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Abstract

Rapid development of China’s industrialization and urbanization in the past decades has highly decreased air quality. For
instance, the Yangtze River Delta, a major economic area in China, is incurring strong haze pollution, yet precise pollution
sources are unknown. Here, we hypothesized that sources of haze pollution might be the same in nearby cities within the
region. To test this hypothesis, we studied sources in four major cities, Hefei, Hangzhou, Nanjing, and Shanghai, during
the strong haze period from November 28 to December 10, 2013. This period was divided into four periods according to air
PM, 5 concentrations (PM: particulate matter): slight haze, moderate haze, heavy haze, and severe haze periods. Common
pollution source areas were identified for the first time by backward trajectories and concentration weighted trajectory maps
of PM, 5. Results show that all cities contain air masses transported from the northwestern and northeastern regions. Emis-
sions came mainly from northern and central China during the moderate haze period and from adjacent provinces during
the severe haze period. During the heavy haze period, common sources were mainly located in the Anhui province, while
during the severe haze period, common sources were mainly located in the northeastern part of the Anhui province and the
western part of the Jiangsu province. Overall, our findings show that areas of pollution sources vary with the intensity of haze
pollution. Our mapping method should thus provide more precise information to control air pollution at the regional scale.
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in China during the past three decades, ever-worsening
air quality in the megacities has occurred. Haze, a type of
weather condition that occurs when atmospheric visibility is
less than 10 km with relative humidity less than 80% (Chan
and Yao 2008; Long et al. 2014), is a threat to human health
and climate change (Chen et al. 2012; Zhang et al. 2015a;
Guo et al. 2014; Yu et al., 2014; Rosenfeld et al., 2019). Fine
particulate matter with an aerodynamic diameter less than
2.5 pm (PM, 5) has been identified as the leading contribu-
tor to regional haze in China (Yu et al. 2014; Chan and Yao
2008; Wang et al. 2015; Gao et al. 2015; Wu et al. 2016).
In order to guarantee good air quality during major inter-
national events in China, such as the 2008 Beijing Olym-
pic Games, the 2014 Beijing APEC summit, and the 2016
Hangzhou G-20 summit, temporary stringent emission
control measures were instituted for local and surrounding
areas (Xing et al. 2011; Liu et al. 2016; Li et al. 2017).
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These measures include temporary closure of factories and
power plants, limitation of motor vehicles, and even reduc-
tion of residential activities (Liu et al. 2016; Li et al. 2017).
Although these measures have achieved notable successes,
they are accompanied with inevitable shortcomings. First,
these measures are difficult to be implemented on a large
scale and for an extended time (Xing et al. 2011; Liu et al.
2016; Li et al. 2017). In addition, the target areas for emis-
sion reductions are simply derived on the basis of admin-
istrative divisions or the limited experience of local gov-
ernment, rather than a clear understanding of regional haze
formation mechanisms. Actually, there were not enough
observation data with high spatial and temporal resolu-
tions to support related research before 2013. Although a
nationwide observation network was gradually established
in China since 2013, too many attentions have been paid
to haze formation in isolated cities instead of cities facing
concurrent regional haze. Thus, in order to help local gov-
ernments to make more precise policies on regional haze
control, pinpointing potential sources for regional haze for-
mation for the cities in a region and identifying the common
source areas are a key need (Yu et al. 2018).

Hybrid receptor models have become widely used in
detecting potential air pollution sources for the receptor cit-
ies in China, like Hangzhou (Yu et al. 2014), Beijing (Li
et al. 2015¢), Shanghai (Zhang et al. 2017), Zhengzhou
(Wang et al. 2017a),Wuhan (Wang et al. 2017b), Lin’an
(Zhang et al. 2017), and Tianjin (Guo et al. 2018). Potential
source areas for a single city have been clearly identified
in these studies. However, the common source areas for
regional haze formation within a severely polluted region
remain to be investigated.

The Yangtze River Delta (YRD) region is regarded as
one of the most important economic centers in China with
a population of 198 million (http://www.stats.gov.cn), con-
tributing 24% Gross Domestic Product of the entire country.
In the past decades, numerous haze episodes have occurred
within this region. The annual average concentration of
PM, 5 in 2013 was 67 pg m~ in this region, significantly
exceeding the National Ambient Air Quality Standard in
China (NAAQS, 35 pg m~>). Numerous studies have been
carried out on the formation mechanisms and source appor-
tionments of haze pollution within the YRD region. These
include the chemical composition, vertical distribution pat-
terns, and regional transport of PM, 5 (Yang et al. 2012;
Peng et al. 2015; Zhang et al. 2015b, 2017; Qiao et al.
2016; Xiao et al. 2017; Li et al. 2018). For example, Du
et al. (2017) reported that air masses originating from north-
ern China brought massive fugitive dust to the YRD region
in spring and increased the contribution of combustion
emissions through long-range transport in winter. Li et al.
(2015a) used the WRF-CMAQ model to quantify the contri-
butions from regional transport and local emissions to PM, s

concentrations over the YRD region, which revealed that
Anhui, southern Shandong, and northern Jiangsu contrib-
uted 50% of the PM, 5 in the YRD region. Li et al. (2015b)
applied comprehensive air quality model (CAMXx) coupled
with the particulate matter source apportionment technology
(PSAT) method to study the source contributions to PM, s at
six receptors in the YRD region. However, all these studies
have not revealed the common source areas of haze pollution
in the YRD region.

