%
in total. In comparison, the proportion of Cl−, Mg2+, K+, Ca2+,
and Na+ was low. The PM2.5 chemical composition changed
with the seasons, and had a close relationship with weather
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Fig. 2 – Seasonal change of PM2.5 chemical components in Shanghai in 2011.

Table 1 – Concentrationsof PM10, PM2.5 and the components
of PM2.5 in various seasons in 2011.

Spring Summer Fall Winter

Periods Mar–May Jun–Aug Sep–Nov Jan–Feb, Dec

PM2.5 55 ± 35 34 ± 26 40 ± 39 65 ± 55
PM10 122 ± 114 55 ± 38 64 ± 50 101 ± 73
Cl− 3.50 ± 1.60 2.21 ± 1.20 1.20 ± 1.28 4.21 ± 6.21
NO3

− 12.07 ± 9.93 6.43 ± 7.58 7.67 ± 10.66 13.33 ± 11.23
SO4

2− 11.29 ± 7.71 9.54 ± 6.99 9.67 ± 8.78 11.70 ± 10.16
Na+ 0.36 ± 0.22 0.39 ± 0.23 0.42 ± 0.20 0.43 ± 0.18
NH4

+ 6.53 ± 5.73 5.41 ± 4.75 5.62 ± 6.26 8.11 ± 6.05
K+ 0.92 ± 0.99 1.39 ± 1.20 1.57 ± 0.91 2.46 ± 8.03
Mg2+ 0.19 ± 0.16 0.08 ± 0.06 0.11 ± 0.06 0.17 ± 0.34
Ca2+ 1.36 ± 1.09 0.45 ± 0.25 0.39 ± 0.19 0.48 ± 0.28
TWSII 35.95 ± 23.17 25.78 ± 19.38 26.42 ± 26.33 40.73 ± 34.41
SNA 29.79 ± 22.23 21.37 ± 18.09 22.97 ± 24.93 33.14 ± 25.73
OC 9.72 ± 4.95 9.10 ± 6.51 8.27 ± 6.95 11.18 ± 7.24
EC 2.35 ± 1.64 2.06 ± 1.52 1.93 ± 1.56 2.43 ± 2.01
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conditions (the PBL height, temperature, relative humidity,
diffusion conditions, etc.) and precursor emissions. These
factors determined particulate formation, growth, transfor-
mation and aging processes (Hu et al., 2009). The total mass
concentrations of water-soluble inorganic ions (TWSII) and
that of SO4

2−, NO3
−, NH4

+ (SNA) in PM2.5 in spring were (35.95 ±
23.17) and (29.79 ± 22.23) μg/m3, respectively. TWSII and SNA
accounted for 65.4% and 54.2% of PM2.5, respectively. The
mass concentrations of chemical components arranged from
high to low were NO3

− > SO4
2− > OC > NH4

+ > Cl− > EC > Ca2+ >
K+ > Na+ > Mg2+. PM pollution occurred frequently in spring
and the secondary generation of NOx was significant. The
mass concentrations of TWSII and SNA in PM2.5 in summer
were (25.78 ± 19.38) and (21.37 ± 18.09) μg/m3, respectively.
TWSII and SNA accounted for 75.8% and 62.9% in PM2.5,
respectively. The mass concentrations of chemical compo-
nents arranged from high to low were SO4

2− > OC > NO3
− >

NH4
+ > Cl− > EC > K+ > Ca2+ > Na+ > Mg2+. The strong sunlight
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in summer contributed to the formation of secondary organic
carbon and accelerated the transformation of volatile compo-
nents (NO3

−, NH4
+, etc.) from the particulate phase to the

gaseous phase. The mass concentrations of TWSII and SNA
in PM2.5 in fall were (26.42 ± 26.33) and (22.97 ± 24.93) μg/m3,
respectively, accounting for 66.1% and 57.4% in PM2.5, respec-
tively. The mass concentrations of chemical components
arranged from high to low were SO4

