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ABSTRACT

As the largest Chinese city by population and the largest city proper by population in the world, Shanghai has frequently
suffered the heavy haze in recent years. In this study, the observational data (PM, 5, PM, O3, NO,, CO and SO,) at the ten
urban monitoring stations in Shanghai from November 25 to December 9, 2013, were used to analyze the haze pollution.
The source contributions of PM,s in Shanghai were identified by trajectory clustering and hybrid receptor models
(potential source contribution function (PSCF) and concentration weighted trajectory (CWT)). The results showed that for
the whole study period, the ranges of pollutant concentrations are 2.0-635.0 ug m> (PM,s), 2.0-726.0 ug m~ (PM),
1.0-139.0 pg m™ (O3), 11.0-197.0 pg m™ (SO,), 7.0-221.0 pg m™> (NO,), and 0.3-8.5 mg m (CO). It was found that
PM, s contributed more than 80% of PM,, for the whole period except the relatively clean period in which only 45% of
PM,, is PM, 5. The model analyses show that clean air masses reaching at Shanghai were from the far away regions like
Mongolia and Inner Mongolia with the high mean wind speed (fast air masses). On the other hand, the heavy haze air
masses were mainly from the nearby industrialized and urbanized provinces with industrial cities. It was found that the
formation of the extremely heavy haze from December 5 to 7 in Shanghai was mainly because of the air pollution
transported from the nearby provinces (i.e., Anhui, Jiangsu, Zhejiang) and central part provinces (such as Shandong,
Hebei) of eastern China. The correlation analyses among PM, s and other pollutants show that the PM, s formation in
Shanghai is affected by the sources similar to those of CO such as combustion, industry, mobile and oxidation of
hydrocarbons. Finally, the controlling strategies are discussed on the basis of this result.
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INTRODUCTION

Over the past three decades, with rapid industrialization
as well as vigorous urbanization, air pollution and haze
weather have significantly increased in China’s megacities
(Chang et al., 2009). As a weather phenomenon, haze has
low atmospheric visibility (< 10 km) under the conditions
of 80% relative humidity, and the sky becomes cloudy and
bluish or yellowish (Yang et al., 2012; Long et al., 2014).
Visibility degradation is one of the most significant features in
the haze episodes. This is attributed primarily to the scattering
and absorption of visible light by particulate matter (PM)
in the atmosphere (Yang ef al., 2012). Fine particles with
aerodynamic diameters of 2.5 um and less (PM,s) are the
most effective factor for visibility impairment (Lin et al., 2012;
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Yang et al., 2012). Haze has adverse impact on ecological
systems, climate, and public health (Du et al., 2011; Wang et
al., 2015). Moreover, the exposure to extremely high PM, 5
concentrations might lead to respiratory and cardiovascular
diseases as well as lung cancer (Chen ef al., 2012). Haze
occurrence is related to chemical composition, size
distribution, and mixing state of PM (Yang et al, 2012;
Cheng et al., 2013; Long et al., 2014). Haze in China mainly
caused by emissions from vehicle exhausts, power plants,
industrial boilers, furnaces and re-suspended dust (Fu et
al., 2008; Wang et al., 2012). Haze formation can also be
influenced by meteorological factors such as humidity,
temperature, wind speed, and atmospheric pressure (Chang
etal.,2009; Fu et al., 2010).