Our hypothesis is that the potential source areas of haze
pollution should be similar in nearby cities during a severe
haze episode, but there is actually few knowledge on that.
To confirm our hypothesis, the common source areas of haze
pollution were identified in four major cities in the YRD
region. Target four major cities are Hefei (capital of Anhui
province), Hangzhou (capital of Zhejiang province), Nanjing
(capital of Jiangsu province), and Shanghai, reflecting the
current situation of the YRD region. With a hybrid receptor
model, the potential PM, 5 sources of these four cities during
a severe haze episode in the winter of 2013 were identified.
Common source areas of PM, 5 for these four cities were
accurately detected. This novel design provides a scientific
and precise approach of regional haze control by allowing
for pinpointing common source areas for formation of haze
pollution. The method can also be further applied in control-
ling regional haze in other city clusters of China.

Experimental
Observational data

Hourly average concentrations of PM, s from November 28
to December 10, 2013, in four cities (Hefei, Nanjing, Hang-
zhou, and Shanghai) were obtained from the National Envi-
ronment Protection Web site (http://www.mee.gov.cn/). Four
haze periods were grouped based on hourly PM, 5 concen-
trations as follows: slight haze (75 <PM, ;<115 pg m™),
moderate haze (115 <PM, s< 150 pg m™?), heavy haze
(150 <PM, s <250 pg m™), and severe haze periods
(PM, 5>250 pg m™).

Hybrid single-particle Lagrangian integrated
trajectory (HYSPLIT) model

The HYSPLIT model from the National Oceanic and Atmos-
pheric Administration (NOAA) was used to do the backward
trajectory analyses and concentration weighted trajectory
(CWT) analyses. The HYSPLIT model can be applied to
study atmospheric pollution episodes or conduct climato-
logical analyses with gridded meteorological data, using a
hybrid calculation method including Eulerian and Lagran-
gian approaches (Draxler and Hess 1998).
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To identify the transport pathways of PM, s, 48-h back tra-
jectories were calculated at 100 m arrival height above the
ground level (Wang et al. 2017a, b). The calculations were
carried out every 3 h at starting times of 00:00, 03:00, 06:00,
09:00, 12:00, 15:00, 18:00 and 21:00 (UTC time) during the
study period (Yan et al. 2015; Wang et al. 2017a, b). Meteoro-
logical data with a high spatial resolution of 0.5°%0.5° were
obtained from the NOAA Web site (ftp://arlftp.arlhq.noaa.gov/
pub/archives/gdasOp5).

A CWT method was also used to evaluate the contributions
of potential sources to the haze formation in the receptor cities
(Yan et al. 2015). The method calculates the CWTij values in
the grid cell (i,j) as follows (Hsu et al. 2003; Yan et al. 2015):

: M
M Z Crey

1=1 Fijt 1=l

CWT; =

where [/ and M represent the index and the total number of
the trajectories in the grid cell, respectively. C; is the con-
centration monitored at the receptor site on the arrival of
trajectory /. 7;; is the time that trajectory / spent in the grid
cell (ij). A high CWT;; value indicates that the air masses
traveling across the grid cell (i,j) have high potential con-
tributions to pollutant concentrations at the receptor site
(Yan et al. 2015). The size of a CWT grid cell was set to
be 0.25° x 0.25° in this study (Yan et al. 2015; Wang et al.
2017a, b).

Calculation of common source areas for haze
formation

The potential pollution source areas for haze formation in
Hefei, Hangzhou, Nanjing, and Shanghai during different
haze periods can be clearly identified on the basis of CWT
analyses. To detect the common source areas for haze forma-
tion, Esri’s ArcGIS software was used. For each haze period,
the CWT maps of PM, 5 for these four cities were overlapped
using the ArcGIS software, in order to get the intersecting
portions of the four CWT maps. The intersecting portions can
show locations of potential pollution sources that contribute
to haze formation in these four cities. Therefore, the intersect-
ing portions are considered to be common source areas for
haze formation in the region. During different haze periods,
the common source areas of these four cities were calculated
using this method.

