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a b s t r a c t

In this study, we collected samples of atmospheric polycyclic aromatic hydrocarbons (PAHs) in the
Yangtze River Delta (YRD), one of the most developed regions in China, during four seasons, from June
2017 to May 2018. We identified the spatiotemporal distribution of PAHs in YRD, and analyzed the factors
(source contribution, meteorological conditions, and backward trajectory) influencing these concentra-
tions. First, our results showed that the average PAH concentration was 41.46 ± 15.57 ng/m3 in YRD, and
was highest in Jiangsu (44.47 ± 11.37 ng/m3). The concentration of PAHs has decreased since 2001. The
relatively balanced development of urban and rural areas in the YRD has resulted in a relatively low ratio
(~1.12) of PAHs between urban and rural areas. The PAH level in YRD was highest in winter
(52.21 ± 14.70 ng/m3) and lowest in summer (31.23 ± 12.88 ng/m3). Second, principal component and
multivariate linear regression analyses (PCA-MLR) were used to identify three main PAH sources: vehicle
emissions (52.83%), coke ovens and volatilization (23.67%), and coal and biomass combustion (23.51%).
The seasonal variations in the PAH source contribution were mainly attributed to seasonal differences in
the amounts of coal and biomass burned, the prevailing wind direction, and traffic control in winter.
Third, we found that the PAH concentrations were significantly negatively correlated with the temper-
ature, precipitation, and relative humidity throughout the year. Finally, backward trajectory analysis
indicated that the PAHs in YRD were significantly affected by air masses from northern China, particu-
larly during winter. The results of this study suggest that enforcing stricter controls on coal and biomass
combustion in northern China, improving the fuel quality of vehicles, increasing the proportion of gas/
electric vehicles, and strengthening the joint control of air pollution could further reduce the PAH
concentrations in China. The analysis conducted in this study will help develop pollution control stra-
tegies to reduce lung cancer risk for the whole YRD region.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Airborne polycyclic aromatic hydrocarbons (PAHs) are typically
generated by incomplete combustion or pyrolysis of fossil and
biomass fuels and various industrial processes (Chang et al., 2006)
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and exert adverse effects on human health. Atmospheric PAHs can
cause lung cancer and other diseases through a variety of exposure
pathways (e.g., respiration). Since China’s reform and opening up in
1978, energy consumption has increased from 0.57 to 4.36 Gtce as a
result of the rapid social and economic development. Large
amounts of PAHs were discharged into the air, with an emission of
106 Gg, ranking first in theworld (Shen et al., 2013). (Xu et al., 2018)
found that the cumulative nonoccupational excess lung cancer
cases associated with only benzo[a]pyrene from beehive coke
ovens was 3500 (±1500) from 1982 to 2015. PAH pollution in China
therefore seriously threatens ecological environment and human
health.
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With the development of PAH monitoring technology over the
past 20 years, PAHs have attractedworldwide attention (Hong et al.,
2016). Many institutions (e.g., the Chinese Academy of Sciences,
Peking University, and the Harbin Institute of Technology) have
studied pollution levels and source identification of atmospheric
PAHs in China. The average atmospheric PAH concentrations in
China are higher than those in other countries in Asia and some
developed countries (Hong et al., 2016). Many studies showed that
the atmospheric PAH concentrations in China are higher in cities
than in rural areas (Liu et al., 2008), and higher in northern than in
southern China (Zhang et al., 2016). For example, Ma et al. (2018)
observed average PAH concentrations of 239 and 165 ng/m3, in
northern and southern cities, respectively.

The atmospheric PAH concentration is mainly determined by
emission sources andmeteorological influences. Many studies have
analyzed the PAH sources in certain regions/cities in China, and
found that these differ significantly between northern and south-
ern China. In northern China, coal and biomass burning is the
predominant PAH source, especially in the cold season (Shen et al.,
2019), accounting for high proportions of 78.7% (2012e2013) in
Beijing (Lin et al., 2015), 59.9% (2013) in Xi’an, and 55.5%
(2014e2015) in Taiyuan (Yan et al., 2017). Owing to the differences
in the energy structure and high temperature, the contribution of
coal and biomass burning in southern China to atmospheric PAH
was found to be lower than that in northern China. Traffic was
considered to be the major PAH source in the southern cities of
China, with contributions of 69% (2001e2012) in Guangzhou (Li
et al., 2006), and 31e43% (2012e2013) in Shanghai (Liu et al.,
2017). Coal and biomass burning also significantly contributed to
atmospheric PAHs in some regions of southern China due to the
long-range transport of polluted air mass from northern China (Ma
et al., 2016). In terms of meteorological influences, significant cor-
relations were observed between the concentration of PAHs and
precipitation (Li et al., 2016a), temperature (Wang et al., 2019),
wind speed (Tan et al., 2006), and relative humidity (Hien et al.,
2007). However, some studies also found that the concentration
of PAHs showed no relationship with wind speed (Li et al., 2016b)
and relative humidity (He et al., 2014).