As the largest city by population and the largest city proper
by population in China, Shanghai has undergone rapid
economic development and urbanization in the past decades.
Consequently, heavy air pollution and haze days frequently
occur in Shanghai. The main air pollutants in Shanghai
come from local emissions (i.e., vehicular, coal combustion,
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and fugitive dust) and regional emissions under the influence
of different meteorological conditions, especially in spring
and winter (Hou et al., 2011; Long ef al., 2014). In recent
years, haze events in Shanghai have been widely concerned
and intensely studied (Hsu et al., 2012; Cheng et al., 2013;
Lin et al., 2014). Cheng et al. (2013) summarized that visual
range in the Yangtze River Delta endured a reduction from
13.2 to 10.5 km from 1980 to 2000. Hsu et al. (2012)
analyzed the global and regional trends of aerosol optical
depth over land and ocean based on remote sensing
products from 1997 to 2010. Fu et al. (2008) showed that
the hourly PM,s and PM;, concentrations of the heavy
haze days in Shanghai could reach as high as 466 and 744
pg m~ on 19 January 2007, respectively. It is found that
sulfate, nitrate and ammonium are the dominant species in
secondary inorganic aerosols of Shanghai (Long et al.,
2014), and the carbonaceous aerosols mainly emitted from
the combustion sources also are important particle types in
Shanghai (Hou et al, 2011; Yang et al., 2012). The
contribution from the vehicle NO, emissions to the aerosol
formation in Shanghai exhibits an increasing trend (Wang
et al., 2012). In addition, the haze formations in Shanghai
are related to the meteorological conditions such as relative
stable synoptic situations with high RH (< 90%) and high
concentrations of PM, s (Zhou et al., 2014; Wang et al.,
2014). Meanwhile, the potential sources affecting the haze
formation in Shanghai were also studied. For example, the
dust aerosol in Shanghai might originate from long-range
transport of dust from the upstream regions (such as Mongolia
and Gobi) (Fu et al., 2010; Chen et al, 2012). Xiu et al.
(2009) found that the local traffic sources from the Huabei
Plain could increase mercury pollution in winter and fall in
Shanghai. Wang et al. (2014) found that the origin of PM, 5
in Shanghai in late autumn might come from the upwind
adjacent provinces. Based on back trajectory, Yan et al.
(2012) found that the major contributor to polycyclic aromatic
hydrocarbons (PAHs) of Shanghai might come from the
southern part of China. Li et al. (2012) reported that major
contributions to PM;, in Shanghai are from the northwestern
sources. Cheng et al. (2014) reported that the open biomass
burning in the adjacent provinces had significantly affected
the air quality in Shanghai. Yan et al. (2011) reported that
the mean transport contribution to the PM;, abundance in
Shanghai reached 49% during a haze event, and this was
almost the same as the contribution from the local emissions.
During the world exposition 2010 with strictly controlling
local emissions in Shanghai (Hao et al., 2011; Huang et al.,
2013; Zhang et al., 2013), Zhang et al. (2013) revealed that
transports of regional pollutants affecting air quality in
Shanghai mainly originated from the surrounding areas.
Backward trajectories of air parcels have been applied
effectively to investigate the probable source regions and
preferred transport paths (Wang et al., 2009; Li et al.,
2012; Yu et al., 2014a; Li et al., 2015). Potential source
contribution function (PSCF) and concentration weighted
trajectory (CWT) hybrid receptor models based on the back
trajectories are simple and valuable tools for identifying
possible source locations (Jeong ef al., 2011; Yu et al., 2014a;
Li et al., 2015). Shanghai had suffered from severe haze
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from December 5 to December 7, 2013, with the highest
PM, 5 concentration of 635 ug m °. In this study, we analyzed
the air pollution (PM,s, PMj,, SO,, CO, NO, and O3) in
Shanghai for the period of November 25 to December 9,
2013, using the surface and satellite observational data. To
explore the possible impacts of local and regional transport
sources on the formation of haze in Shanghai, the backward
trajectories were computed, and the source locations and
preferred paths of PM, s were further evaluated with cluster
analysis, and hybrid receptor models (PSCF and CWT).
Finally, the controlling strategies are discussed on the basis
of these results.