2− > OC > NO3
− > NH4

+ >
EC > Cl− > K+ > Ca2+ > Na+ > Mg2+, which matches the results
in summer showing that higher concentrations of SO4

2− and
OC existed in PM2.5. In winter, the mass concentrations of
TWSII and SNA in PM2.5 were (40.73 ± 34.41) and (33.14 ±
25.73) μg/m3, respectively. Their proportions in PM2.5 were
62.7% and 51.0%, respectively. The mass concentrations of
chemical components from high to low were NO3

− > SO4
2− >

OC > NH4
+ > Cl− > K+ > EC > Ca2+ > Na+ > Mg2+, which matches

the results in spring showing that a high concentration of NO3
−

was contained in PM2.5. The difference between winter and
other seasons was that winter had higher concentrations of Cl−

and K+, probably due to the large numbers of combustion
activities taking place (Safai et al., 2010; Park et al., 2004).

From the results above, we can see that for all seasons in
2011, total water-soluble ions in PM2.5 accounted for over 60%
of the mass concentration of fine particles and carbonaceous
species accounted for about 30%, which illustrates the serious
inorganic and organic pollution in Shanghai (Hu et al., 2009).
The mass concentration of three secondary inorganic ions
(SNA, SO4

2−, NO3
−, NH4

+) accounted for about 55% of fine
particles, and all OC/EC ratios were more than 4, indicating
that secondary pollution formation was very serious and
photochemical reactions were active. Primary ions like Mg2+,
K+, Ca2+, and Na+ had a relatively lower proportion in fine
particles, and their seasonal change was much smaller.
However, due to the dust weather from northern China in
spring, the proportion of soil components like Ca2+ and Mg2+

in WSII in Shanghai increased slightly, compared with other
seasons, and a similar result was also found in other studies
(Wang et al., 2005, 2006b).

2.2.2. Chemical components of PM2.5 in different PM2.5 pollution
level days
Investigating the mass concentrations of particles with
different sizes and their chemical components can help
provide a better understanding of the aging characteristics
and chemical processing of particles.

Fig. 3 shows the chemical components of PM2.5 for various
PM2.5 concentrations observed in 2011. From this figure, we
can find that when the PM2.5 concentration was lower than
20 μg/m3, primary ions (Cl−, K+, Ca2+, Mg2+ and Na+) accounted
for 15.3%–28.7% in total in all components, secondary inor-
ganic ions (SO4

2−, NO3
− and NH4

+) accounted for 30.4%–49.3%,
and OM and EC accounted for 34.1%–48.7%. With the increase
of particulate mass concentration, the proportion of primary
inorganic ions decreased, accounting for 15.1%–4.9%. On the
contrary, the proportion of SNA rose continuously, up to
81.6%, showing the particulate aging process. The longer the
particulate aging process, the higher the proportion of SO4

2−,
NO3

− and NH4
+ in PM2.5 (Moffet et al., 2008). However, from Fig. 3

it can be found that the proportion of SO4
2−, which accounted

for (22.0 ± 2.4)% in all components, changed very little with
the increase of PM2.5 mass concentration, while the propor-
tion of NH4

+ and NO3
− increased significantly. This result shows

that NH4
+ and NO3

− played an important role in the particulate
aging process.

To verify this result, the chemical composition distribu-
tions of PM2.5 on different types of pollution days were
studied. Fig. 4 shows the proportions of chemical components
of PM2.5 on days with different PM2.5 pollution levels. The level
air quality is defined into three categories according to the
Chinese National Ambient Air Quality (GB 3095–2012) stan-
dard: “clean” for days meeting the first grade of NAAQS,
“slight pollution” for days meeting the second grade of
NAAQS, and “heavy pollution” for days exceeding the second
grade of NAAQS. On clean days, OM dominated the PM2.5 mass
concentration (28.5%), followed by SO4

2− (22.7%), NO3
− (15.5%),

NH4
+ (11.1%) and Cl− (7.2%). OM still accounted for the largest

proportion of PM2.5 on slight pollution days, but NO3
− and NH4

+

fractions increased significantly. For example, NO3
− increased

from 15.5% to 19.9%, and NH4
+ increased from 11.1% to 13.5%.