Results and discussion

Statistical characteristics of haze episode
and backward trajectory analyses

The Yangtze River Delta (YRD) region and target four
cities, i.e., Hefei, Hangzhou, Nanjing, and Shanghai,
are shown in Fig. 1a. An extremely severe haze episode
occurred in the region in the winter 2013. During the
entire study period (November 28—December 10, 2013),
the maximum values of hourly PM, 5 concentrations in
Shanghai, Nanjing, Hangzhou, and Hefei were 604, 465,
465, and 470 pg m~3, respectively (Fig. 1b). The high-
est daily average PM, 5 concentrations in these four cities
were all above 330 pg m=3, exceeding the NAAQS, i.e.,
75 pg m~, by around 4 times. As shown in Fig. 1b, the
hourly PM, 5 concentrations in these four cities increased
sharply and decreased rapidly. From November 28 to
December 1, the hourly concentrations in these four cities
increased gradually and reached a relatively high level in
the early morning of December 2 simultaneously. At that
time, the PM, 5 hourly concentration in Shanghai reached
297 ug m~>, with values around 200 pg m~ in the other
three cities (Fig. 1b).

Before December 8, there was little rain within the
region and the average wind speed was very low (1.65-
2.11 ms™") (Li et al. 2015a), which was favorable for accu-
mulation of air pollutants. The PM, s hourly concentra-
tions in Nanjing reached the peak (465 pg m~>) rapidly on
December 4, followed by Hefei (on December 5), Shang-
hai (on December 6), and Hangzhou (on December 7).
With a strong wind speed (> 6 m s~') on December 9, the
pollution episode ended gradually (Li et al. 2015a). The
PM, 5 hourly concentrations in Shanghai decreased quickly
as soon as the peak value was reached on December 7
similar to those in the other three cities, showing a sig-
nificant decrease on December 9. The sharp increases and
decreases of PM, 5 concentrations indicate that the haze
occurrences in the region can be attributed to regional
transport. It should be pointed out that these four cities
might be affected by similar regional transport sources
since the PM, 5 hourly concentrations synchronously rose
and fell as analyzed before.

Backward trajectories can reveal the movements of air
masses. Based on the calculation of backward trajectories,
different clusters were classified by the cluster analysis
algorithm (Wang et al. 2017a). The backward trajecto-
ries and clusters are shown in Fig. 1c, with average PM, s
concentrations and percentages of trajectories for each
trajectory cluster summarized in Table 1. Table 1 shows
that air masses originating from northwest directions, i.e.,
Northwest-north, Northwest-west, and Northwest, had the
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Fig.1 a Map of China showing eastward the Yangtze River Delta
(YRD) region with districts Jiangsu, Anhui, Shanghai (SH) and Zhe-
jiang and locations of Shanghai (SH), Nanjing (NJ), Hangzhou (HZ),
and Hefei (HF) cities. b Time series of PM, 5 hourly concentrations
in Shanghai, Nanjing, Hefei, and Hangzhou during 28 November—10
December, 2013. ¢ 48-h air mass back trajectories and clusters during
the entire study period (November 28-December 10, 2013). d 48-h
back trajectories in severe haze period (PM, 5 >250 pg m~). The red

largest portion, accounting for 63.7-69.4% in all trajec-
tories of each city. For Hefei, Hangzhou, and Nanjing,
the PM, 5 concentrations of air masses originating from
the Northwest directions (86.9-135.5 pg m™>) were sig-
nificantly lower than those from the northeast and south-
east directions (266.5-319.7 pg m~>). However, Shanghai
where the average PM, 5 concentrations from NW and NE
direction were 184.3 and 153.6 pg m~>, respectively, were
somewhat different from those of the other three cities.
This difference may be attributed to the factories in cit-
ies located in Northwestern Shanghai, such as Anhui and
Jiangsu provinces, which emitted a lot of air pollutants
(Zhang et al. 2015a). The backward trajectory results of
these four cities are similar to those of previous studies
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dots denote receptor cities. It can be seen that the maximum concen-
trations of PM, 5 were extremely high (465-604 pg m~) in these four
cities and the haze episode lasted for more than 10 days. The back
trajectories and clusters indicate these four cities were all affected by
northwestern and northeastern air masses. During heavy haze period,
neighboring provinces had high contribution to pollution in the YRD
region

(Zhang et al. 2015a, 2018; Shu et al. 2017; Zhu et al.
2018).

Trajectories with hourly PM, s concentrations exceeding
250 pg m~> were selected to represent the air mass transport
pathways for the severe haze period (Fig. 1d). Results show
that the region were mainly affected by air masses com-
ing from neighboring provinces, such as Zhejiang, Jiangsu,
Anhui, and Henan. In addition, some trajectories arriving
at Hefei and Shanghai originated from Inner Mongolia and
Liaoning provinces in northeast China by transporting across
the Yellow Sea, as shown in Fig. 1d. These results indicate
that the air masses originating from the northwestern region
areas were relatively clean, while those from the northeast-
ern and southeastern region areas were heavily polluted.