METHODOLOGY

Surface and Satellite Observations

Hourly concentrations of air pollutants (PM, 5, PM,, O,
NO,, CO and SO,) at ten urban national observation stations
in Shanghai (31.22°N, 121.48°E) were measured with the
standard methods (http://www.cnemc.cn/publish/totalWeb
Site/0493/187/mewList_1.html) from November 25 to
December 7, 2013. These observation sites include Putuo
(31.238°N, 121.400°E), Shiwuchang (31.204°N, 121.478°E),
Hongkou (31.301°N, 121.467°E), Xuhui (31.165°N,
121.412°E), Yangpu (31.266°N, 121.536°E), Qingpu
(31.094°N, 120.978°E), Jingan (31.226°N, 121.425°E),
Chuansha (31.191°N, 121.703°E), Pudongxinqu (31.228°N,
121.533°E), and Zhangjiang (31.207°N, 121.577°E). Since
the observational data at the ten urban sites are all belonged to
the part of national observational network in China, the data
quality and instruments meet the requirements from the
China National Environmental Monitoring Center (CNEMC).
The aerosol optical thickness (AOT) data at 550 nm at 6
km resolution on the ground from the satellite of Suomi
National Polar-orbiting Partnership (NPP) at the level 2
were downloaded from the website (http://ladsweb.nascom.
nasa.gov/data/search.html). Meng et al. (2015) show that
the performance of the VIIRS aerosol product is comparable
to those of MODIS retrievals and AERONET measurements
on the basis of evaluation of VIIRS AOT with MODIS
retrievals and AERONET measurements.

Back Trajectory and Cluster Analysis

To evaluate the impact of local and regional transport
sources on the formation of haze, the 48-h back trajectories
arriving at the observation stations at 100 m above the ground
level were computed with the NOAA Hybrid Single-Particle
Lagrangian Integrated Trajectory Version 4 (HYSPLIT4)
(http://ready.arl.noaa.gov/HYSPLIT.php) during the study
period (November 25 to December 7, 2013). The back
trajectories were generated with 4-h time interval (six times
per day) at starting times of —00:00, 04:00, 08:00, 12:00,
16:00 and 20:00UTC (16:00, 20:00, 00:00, 04:00, 08:00
and 12:00local times, respectively). The trajectory cluster
analysis with the clustering option of Euclidean distance was
performed with the software TrajStat (Wang et al., 2009).

PSCF and CWT Methods
The PSCF method is based on air mass residence time
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allocations over specific regions in order to localize the
potential sources of aerosols affecting air quality in the
urban areas (Jeong et al., 2011). The PSCF value can be
interpreted as the conditional probability with concentrations
that are larger than a given criterion value and are related
to the passage of air parcels through a grid cell with this
PSCF value in their paths to the receptor site (Jeong ef al.,
2011; Miji¢ et al., 2012; Yu et al., 2014a). The higher the
PSCEF value, the higher the probability. In this study, PM, s
criterion is set to be 75 pg m~ based on China’s national
air quality standards (CNAQS) (GB3095-2012).

It is difficult for the PSCF method to distinguish the strong
sources from moderate sources, while the CWT method can
determine the relative significance of the potential sources
(Jeong et al., 2011). In the CWT method, each grid cell is
assigned a weighted concentration by averaging the sample
concentrations with associated trajectories that crossed the
grid cell (Jeong et al., 2011; Miji¢ et al., 2012; Yu et al.,
2014a). The high CWT values indicate the high potential
contributions to the high polluted value at the receptor site.
The weighted concentration fields show concentration
gradients across the potential sources, and the CWT method
helps to determine the relative significance of potential
sources (Miji¢ et al., 2012).

RESULTS AND DISCUSSION

Statistical Characteristics of Haze Occurrences

To analyze the temporal variation of pollutants, the whole
study period was divided into four cases: the relatively
clean period 1 (November 25-30), the heavy haze period 2
(December 1-2), the haze period 3 (December 3—4), and the
very heavy haze period 4 (December 5-7). Fig. 1 presents the
time series of hourly pollutant concentrations (PM, 5, PM;j,
SO,, CO, NO,, and O;) during November 25-December 9 at
the ten sites in Shanghai. For the whole study period, the
mean PM, 5 concentration is 157.7 ug m > with the highest
concentration of 635.0 pg m . For the relatively clean period
1 of November 25-30, the mean PM, s concentration is
79.0 ug m >, and the mean concentrations of other pollutants
are 175.7 ug m~ for PM,, 27.0 pg m for O3, 49.4 ug m™
for SO,, 66.1 ug m>for NO,, and 1.2 mg m for CO. This
also indicates that 45% of PM,, is PM,s and the coarse
particles (PM;—PM,5) contributed 55% of PM;, for this
relatively clean period in Shanghai. The hourly NO,
concentrations sometimes exceed the corresponding hourly
CNAQS. On the other hand, the concentrations of O3z, SO,
and CO are lower than the corresponding hourly CNAQS.