NO3
− had the largest proportions on heavy pollution days, and

increased from 15.5% on clean days to 21.0% on heavy
pollution days. OM, SO4

2− and NH4
+ contributed 18.8%, 18.2%

and 12.6% to PM2.5, respectively. In addition, the undetected
component proportion increased with the deterioration of
particulate pollution status, while the OM and EC proportion
decreased. The mass concentrations and proportions of NO3

−

and undetected components prominently increased with the
aggravation of particulate pollution, similar to the above
result. With the exacerbation of PM2.5 pollution, the concen-
trations of OM, EC, Cl−, Ca2+, Mg2+ and Na+ increased, but their
proportions in PM2.5 decreased. This analysis suggests that
NO3

− was the most important chemical component and
increased significantly during heavy PM2.5 pollution days.

2.3. Characteristics of the secondary aerosol in PM2.5

2.3.1. SO4
2− and NO3

−

SO4
2− and NO3

− are important chemical components in PM2.5,
accounting for about 40% of total PM2.5. They are formed
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mainly though secondary reactions of gaseous pollutants like
SO2, NOx and so on. The concentrations of SO4

2− and NO3
− have

a close relationship with the oxidization rates of SO2 and NO2.
Formation of SO4

2− and NO3
− is usually indicated by the sulfur

conversion rate (SOR = n(SO4
2−) / [n(SO4

2−) + n(SO2)]) (n refers to
the molar concentration) and nitrate conversion rate (NOR =
n(NO3

−) / [n(NO3
−) + n(NO2)]) (Sun et al., 2006). The higher the

values, the more the gaseous pollutants are transformed to
secondary particles.

Related studies have found that the SOR is lower than 0.1
when only primary pollutants exist in the atmosphere (Truex
et al., 2002; Ohta & Okita, 1990). When SOR is higher than 0.1,
SO2 in the air probably undergoes photochemical reactions
(Truex et al., 2002; Ohta & Okita, 1990). Table 2 lists the SOR
and NOR values calculated in 2011 in Shanghai. From the
table, we can see that the annual average of SOR was 0.257,
higher than 0.1, showing that photochemical reactions were
quite active in Shanghai. SOR had the highest value in
summer, indicating that the high temperature accelerates
the gaseous reaction from SO2 to SO4

2− and the high moisture
during nighttime contributed to the multi-phase SO4

2− forma-
tion. By contrast, low temperature and moisture in winter led
to lower sulfur conversion rates.

The annual average NOR was 0.101. The seasonal variation
of NORwas a little different from that of SOR, which had lower
values in summer and higher values in winter. Under high
temperature conditions, the high volatility of NO3

− enabled it
to transfer from the particulate phase to the gaseous phase,
resulting in lower NOR values in summer. However, the
adverse weather conditions and high pollution emissions in
Table 2 – SOR, NOR values and [NO3
−]/[SO4

2−] ratios of PM2.5
under different seasons in 2011.

SOR NOR [NO3
−]/[SO4

2−]

Spring 0.248 0.115 1.119
Summer 0.307 0.074 0.652
Fall 0.281 0.091 0.871
Winter 0.204 0.118 1.126
Annual 0.257 0.101 0.943

SOR: sulfate oxidizing rate; NOR: nitrate oxidizing rate.
winter resulted in the frequent occurrence of haze episodes.
During haze days, the NOx emissions in Shanghai easily
accumulate and form NO3

− through photochemical reactions.
Many research studies have proved that the NOR values
during haze days are significantly higher than for non-haze
days (Sun et al., 2006; Tan et al., 2009).