Table 1 Number of backward

Mean +SD (pg m™)

Number (percentage) of Mean +SD (ug m™)

polluted trajectories™*

(polluted trajectories)

; . Cluster Number (percent-
trajectories and average age) of trajectories
concentrations of PM, 5 in
different clusters in Hefei, Hefei
Hangzhou, Nanjing, and NW-N 363 (43.3%)

Shanghai during the study

period NE 273 (32.5%)

NW-W 203 (24.2%)
Hangzhou
NW-W 185 (20.8%)

NE 272 (30.6%)

NwW 431 (48.5%)
Nanjing

NwW 374 (47.7%)

SE 80 (10.2%)

NW-W 148 (18.9%)

NE 182 (23.2%)
Shanghai

NwW 428 (63.7%)

NE 244 (36.3%)

118.3+83.4 235 (28.0%) 157.2+79.5
319.7+95.5 272 (41.1%) 320.6+94.5
135.5+52.1 174 (26.4%) 147.8+45.6
86.9+30.9 111 (12.5%) 104.5+27.2
285.8+116.2 266 (30.0%) 290.7+112.6
125.7+110 224 (25.2%) 204.2+101.4
121.9+93.7 201 (25.6%) 184.4+87.9
266.5+66.5 80 (10.2%) 266.5+66.5
129.2+48.8 133 (17.0%) 136.6 £45.7
292.7+76.6 182 (23.2%) 292.7+76.6
184.3+139.3 315 (46.9%) 231.7+133.4
153.6+£80.1 236 (35.1%) 156.7+79.6

*#Polluted trajectories: trajectories with hourly PM, s concentrations higher than 75 pg m=>

PM particulate matter

Source contributions from the concentration
weighted trajectories

Concentration weighted trajectory (CWT) analyses provide
information on the relative contributions of each potential
source area to the high concentrations in the receptor areas
(Zhang et al. 2015a). To locate the potential source areas that
contributed to the high PM, 5 concentrations in the region,
CWT analyses were conducted. As shown in Fig. 2, for the
entire study period, potential source areas for haze formation
in Hefei were located in the western part of Jiangsu prov-
ince, southwest of Shandong province, and some portions of
Liaoning and Inner Mongolia, whereas those of Hangzhou
were located in the northeast Zhejiang province, Shanghai,
and Jiangsu provinces. Air masses originating from Liaoning
province transported across the Yellow Sea could potentially
carry considerable pollutants, resulting in PM, 5 accumula-
tions in Nanjing and Shanghai.

For the four haze periods, it was found that potential
source areas became more concentrated as air quality dete-
riorated (Fig. 2). For Hefei, air masses from Inner Mongolia,
northwestern Jiangsu and northeastern Anhui carried high
concentrations of PM, 5. In contrast with Hefei, long-range
transport occurred only during clean periods in Hangzhou
during the haze periods, while short-range transport from
adjacent provinces played a leading role for PM, 5. Both
Nanjing and Shanghai were affected by air masses trans-
ported from the Yellow Sea.

Figure 2 shows that the potential source areas vary from
one haze period to another. For example, in relatively less

polluted periods, i.e., slight and moderate haze periods, air
masses were transported long distance, originating from
places as far as Mongolia and Inner Mongolia. However,
during heavily polluted periods, i.e., heavy and severe haze
periods, potential source areas are located in neighboring
provinces, like Henan, Shandong, and Jiangxi provinces
(Fig. 2). This difference may be attributed to different
weather patterns. During heavily polluted periods, the region
was trapped under stable weather conditions due to the sig-
nificant downward motions of air masses, thereby hindering
the long-range transport of air pollutants (Shu et al. 2017).

During the whole study period, sulfate and nitrate were
the main components of PM, s, followed by ammonium,
elemental carbon (EC), and organic carbon (OC), account-
ing, respectively, for about 30%, 24%, 18%, 12%, and 16%
of PM, 5 (An 2015). Industrial boilers and power plants
contributed mainly to sulfate. Nitrate was mainly from
industrial boilers, power plants, and transportation sources.
Ammonium was mainly from agricultural emissions. Fugi-
tive dust and transportation contributed mainly to EC, while
industrial boilers and fugitive dust contributed mainly to
OC. This implicated that emissions from industrial boilers,
power plants, and transportation should be controlled to
mitigate the pollution situation.