For the heavy haze period 2 from December 1 to 2, average
concentrations of PM, 5 and PM are 230.4 and 263.7 nug m>,
respectively. This indicates that 87% of PM,, is PM, 5 and
the coarse particles (PM;p—PM,; 5) only contributed 13% of
PM,, for this heavy haze period in Shanghai. Average SO,
and NO, concentrations are 1.5 and 2.9 times of the
corresponding hourly CNAQS, respectively. In contrast,
the average Oz and CO concentrations are lower than the
CNAQS. The average PM,s concentration during this
period is 2.3 times of the relatively clean period 1, and the
concentrations of SO,, NO,, and CO are also higher than
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those of the relatively clean period 1. However, the O,
concentration in this period is lower than the relatively
clean period 1.

For the haze period 3 from December 3 to 4, the mean
PM, s and PM,, concentrations are 134.3 and 153.3 pg m>,
respectively. This shows that 88% of PM,, is PM, 5 and the
coarse particles (PM;—PM; ) only contributed 12% of PM,,
for this haze period. Of gas pollutants, only NO, concentration
is 2.6 times of the CNAQS, while concentrations of Os,
SO, and CO are lower than those of the CNAQS. Further,
the mean PM, 5 concentration is 1.7 times higher than that of
the relatively clean period 1, while mean PM;, concentration
is lower than that of the relatively clean period 1. The
concentrations of O; and NO, exceed those of the relatively
clean period 1. In contrast, the concentrations of SO, and
CO are lower than the relatively clean period 1. For the
very heavy haze period 4 from December 5 to 7, the mean
PM, s and PM,, are 246.3 and 301.5 pg m>, respectively.
This shows that 82% of PM,, is PM,s and the coarse
particles (PM,—PM,s) only contributed 18% of PM,, for
this very heavy haze period in Shanghai. The mean NO,
concentration (101.4 pg m™) is 2.5 times of the CNAQS.
The concentrations of O3, SO,, and CO are lower than the
CNAQS. It is of interest to note that except SO,, the pollutant
concentrations including PM, s, PM;,, O3 and CO are higher
than those of the relatively clean period 1.

The AOT values from the satellite have been widely used
to monitoring PM pollution. The spatial distributions of
AOT at 550 nm over the eastern China in different periods
are shown in Fig. 2, i.e., 11/29 (3:35 UTC), 12/2 (4:20
UTC), 12/5 (5:00 UTC), 12/6 (4:45 OUTC), and 12/9 (5:25
UTC). As can be seen, the high values of AOT (red) over
the whole eastern China during the haze episodes (such as
9/6) are consistent with high PM, 5 observed in Shanghai in
this study.

Backward Trajectory and Cluster Analysis

Secondary aerosol formation not only depends on gaseous
precursors from the local emissions but also can occur during
the air mass transport (Yu et al., 2003; 2004; 2007a; 2008,
Yu 2014; Zhang 2008; Yuan et al., 2014). Meteorological
conditions play a very important role in the accumulation
of PM for the Yangtze River delta (YRD) (Wang et al.,
2015). Trajectory clustering is used in this study to identify
the relationship between hourly PM, 5 concentrations and
transport patterns in Shanghai. The results are shown in
Fig. 3 and summarized in Table 1. The percentages of
trajectories for each cluster, mean PM, s concentrations and
mean wind speeds are also summarized in Table 1. For the
whole period, five clusters (i.e., transport pathways) were
determined: South—Southeast (S—SE), West—Northwest (W—
NW), Northwest (NW), North—Northwest (N-NW), and
North—Northeast (N-NE). For the relatively clean period 1
(see Table 1, and Fig. 3(b)), the cluster N-NW accounted
for 21.0% air masses which originate from Mongolia across
Inner Mongolia (China) before reaching at Shanghai and
have long trajectories and relative low air pollutants (fast
air masses, mean wind speed of 15.9 m s™'). The cluster NW
accounted for 63.6% air masses which originate from Inner
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Fig. 1. The time series of hourly concentrations of PM, 5, PM;y, SO,, CO, NO, and O; for the period of November 25 to

December 9, 2013, at the 10 sites in Shanghai city.