The ratio of [NO3
−]/[SO4

2−] is often used to indicate the relative
contributions of stationary sources andmobile sources. A lower
ratio means that pollution from stationary sources is more
prominent than that from vehicles. Table 2 shows that the ratio
of [NO3

−]/[SO4
2−] in 2011 in Shanghai was 0.943, higher than the

values of 0.75, measured in 2009 in Shanghai (Huang et al.,
2012), 0.71 measured in 2006 (Fu et al., 2008) and 0.43 measured
in 1999 (Yao et al., 2002). This illustrates that the dramatic
increase in the vehicle stock in Shanghai had a serious impact
on the atmospheric environment.

2.3.2. Secondary organic carbon
Organic carbon (OC) and elemental carbon (EC) are important
constituents of PM2.5, contributing 20%–50% of aerosol in
Chinese urban atmospheres (Lim & Turpin, 2002; Cao et al.,
2007). EC is emitted directly from the incomplete combustion
of fossil fuel and biomass. Because EC remains constant and
does not participate in chemical reactions in the atmosphere,
it is commonly used as a tracer for primary emissions (Strader
et al., 1999; Castro et al., 1999). OC can consist of both primary
carbon (POC) and secondary carbon (SOC); POC is mainly
emitted from anthropogenic sources, and SOC is produced
from atmospheric photochemical reactions of volatile organic
compounds (Cabada et al., 2004).

Currently, there is no direct method to measure primary
and secondary organic carbon in atmospheric aerosol. Indi-
rect methods are often based on the EC tracer, SOA tracer
(Kleindienst et al., 2007), air quality model (Lane et al., 2008),
and source receptor model (Zheng et al., 2007), among which
the EC tracer method (Cao et al., 2003, 2007) is the most
convenient way. Since OC/EC ratios in different cities are
affected by emission sources, weather conditions, instru-
ments (different instrumentsmay have different sensitivity to
OC and EC) and so on, the estimation of SOC formation
involves great uncertainty (Strader et al., 1999; Na et al., 2004).
Therefore, to avoid interference from the above factors,



Table 3 – Linear regression for OC and EC when OC/EC
ratios were lower than (OC/EC)10%min and the estimated
SOC concentrations.

(OC/EC)10%min N Linear
formula

R2 SOC SOC/OC

Spring 2.84 202 OC = 2.43EC 0.94 3.22 35.8%
Summer 2.89 178 OC = 2.55EC 0.94 3.60 39.1%
Fall 2.78 194 OC = 2.34EC 0.93 3.42 40.4%
Winter 3.40 208 OC = 2.91EC 0.94 3.49 31.8%

OC: organic carbon; EC: elemental carbon.
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researchers often use short-termOC/EC ratios to estimate SOC
(Plaza et al., 2011; Yuan et al., 2006).

Following studies regarding EC as the indication of primary
pollution sources, the SOC was calculated by Eq. (1) (Turpin &
Huntzicker, 1995; Castro et al., 1999):

SOC ¼ TOC−EC� OC=ECð Þpri ð1Þ

where TOC represents the total organic carbon and (OC/EC)pri is
ratio of OC/EC from primary emission sources. The assumption
of this method is that there is a fixed relationship between the
primary OC and EC concentrations, and the OC background
concentration is constant at a given location during the season.
Since (OC/EC)pri is highly dependent on emission sources and
great difference exists in various emission sources, it is hard to
define the ratio. Therefore, many studies use (OC/EC)10%min (the
lowest 5%–10% OC/EC ratios) measured in the environment to
replace (OC/EC)pri (Cao et al., 2007; Yuan et al., 2006).

Considering the seasonal differences between OC and
EC sources, SOC values in different seasons were estimated by
(OC/EC)pri in corresponding seasons. Least squares regression
was conducted for OC/EC values in different seasons that were
lower than (OC/EC)10%min. Table 3 gives the regression results in
the four seasons. It was found that OC and EC had a good linear
correlation when the OC/EC ratio was lower than (OC/EC)10%min.
This means that the sources of OC and EC during this period
were almost the same; that is, the (OC/EC)10%min value for this
season can replace the (OC/EC)pri value.