In summary, during the slight and moderate haze periods,
long-distance airstreams contributed mostly to pollution in
these four cities. By contrast, during heavy and severe haze
periods, potential pollution sources were mainly located in
the neighboring provinces, like eastern Henan, southwestern
Shandong, Jiangsu, and northern Zhejiang.
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Fig.2 Concentration weighted trajectory (CWT) maps of
PM,s (particulate matter with aerodynamic diameter less
than 2.5 pm) for Hefei, Hangzhou, Nanjing, and Shang-

hai for the entire study period (November 28-December 10,
2013), slight haze (75<PM,s<115 pg m~>), moderate haze
(115 <PM, s < 150 pg m™>), heavy haze (150 <PM, 5 <250 pg m™),
and severe haze periods (PM,5>250 ug m~>). The light blue dots

Common source areas of the haze formation
in the region

Common source areas were determined for the formation of
PM, 5 in Hefei, Hangzhou, Nanjing, and Shanghai during
the four haze periods (Fig. 3). It is clear that the locations of
common source areas vary during the different periods. The
common source areas of these four cities varied during the
different haze periods, with the heavy and severe haze peri-
ods > slight haze period > moderate haze period. During the
slight haze period, the common areas were mainly located
in the central and western parts of Anhui province (such
as Fuyang and Hefei), eastern Henan province, and south-
western Shandong province (Fig. 3a). The haze pollution
in the region was mainly affected by long-range transport,

100 110°E 120°E 130°E

100°E  110°E  120°E  130°E

denote receptor cities. It shows that short-range transport form north-
western YRD region and long-range transport from northeastern
YRD region have high contribution to local pollution. During the
slight and moderate haze periods, the YRD region was affected by
long-range transport pollutants. As air quality got worse, the potential
pollution sources were mainly located in neighboring provinces

especially emissions from Northwestern Delta regions. Dur-
ing the moderate haze period, common source areas were
the smallest among the four haze periods, distributed spo-
radically over the surrounding areas of Zhengzhou, Fuy-
ang, Hefei, Ji’ning, and Nanjing (Fig. 3b). This was partly
because of the smallest number of backward trajectories dur-
ing the moderate haze period. Pollution from outside the
Delta region decreased, while pollution from local provinces
increased. During the heavy haze period, common source
areas were located mainly in Anhui province (Fig. 3c). Emis-
sions from local provinces became dominated as haze pol-
lution got worse. At the same time, long-range transport of
PM, 5 changed to short-range transport due to the slow wind
speed and temperature inversion conditions (An 2015; Li
et al. 2015a). During the severe haze period, the common
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Fig.3 Common source areas of PM, s in Hefei, Hangzhou, Nan-
jing, and Shanghai during the slight (a), moderate (b), heavy (c), and
severe (d) haze periods using Esri’s ArcGIS software. The common
source areas are different during different haze periods. During the
heavy and severe haze periods, the common source areas are much
larger than those during the slight and moderate haze periods. In the
bottom animations, the brown arrows show the pollution from out-

source areas were located in the northeastern part of Anhui
province and the western part of Jiangsu province, such as
Huaian and Nanjing, as shown in Fig. 3d. Note that dur-
ing the heavy and severe haze periods, the common source
areas were larger than those during slight and moderate haze
periods (Fig. 3), mainly located in neighboring provinces,
like Anhui and Jiangsu provinces. Relatively stable weather
conditions in the region limited the long-range transport
and diffusion of air pollutants during heavy and severe haze
periods.

Joint efforts of adjacent areas are essential in controlling
regional air pollution (Yan et al. 2015; Zhang et al. 2017,
Cheng et al. 2018). As illustrated above, the common source
areas for these four haze periods are all much smaller than
the area of the entire region. Therefore, controlling emis-
sions in common source areas will be easier and more eco-
nomical, relative to controlling the entire region. Based on
the pinpointed common source areas, local governments can
focus on emission reductions in these areas and make more
precise air pollution control policies. In addition, this method
can be applied to understand the formation of regional air
pollution in other city clusters and provides references for
policy making. If combined with air quality forecast system,

‘ Pollution from the YRD region

side the Yangtze River Delta (YRD) region, while the brown circles
show the pollution from the local YRD region. Longer arrows reflect
longer transport distances of PM, 5, while darker color reflects rela-
tively greater contribution to the haze pollution of the YRD region.
It is shown that emissions from local provinces in the YRD region
become dominated as haze pollution gets severe

the potential common source origins of regional haze can
be detected ahead of time. Then, the results will guide local
governments to make scientific emission control policies in
targeted regions before severe haze truly occurs (Yu et al.
2018). With the help of three-dimensional atmospheric
chemical transport models, the effectiveness of different
control strategies can also be quantified and thus guarantee
precise decision made by the governments.