Mongolia (China) with the mean speed of 7.6 m s ' and mean
PM, 5 concentration of 78.68 pg m~. On the other hand,
the cluster W-NW accounted for 15.4% air masses which
come from Hebei province associated with the mean PM, 5
concentration of 94.15 pg m exceeding slightly the CNAQS.

For the heavy haze period 2 from December 1 to 2, the
only cluster W-NW account for 100% air masses which
originate from Anhui and Jiangsu provinces with mean PM, s

concentration of 227.99 pug m™ (see Table 1 and Fig. 3(c)).
The back trajectories of this cluster show short transport
patterns with relatively low mean wind speed (4.7 m s').
For the haze period 3 (Table 1 and Fig. 3(d)), all trajectories
can be separated into two clusters SE and W-NW. The
cluster SE account for 66.1% air masses with the mean
PM, 5 concentration of 121.76 ug m and low wind speed
of 3.4 m's™', and 65% of trajectories are polluted. The air
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Fig. 3. Cluster analysis of the 48-h air mass back trajectories starting at 100 m from the 10 monitoring sites in Shanghai
for the period of November 25 to December 7, 2013. (a) All back trajectories for the whole period from November 25 to
December 7. The five transport pathways (clusters) are determined: S—SE (South—SouthEast), W-NW (West—NorthWest),
NW (NorthWest), N-NW (North—NorthWest) and N-NE (North—NorthEast); (b) All back trajectories for the relatively
clean period 1 from November 25 0:00 to November 30 23:00; (c) All back trajectories for the heavy haze period 2 from
December 1 0:00 to December 2 23:00; (d) All back trajectories for the haze period 3 from December 3 0:00 to December
4 23:00; and (e) All back trajectories for the very heavy haze period 4 from December 5 0:00 to December 7 23:00 (see the

explanations in text part).

masses for this cluster SE came from Zhejiang province as
shown in Fig. 3(d). The cluster W-NW account for 33.9 %
air masses with relative high mean PM, s concentration of
168.25 ug m~ which originate from Henan, Anhui and

Jiangsu provinces with the mean wind speed of 5.2 m s .
It is of interest to note that the air masses for this cluster
W-NW actually traveled to the eastern ocean first and then
came back to Shanghai city as shown in Fig. 3(d).
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Table 1. Mean concentrations of PM, 5 and percentages of trajectories (The values in the parentheses are number of back
trajectories) for each trajectory cluster for five cases (i.e., the whole period from November 25 to December 7, the
relatively clean period 1 from November 25 0:00 to November 30 23:00, the heavy haze period 2 from December 1 0:00 to
December 2 23:00, the haze period 3 from December 3 0:00 to December 4 23:00, and the very heavy haze period 4 from

December 5 0:00 to December 7 23:00).

The results for the polluted cases when PM, s criterion is set to be 75 ug m™ are

also presented. Mean wind speed is calculated by dividing the distance from start point to end point by traveling time (48
hours). The “Polluted Percent” is calculated on the basis of number of trajectories from the direction such as N-NW with
PM, 5 concentration > 75 pg m° divided by the total trajectories from that direction

Percent Mean PM, 5 Mean Wind Speed Polluted Percent Polluted Mean PM, s
(%) (ug m) (ms™) (%) (ugm>)