SOC concentrations for various seasons in this researchwere
estimated using the corresponding (OC/EC)10%min values. POC
50
0

20

40

60

80

100

E
st

im
at

ed
 b

ex
t p

er
ce

nt
ag

e 
(%

)

(N

(NH4)2SO4

30.7%

NH4NO3

27.3%

OM
12.3%

EC
19.5%

CM
7.1%

Air
3.0%

2011

a b

Fig. 5 – Relative contribution to light extinction of chemical comp
contributions under different visibility conditions (b).
concentrations in spring, summer, fall and winter obtained in
this study were 5.75,5.61,5.03 and 7.47 μg/m3, respectively, and
SOC concentrations in spring, summer, fall andwinter obtained
were 3.22, 3.60, 3.42 and 3.49 μg/m3, respectively. Theproportion
of SOC in OC was 35.8%, 39.1%, 40.4% and 31.8%, respectively.
SOC/OC was higher in fall and summer than in winter and
spring. These values are comparable with those of Atlanta, USA
(30%) (Pachon et al., 2010), Centreville, USA (36%) (Blanchard et
al., 2008), California, USA (50%) (Na et al., 2004), Athens, Greece
(10.1–32.5%) (Grivas et al., 2012), and Mount Heng in Hunan,
China (53.9%) (Zhou et al. 2012).This implied that SOC was an
important component of OC mass in Shanghai. Severe and
complex air pollution often occurs during late fall and winter in
Shanghai, which is caused by a stable synoptic system at the
surface, decrease of the PBL height, and high relative humidity,
resulting in high formation of SOC in the ambient air. In
contrast, the lower temperatures and reduced sunlight inwinter
are not favorable for SOC formation.

2.4. Contributions of chemical components in PM2.5 to
light extinction

To investigate the contributions of individual PM2.5 chemical
components on the light extinction coefficient, Bext, the
formula developed in the IMPROVE project (Interagency Mon-
itoring of Protected Visual Environments) (Malm et al., 1994;
Watson, 2002) was adopted to quantify the contributions of
particles to the light extinction in Shanghai. The reconstructed
Bext (Mm−1) can be calculated from the mass concentrations of
PM2.5 chemical components by Eq. (2), based on the original
IMPROVE algorithm (Malm et al., 1994; Watson, 2002):

Bext ¼ 3f RHð Þ Sulfate½ � þ 3f RHð Þ Nitrate½ � þ 4 Organic½ �
þ 1 Soil½ � þ 0:6 Coarse Mass½ � þ 10 EC½ � þ 10

ð2Þ

Sulfate½ � ¼ NH4ð Þ2SO4 ð3Þ

Nitrate½ � ¼ NH4NO3 ð4Þ

Organic½ � ¼ 1:4 OC½ � ð5Þ

Soil½ � ¼ 2:2 Al½ � þ 2:19 Si½ � þ 1:63 Ca½ � þ 2:42 Fe½ � þ 1:94 Ti½ � ð6Þ

Coarse Mass½ � ¼ PM10½ �− PM2:5½ � ð7Þ
40 30 20 10
Vis (km)

H)2SO4 NH4NO3 OM EC CM Air

onents in PM2.5 in 2011(a) and the proportions of their
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where f(RH) is the hygroscopic species growth function. It
indicates how scattering efficiencies increase for SO4

2− and NO3
−

as they absorb liquidwater (Cheung et al., 2005). The last termof
the formula, the constant 10 Mm−1, represents clear air
scattering. We excluded the contribution of soil particles in
this study since it only accounted for a small fraction of Bext
(Wang, 2003).The IMPROVE formula assumes that SO4

2− andNO3
−

are fully neutralized by NH4
+.