Conclusion

The Yangtze River Delta, one of the most important eco-
nomic centers in China, has suffered from the occurrence
of severe haze pollution in recent years. In this study, the
HYSPLIT model was used to identify potential source areas
for formation of haze pollution in Hefei, Nanjing, Hang-
zhou, and Shanghai within the YRD region during a pro-
longed haze episode in the winter of 2013. The 48-h back-
ward trajectories show that these four cities have similar
trajectory clusters, i.e., NE and NW. CWT maps of PM,
for these four cities indicate that potential pollution sources
for the regional haze formation differed during different



haze periods. The YRD region was affected by long-range
transport of pollution during the slight and moderate haze
periods, while pollution sources were located mainly in adja-
cent provinces during the heavily haze periods. The com-
mon source areas were detected by using ArcGIS software.
Results show that the spatial distributions of common source
areas varied during different haze periods. The common
source areas of these four cities varied during the different
haze periods, with the heavy and severe haze periods > slight
haze period > moderate haze period. During the slight and
moderate haze periods, the common areas are mainly located
in the central and western parts of Anhui province, such as
Fuyang and Hefei, eastern Henan province, and southwest-
ern Shandong province. During the severe haze period, the
common source areas were located in the northeastern part
of Anhui province and the western part of Jiangsu province
such as Huaian and Nanjing. These results imply that the
common source areas during each haze period were much
smaller than those of the entire Yangtze River Delta region.

In summary, controlling emissions in the common
source areas is a more precise way relative to traditional
policies. Thus, in order to improve air quality in the region,
it is necessary to implement strategies to control air pollu-
tion in common source areas. This will be easier and more
economical, relative to controlling the entire region. The
method used in this study could be further applied in haze
pollution control in other regions of China.

Acknowledgements This work was partially supported by the Depart-
ment of Science and Technology of China (No. 2016YFC0202702,
2018YFC0213506, and 2018 YFC0213503), National Research
Program for Key Issues in Air Pollution Control in China (No.
DQGGO0107), and National Natural Science Foundation of China (No.
21577126 and 41561144004 ). Part of this work was also supported
by the “Zhejiang 1000 Talent Plan” and Research Center for Air Pol-
lution and Health in Zhejiang University. Pengfei Li is supported by
Initiation Fund for Introducing Talents of Hebei Agricultural Univer-
sity (412201904).

References

AnJY (2015) Source apportionment of fine particles in the Yang River
Delta region in winter season based on air quality simulation. Dis-
sertation, Donghua University

Chan CK, Yao X (2008) Air pollution in mega cities in China. Atmos
Environ 42:1-42. https://doi.org/10.1016/j.atmosenv.2007.09.003

Chen Y, Liu Q, Geng F et al (2012) Vertical distribution of optical
and micro-physical properties of ambient aerosols during dry
haze periods in Shanghai. Atmos Environ 50:50-59. https://doi.
org/10.1016/j.atmosenv.2012.01.002

Cheng N, Li Y, Cheng B et al (2018) Comparisons of two serious air
pollution episodes in winter and summer in Beijing. J Environ
Sci (China) 69:141-154. https://doi.org/10.1016/j.jes.2017.10.002

Draxler RR, Hess GD (1998) An overview of the HYSPLIT_4 model-
ling system for trajectories, dispersion and deposition. Aust Mete-
orol Mag 47:295-308

Du W, Zhang Y, Chen Y et al (2017) Chemical characterization and
source apportionment of PM, 5 during spring and winter in the
Yangtze River Delta, China. Aerosol Air Qual Res 17:2165—
2180. https://doi.org/10.4209/aaqr.2017.03.0108

Gao J, Tian H, Cheng K et al (2015) The variation of chemical char-
acteristics of PM, 5 and PM,, and formation causes during two
haze pollution events in urban Beijing, China. Atmos Environ
107:1-8. https://doi.org/10.1016/j.atmosenv.2015.02.022

Guo S, Hu M, Zamora ML et al (2014) Elucidating severe urban
haze formation in China. Proc Natl Acad Sci U S A 111:17373-
17378. https://doi.org/10.1073/pnas. 1419604111

Guo P, Wang QY, Li PF et al (2018) Analysis of the characteristics
and causes of heavy haze pollution based on hybrid receptor
model in Tianjin. Environ Sci Technol 41:97-102. https://doi.
org/10.19672/j.cnki.1003-6504.2018.07.017 (in Chinese)

Hsu YK, Holsen TM, Hopke PK (2003) Comparison of hybrid recep-
tor models to locate PCB sources in Chicago. Atmos Environ
37:545-562. https://doi.org/10.1016/S1352-2310(02)00886-5

Li F, Zhu B, An JL et al (2015a) Modeling study of a severe
haze episode occurred over the Yangtze River Delta and its
surrounding regions during early December, 2013. China
Environ Sci 35(7):1965-1974. https://doi.org/10.3969/j.
issn.1000-6923.2015.07.008

Li L, AnJY, Zhou M et al (2015b) Source apportionment of fine
particles and its chemical components over the Yangtze
River Delta, China during a heavy haze pollution episode.
Atmos Environ 123:415-429. https://doi.org/10.1016/j.atmos
env.2015.06.051