All data for the  N-NW 9.7 (75) 65.4 14.5 2.7(16) 105.75
whole period NW 29.3 (227) 78.68 7.1 19.9(117) 102.48
SE 15.6 (121) 142.17 34 19.8(116) 145.59
W-NW 33.0 (257) 222.61 4.4 41.4(243) 231.57
N-NE 12.4 (96) 271.76 5.8 16.2(95) 274.55
25/Nov-30/Nov ~ N-NW 21.0 (75) 65.40 14.5 9.1(16) 105.75
NW 63.6 (227) 78.68 7.1 66.9(117) 102.48
W-NW 15.4 (55) 94.15 3.7 24.0(42) 102.67
1/Dec—2/Dec W-NW  100.0 (120) 227.99 4.7 100(120) 227.99
3/Dec—4/Dec SE 66.1 (80) 121.76 34 65.2(75) 125.69
W-NW 33.9 (41) 168.29 5.2 34.8(40) 170.65
5/Dec—7/Dec SE 23.0 (41) 182.00 35 23.2(41) 182.00
W-NW 23.0 (41) 433.54 33 23.2(41) 433.54
N-NE 54.0 (96) 271.76 5.8 53.6(95) 274.55

For the very heavy haze period 4 from December 5 to 7,
the whole trajectories can be separated into three clusters SE,
W-NW and N-NE (see Table 1 and Fig. 3(e)). The cluster SE
accounted for 23% of air masses which originated from
Zhejiang province with the low wind speed of 2.5 m s
The cluster W-NW accounted for 23% of air masses with
very high PM, 5 mean concentration (433.54 ug m*) and
relative low wind mean speed (5.3 m s ™), originating from
Anhui, and Jiangsu provinces. The cluster N-NE accounted
for 54% air masses with the mean PM, 5 concentration of
271.76 pg m™ and most of air masses traveled across the
Yellow Sea before reaching Shanghai as shown in Fig. 3(e).
The satellite observations of AOT on 12/5 and 12/6 in Fig. 2
clearly show that the whole eastern China including the
Yellow Sea was significantly affected by the very heavy
haze for the period and the haze over the Yellow Sea was
produced by the transport of the haze from the central part
(such as Shandong, Jiangsu, and Hebei provinces etc) of
eastern China. This means that the very heavy haze for the
cluster N-NE at Shanghai for this period was produced by
the pollution sources over the central part of eastern China
which traveled to the Yellow Sea first and then traveled
south before reaching Shanghai.

Wang et al. (2015) indicated that the meteorological and
atmospheric conditions with low wind speed and high RH
can facilitate the accumulation of PM, 5. Peng ef al. (2011)
found that PM, 5 and wind speed are the negative correlation.
In this study, it was found that for different haze periods,
trajectories vary with wind patterns, showing different
transport paths. For the relatively clean period 1, most of the
trajectories originated from Mongolia or Inner Mongolia
(China) with strong or moderate wind speeds (fast air masses).
For the very heavy haze period 4, air parcels to Shanghai

passed over the high emission areas of the surrounding
provinces with the low wind speed (slow air masses).
These results are in agreement with previous studies for
Shanghai. Zhang et al. (2013) found that local sources and
regional transport from the surrounding cities affected haze
episode formation in Shanghai. Li et al. (2012) reported
that under the winter monsoon, the northerly air flows from
Hebei, Shandong, Anhui, and Jiangsu provinces carried high-
concentration PMj, to Shanghai. Air pollutants can travel
through the short transport paths and significantly affect
the air quality of the downwind areas (Yan et al., 2011; Li
et al., 2012; Yu et al., 2012a, b; Wang ef al., 2014; Yu et
al.,2014a, b).