Fig. 5 shows the relative contribution of chemical compo-
nents in PM2.5 to light extinction in one year, and depicts the
proportions of their contributions under different visibility
conditions. The calculated average value of light extinction was
332.2 ± 249.5 Mm−1. Compared to other cities, i.e., Hong Kong
(177 Mm−1, Cheung et al., 2005), Jinan (292 Mm−1, Yang et al.,
2007), and Guangzhou (326 ± 248 Mm−1, Tao et al., 2014), our
resultwas slightly higher. (NH4)2SO4 had the largest contribution
to Bext, accounting for 30.7%; followed by NH4NO3 (27.3%),
elemental carbon (EC) (19.5%), organic carbon (OM) (12.3%), and
Coarse Mass (CM) (7.1%), as shown in Fig. 5a. The significant
contribution of ammonium sulfate to visibility degradation is
due to a relatively high concentration of sulfate and its ability to
absorb water vapor, and a similar result was also found in other
studies (Tao et al., 2009; Wang, 2003; Pui et al., 2014). In this
study,we also found that therewere clear differences among the
contributions of chemical components with the changes in the
visibility conditions, as shown in Fig. 5b. For example, under
high visibility conditions, the Bext percentage of (NH4)2SO4 was
the highest, followed by EC, OM, NH4NO3 and CM. With the
decrease of visibility, the contribution of NH4NO3 to Bext
increased simultaneously, but the percentages of OM, EC, and
CM decreased. However, the contribution from (NH4)2SO4 was
still the highest, and changed very little with the visibility
degradation. The above results indicate that NH4NO3 and
(NH4)2SO4 were the most important chemical components
responsible for visibility impairment in Shanghai.
3. Conclusions

A one-year research study on temporal variations of PM2.5 and
its chemical components, as well as their contribution to light
extinction in Shanghai, were presented in this paper. The
average mass concentrations of PM10, PM2.5 and PM1.0 in 2011
were (88 ± 66), (49 ± 47) and (35 ± 30) μg/m3, respectively. High
concentrations of particulate matters occurred frequently in
all seasons except summer, which is mainly because the
diffusion conditions in summer are quite good and Shanghai
always has rich precipitation in spring and summer. In spring
and winter, NO3

− accounted for the highest proportion in PM2.5,

while in fall and summer, SO4
2− and OC had a larger

proportion. In general, for all seasons in 2011 in Shanghai,
secondary inorganic ions like NO3

−, SO4
2−, NH4

+ and OM
accounted for most of PM2.5, at 75.2%–94.0% in total. This
shows that both inorganic and organic pollution was serious
in Shanghai. A decrease in the primary inorganic ion
proportion in total components was observed with the
increase of particulate mass concentration in this research.
However, NO3

− rose significantly during heavy PM2.5 pollution
days, showing that it had a close relationship with PM2.5

pollution in Shanghai.
Photochemical reactions were quite active in Shanghai in
2011. The annual average of SOR was 0.257, much higher than
0.1. This alsomatches with the result that summer had higher
SOR values and winter had lower SOR values. Compared with
SOR, NOR had lower values in summer and higher values in
winter. This is because high temperature enables NO3

− to
transfer from the particulate phase to the gaseous phasemore
easily. NOR can be regarded as a haze indicator since NOR
values were markedly higher in haze days than in non-haze
days. SOC was found to be an important component of OC
mass in Shanghai, accounting for 31.8%–40.4% in 2011. High
formation of SOC in the ambient air was observed during
summer and fall in Shanghai. On the contrary, the lower
temperatures and reduced sunlight in winter and spring were
not favorable for SOC formation.

Compared with some other cities, the calculated aver-
age value of light extinction in Shanghai, (332.2 ± 249.5)
Mm−1, was a little higher. (NH4)2SO4 had the largest
contribution to light extinction due to the relatively high
concentration of sulfate and its ability to absorb water
vapor. In addition, the Bext percentage of NH4NO3 rose
continuously with the decreasing of visibility, while the
percentages of OM, EC, CM decreased. This proves that
NH4NO3 and (NH4)2SO4 were the major contributors to
visibility impairment in Shanghai.
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