Li P, Yan R, Yu S et al (2015c¢) Reinstate regional transport of PM, 5
as a major cause of severe haze in Beijing. Proc Natl Acad Sci U
S A 112:E2739-E2740. https://doi.org/10.1073/pnas.1502596112

Li P, Wang L, Guo P et al (2017) High reduction of ozone and par-
ticulate matter during the 2016 G-20 summit in Hangzhou by
forced emission controls of industry and traffic. Environ Chem
Lett 15(4):709-715. https://doi.org/10.1007/s10311-017-0642-2

Li XB, Wang DS, Lu QC et al (2018) Investigating vertical distribu-
tion patterns of lower tropospheric PM, 5 using unmanned aerial
vehicle measurements. Atmos Environ 173:62—71. https://doi.
org/10.1016/j.atmosenv.2017.11.009

Liu HR, Liu C, Xie ZQ et al (2016) A paradox for air pollution control-
ling in China revealed by “APEC Blue” and “Parade Blue”. Sci
Rep 6:33408. https://doi.org/10.1038/srep34408

Long S, Zeng J, Li Y et al (2014) Characteristics of secondary inor-
ganic aerosol and sulfate species in size-fractionated aerosol par-
ticles in Shanghai. J Environ Sci (China) 26:1040-1051. https://
doi.org/10.1016/S1001-0742(13)60521-5

Peng ZR, Wang D, Wang Z et al (2015) A study of vertical distribu-
tion patterns of PM, 5 concentrations based on ambient monitor-
ing with unmanned aerial vehicles: a case in Hangzhou, China.
Atmos Environ 123:357-369. https://doi.org/10.1016/j.atmos
env.2015.10.074

Qiao T, Zhao M, Xiu G, YuJ et al (2016) Simultaneous monitoring and
compositions analysis of PM; and PM, 5 in Shanghai: implications
for characterization of haze pollution and source apportionment.
Sci Total Environ 557:386-394. https://doi.org/10.1016/j.scito
tenv.2016.03.095

Rosenfeld D, Zhu Y, Wang M, Zheng Y et al (2019) Aerosol-driven
droplet concentrations dominate coverage and water of oceanic
low level clouds. Science 363:eaav0566. https://doi.org/10.1126/
science.aav0566

Shu L, Xie M, Gao D et al (2017) Regional severe particle pollution
and its association with synoptic weather patterns in the Yangtze
River Delta region, China. Atmos Chem Phys 17:12871-12891.
https://doi.org/10.5194/acp-17-12871-2017

Wang M, Cao C, Li G, Singh RP (2015) Analysis of a severe pro-
longed regional haze episode in the Yangtze River Delta, China.


https://doi.org/10.1016/j.atmosenv.2007.09.003
https://doi.org/10.1016/j.atmosenv.2012.01.002
https://doi.org/10.1016/j.atmosenv.2012.01.002
https://doi.org/10.1016/j.jes.2017.10.002
https://doi.org/10.4209/aaqr.2017.03.0108
https://doi.org/10.1016/j.atmosenv.2015.02.022
https://doi.org/10.1073/pnas.1419604111
https://doi.org/10.19672/j.cnki.1003-6504.2018.07.017
https://doi.org/10.19672/j.cnki.1003-6504.2018.07.017
https://doi.org/10.1016/S1352-2310(02)00886-5
https://doi.org/10.3969/j.issn.1000-6923.2015.07.008
https://doi.org/10.3969/j.issn.1000-6923.2015.07.008
https://doi.org/10.1016/j.atmosenv.2015.06.051
https://doi.org/10.1016/j.atmosenv.2015.06.051
https://doi.org/10.1073/pnas.1502596112
https://doi.org/10.1007/s10311-017-0642-2
https://doi.org/10.1016/j.atmosenv.2017.11.009
https://doi.org/10.1016/j.atmosenv.2017.11.009
https://doi.org/10.1038/srep34408
https://doi.org/10.1016/S1001-0742(13)60521-5
https://doi.org/10.1016/S1001-0742(13)60521-5
https://doi.org/10.1016/j.atmosenv.2015.10.074
https://doi.org/10.1016/j.atmosenv.2015.10.074
https://doi.org/10.1016/j.scitotenv.2016.03.095
https://doi.org/10.1016/j.scitotenv.2016.03.095
https://doi.org/10.1126/science.aav0566
https://doi.org/10.1126/science.aav0566
https://doi.org/10.5194/acp-17-12871-2017

Atmos Environ 102:112-121. https://doi.org/10.1016/j.atmos
env.2014.11.038

Wang S, Yu S, Li P et al (2017a) A study of characteristics and origins
of haze pollution in Zhengzhou, China, based on observations and
hybrid receptor models. Aerosol Air Qual Res 17:513-528. https
://doi.org/10.4209/aaqr.2016.06.0238