Source Contributions Based on PSCF and CWT Analyses
SJor PM; 5

The PSCF and CWT analyses provide a powerful tool
for identifying the main atmospheric transport pathways
influencing the receptors (Jeong et al., 2011; Yu et al., 2014a;
Li et al., 2015). As shown in Fig. 4, the areas with the high
PSCF and CWT values are considered to be potential source
areas. Fig. 4 showed that there were remarked differences in
potential source areas for the four periods and the areas with
the high PSCF and CWT values coincided with the urbanized
and industrialized areas in China. For the relatively clean
period 1 (see Figs 4(a), 4(e)), clean cold air masses come from
Mongolia and Inner Mongolia (China), and PSCF and CWT
analyses show the similar results. Some industrial cities
along the transport paths, such as Jinchen (Shanxi province),
Tongchuan (Shanxi province), Zhumadian (Henan province),
Angqing (Anhui province), and Hangzhou (Zhejiang province)
may contribute to high PM,s concentration during the
relatively clean period in Shanghai.
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and (h) the very heavy haze period 4 from December 5 0:00 to December 7 23:00.
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Since the PM, 5 concentrations were higher than 75 pg m
most of times for the haze periods 2, 3 and 4, almost all of
the PSCF values are 1.0 as shown in Figs. 4(b), 4(c) and 4(d)
for these periods. For the heavy haze period 2, the results of
the CWT values (see Fig. 4(f)) show that the sources affecting
high PM, s concentration in Shanghai were mainly located
in the northwest of Shanghai (such as Linyi (Shandong
province), Lianyungang (Jiangsu province), Zhumadian
(Henan province), Hefei (Anhui province), Nanjing (Jiangsu
province), Wuhan (Hubei province), Jiujiang (Jiangxi
province)) and the south of Shanghai (such as Hangzhou
and Ningbo (Zhejiang province)). For the haze period 3, the
results of the CWT values (see Fig. 4(g)) indicate that the
sources affecting high PM,s concentrations in Shanghai
were mainly located in the northwest, south and west of
Shanghai such as Zhumadian (Henan), Hefei (Anhui),
Nanjing (Jiangsu), Hangzhou and Ningbo (Zhejiang).

For the very heavy haze period 4, the results of the CWT
values (see Fig. 4(h)) show that the sources affecting the
extremely high PM, s concentrations in Shanghai were mainly
located in the northwest of Shanghai such as Yancheng and
Nanjing (Jiangsu province). As analyzed in previous
section 3.2 and shown in Fig. 2 for the satellite observations,
the heavy haze over the Yellow Sea was produced by the
transport of the haze from the central part (such as Shandong,
Jiangsu, and Hebei provinces etc.) of eastern China. This
heavy haze finally affected the formation of the very heavy
haze in Shanghai as identified by the CWT values in
Fig. 4(h). The Central Plains in China are the critical
pollutant source regions with dense population and rapid
economic development (Huang et al., 2012).

Our results are consistent with the other studies. For
example, Zhang et al. (2013) reported that air masses
passing over highly polluted areas (such as Anhui, Jiangxi,
Zhejiang, Shandong and Jiangsu provinces) affected air
quality at the ground level in Shanghai. Wang et al. (2014)
found that the majority of PM, s of heavy haze episode in
Shanghai was partly contributed by regional transports of
pollutants from the upwind adjacent provinces. Fu et al.
(2008) indicated that at the peak of a haze episode, air masses
from Lianyungang (Jiangsu province) with very high local
daily concentration of PM, (312 pg m™) impacted the air
quality at the ground level in Shanghai. Hou et al. (2011)
also found that long-range transport of pollutants from
northern and northwestern China made a significant
contribution to the PM, s concentrations in Shanghai.

Control Strategies for Haze in Shanghai

Understanding the relationship between potential regional
sources and haze formation is necessary to control haze
events. The present results demonstrate that cross-border
transports of pollutants are one of important factors for
determining the high PM, ;s levels and haze formation in
Shanghai although local emission sources in Shanghai cannot
be neglected as well. Local sources from industrial process
and vehicle emission may also have large contribution for
heavy haze episodes in Shanghai as pointed out by Wang
et al. (2014). Fig. 5 summarized the correlation coefficients
among PM, s, PM,y, O3, NO,, CO and SO, for the whole
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studying period in Shanghai. As can be seen, PM, 5 has the
strongest correlation with CO (r = 0.67), followed by NO,
(r = 0.62). Since CO is a long-lived tracer of human activity
with well-known sources such as combustion, industry,
mobile, and oxidation of hydrocarbons (Chin et al., 1994;
Yu et al., 2006b), the significant correlation between PM, 5
and CO indicates that PM, s formation in Shanghai is also
caused by these different emission sources. Since both
mobile and industrial (mainly coal-burning) sources can
emit high level of NO,, the significant correlation between
PM, s and NO, indicates the significant contribution from
both mobile and industrial sources. heating supplied by the
power grid could produce high concentrations of particles
precursors such as SO,, NO,, etc. The negative correlation
(r = —0.21) between PM, s and O; indicates that when the
urban activities (such as mobiles and heating) produce high
concentrations of particles precursors such as SO,, NO,
etc. and these high NO, concentrations could destroy the
O; by chemical titration of NO during the nighttime (Chin
et al., 1994; Yu et al., 2006b; Ran et al., 2009). On the
other hand, it was found that the severe haze event was
driven to a large extent by secondary aerosol formation in
China (Huang et al., 2014) The development of pollution
control strategies should include reduction of emissions of
both primary pollutants and secondary aerosol precursors
(Huang et al., 2014). Our study shows that the potential
sources for the heavy haze formation in Shanghai were
mainly located in its adjourn provinces such as Jiangsu,
Anhui and Zhejiang. Wang et al. (2014) also suggested that
effective emission control in upwind adjacent Zhejiang and
Jiangsu provinces can effectively reduce the occurrence of
the haze episodes in Shanghai. As a successful example,
during 2010 Shanghai Word Expo, Shanghai government
implemented a series of air pollution control measures for
reducing emissions from local and adjacent Jiangsu and
Zhejiang provinces to decrease regional transport of air
pollutants to Shanghai (Huang et al., 2012). The results from
this study also suggest that it is necessary to implement the
air pollution control measures for all industrial areas locally,
regionally, even nationally in China, especially for the rapid
industrial development areas in eastern China.

CONCLUSION

Shanghai, as the largest Chines city by population and
the largest city proper by population in the world, has
frequently suffered from severe haze. This study analyzed
the characteristics of air pollution (PM, s, PMjy, O3, NO,,
CO and SO,) for the period of November 25 to December
9, 2013, on the basis of surface observations at the ten urban
monitoring stations and satellite data. On the basis of the
PM, 5 concentrations, the whole study period was separated
into four periods: the relatively clean period 1 (November
25-30), the heavy haze period 2 (December 1-2), the haze
period 3 (December 3—4), and the very heavy haze period 4
(December 5—7). It was found that the mean PM, s (PM,()
concentrations are 79.0 (175.7), 230.4 (263.7), 134.3 (153.3)
and 246.3 (301.5) ug m for the relatively clean period 1,
the heavy haze period 2, the haze period 3, and the very
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Fig. 5. Correlations between PM, s and other pollutants (PM;,, CO, SO,, NO, and O3) for the whole studying period in

Shanghai. The units for all species are pg m~ except CO with the unit of mg m .

heavy haze period 4, respectively. PM, s contributed more
than 80% of PM,, for the whole period except the relatively
clean period 1 in which only 45% of PM;y is PM,s. The
results of the HYSPLIT model and receptor models show
that clean air masses reaching at Shanghai were coming
from the very far away regions like Mongolia and Inner
Mongolia with the high mean wind speed (fast air masses).
It was found that the heavy haze air masses were mainly
from the nearby industrialized and urbanized provinces. It
was found that the formation of the very heavy haze from
December 5 to 7 in Shanghai was mainly because of the air
pollution transport from the nearby provinces (i.e., Anhui,
Jiangsu, Zhejiang) and central part provinces (such as
Shandong, Hebei) of eastern China. The correlation
analysis shows that PM, s formation in Shanghai is affected
by the sources similar to those of CO such as combustion,

3

industry, mobile and oxidation of hydrocarbons. To improve
the haze pollution in Shanghai, it is necessary to reduce
emissions and air pollution in the areas, locally and regionally,
as a whole to ensure blue skies and good air quality in
Shanghai.
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