Wang S, Yu S, Yan R et al (2017b) Characteristics and origins of air
pollutants in Wuhan, China, based on observations and hybrid
receptor models. J Air Waste Manag Assoc 67:739-753. https://
doi.org/10.1080/10962247.2016.1240724

Wu J, Zhang P, Yi H, Qin Z (2016) What causes haze pollution? An
empirical study of PM, 5 concentrations in Chinese cities. Sustain-
ability 8:1-14. https://doi.org/10.3390/su8020132

Xiao H, Huang Z, Zhang J et al (2017) Identifying the impacts of cli-
mate on the regional transport of haze pollution and inter-cities
correspondence within the Yangtze River Delta. Environ Pollut
228:26-34. https://doi.org/10.1016/j.envpol.2017.05.002

Xing J, Zhang Y, Wang S et al (2011) Modeling study on the air qual-
ity impacts from emission reductions and a typical meteorologi-
cal conditions during the 2008 Beijing Olympics. Atmos Environ
45:1786-1798. https://doi.org/10.1016/j.atmosenv.2011.01.025

Yan R, Yu S, Zhang Q et al (2015) A heavy haze episode in Beijing in
February of 2014: characteristics, origins and implications. Atmos
Pollut Res 6:867-876. https://doi.org/10.5094/APR.2015.096

Yang F, Chen H, DuJ et al (2012) Evolution of the mixing state of fine
aerosols during haze events in Shanghai. Atmos Res 104:193-201.
https://doi.org/10.1016/j.atmosres.2011.10.005

Yu S, Zhang Q, Yan R et al (2014) Origin of air pollution during a
weekly heavy haze episode in Hangzhou, China. Environ Chem
Lett 12:543-550. https://doi.org/10.1007/s10311-014-0483-1

Yu S, Li P, Wang L et al (2018) Mitigation of severe urban haze pollu-
tion by a precision air pollution control approach. Sci Rep 8:8151.
https://doi.org/10.1038/s41598-018-26344-1

Zhang Q, Yan R, Fan J et al (2015a) A heavy haze episode in Shanghai
in December of 2013: characteristics, origins and implications.
Aerosol Air Qual Res 15:1881-1893. https://doi.org/10.4209/
aaqr.2015.03.0179

Zhang Y, Tang L, Yu H et al (2015b) Chemical composition, sources
and evolution processes of aerosol at an urban site in Yangtze
River Delta, China during wintertime. Atmos Environ 123:339-
349. https://doi.org/10.1016/j.atmosenv.2015.08.017

Zhang Y, Zhang H, Deng J et al (2017) Source regions and transport
pathways of PM, s at a regional background site in East China.
Atmos Environ 167:202-211. https://doi.org/10.1016/j.atmos
env.2017.08.031

Zhang G, Xu H, Qi B et al (2018) Characterization of atmospheric trace
gases and particulate matter in Hangzhou, China. Atmos Chem
Phys 18:1705-1728. https://doi.org/10.5194/acp-18-1705-2018

Zhu L, Zhang Y, Kan X, Wang J (2018) Transport paths and identifica-
tion for potential sources of haze pollution in the Yangtze River
Delta Urban Agglomeration from 2014 to 2017. Atmosphere
(Basel) 9:502. https://doi.org/10.3390/atmos9120502

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/j.atmosenv.2014.11.038
https://doi.org/10.1016/j.atmosenv.2014.11.038
https://doi.org/10.4209/aaqr.2016.06.0238
https://doi.org/10.4209/aaqr.2016.06.0238
https://doi.org/10.1080/10962247.2016.1240724
https://doi.org/10.1080/10962247.2016.1240724
https://doi.org/10.3390/su8020132
https://doi.org/10.1016/j.envpol.2017.05.002
https://doi.org/10.1016/j.atmosenv.2011.01.025
https://doi.org/10.5094/APR.2015.096
https://doi.org/10.1016/j.atmosres.2011.10.005
https://doi.org/10.1007/s10311-014-0483-1
https://doi.org/10.1038/s41598-018-26344-1
https://doi.org/10.4209/aaqr.2015.03.0179
https://doi.org/10.4209/aaqr.2015.03.0179
https://doi.org/10.1016/j.atmosenv.2015.08.017
https://doi.org/10.1016/j.atmosenv.2017.08.031
https://doi.org/10.1016/j.atmosenv.2017.08.031
https://doi.org/10.5194/acp-18-1705-2018
https://doi.org/10.3390/atmos9120502

	Common source areas of air pollution vary with haze intensity in the Yangtze River Delta, China
	Abstract
	Introduction
	Experimental
	Observational data
	Hybrid single-particle Lagrangian integrated trajectory (HYSPLIT) model
	Calculation of common source areas for haze formation

	Results and discussion
	Statistical characteristics of haze episode and backward trajectory analyses
	Source contributions from the concentration weighted trajectories
	Common source areas of the haze formation in the region

	Conclusion
	Acknowledgements 
	References