To cope with heavy haze pollution, China has issued many na-
tional policies and regulations (e.g., the Air Pollution Prevention
and Control Action Plan), which have effectively curbed air pollu-
tion, e.g., fine particulate matter (PM2.5) has decreased by 30e40%
across China since 2013 (Li et al., 2019). However, the pollution level
and long-term trends of atmospheric PAH concentrations have
been little investigated in the Yangtze River Delta (YRD) despite the
relatively high toxicity of PAHs. The YRD is one of the most devel-
oped regions in China and is characterized by a high population
density and well-developed industries (Zheng et al., 2016). This
region accounts for less than 1% of China’s area but represents 16.2%
of its gross domestic product and 7.58% of its total population in
2017 (NBSC, 2018a). Moreover, rapid industrialization and urbani-
zation have led to a 7.3-fold increase in energy consumption over
the past 30 years (Li et al., 2018), which caused widespread at-
mospheric PAH pollution.

To date, the PAH concentrations in the YRD have only been
explored in a few cities, such as Nanjing (He et al., 2014) and
Shanghai (Liu et al., 2018); thus, the PAH levels between studies
cannot be compared, and it is difficult to determine the spatial
variation of PAHs in the YRD. More information regarding the
spatiotemporal distribution of PAH concentrations in the YRD is
required. Furthermore, few studies have considered the spatio-
temporal distribution and influencing factors, including the
source contribution, meteorological conditions, and backward tra-
jectories. A better understanding of the spatio-temporal distribu-
tion and factors influencing the ambient PAHs throughout the YRD
region will aid in the development of control strategies to reduce
lung cancer risk.

Therefore, the main objectives of this study were to identify the
spatio-temporal distribution of and long-term trend in atmo-
spheric PAH concentrations in the YRD and to analyze factors
(source contribution, meteorological conditions, and backward
trajectory) influencing these concentrations using principal
component analysis and multivariate linear regression (PCA-MLR),
correlation analyses, and the Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) model.

2. Materials and methods

Awide array of PAH compounds are present in the environment.
Based on their persistence, high toxicity and carcinogenic potential,
16 PAHs have been listed as ‘‘priority pollutants’’ by the United
States Environmental Protection Agency (Keith, 2015). The 16 pri-
ority PAHs has been widely adopted by most scientists and have
clear sampling and measurement methods (Andersson and Achten,
2015). So, we investigated the 16 PAHs in this study: naphthalene
(NAP), acenaphthylene (ACY), acenaphthene (ACE), fluorene (FLO),
phenanthrene (PHE), anthracene (ANT), fluoranthene (FLA), pyrene
(PYR), benz(a)anthracene (BaA), chrysene (CHR), benzo(b)fluo-
ranthene (BbF), benzo(k)fluoranthene (BkF), benzo(a)pyrene (BaP),
dibenz(a,h)anthracene (DahA), indeno(l,2,3-cd)pyrene (IcdP), and
benzo(g,h,i)perylene (BghiP). BaA, CHR, BbF, BkF, BaP, DahA, IcdP,
and BghiP are carcinogenic PAHs (Carc-PAHs).

2.1. Study area and sampling

The area of the YRD investigated in this study consists of
Shanghai, Southern Jiangsu (Nanjing, Wuxi, Changzhou, Suzhou,
Nantong, Yangzhou, and Taizhou), and Northern Zhejiang (Hang-
zhou, Jiaxing, Huzhou, Shaoxing, and Zhoushan) (Fig. 1). It en-
compasses a total area of 9.39 � 104 km2, accounting for less than
1% of China’s area, and has a subtropical monsoon climate. The YRD
is one of the world’s largest urban agglomerations, with a high
population density and economic development level. In 2017, the
YRD accounted for 7.58 and 16.20% of China’s population and gross
domestic product, respectively (NBSC, 2018a). The emission density
of PAHs in the YRD is higher than the national average and that of
other developed regions in China (such as Pearl River Delta) (Lang
et al., 2008). The YRD has a well-developed transportation network
and heavy industry, and is close to the North China Plain, where the
PAH pollution is severe. Therefore, the sources of PAHs in this re-
gion are relatively complex. Some studies observed significant at-
mospheric PAH pollution in the YRD (He et al., 2014), with the high
population density further increasing the risk of lung cancer in this
region.

A total of 27 sampling stations were distributed in the YRD, and
the sampling period lasted from June 10, 2017 to June 14, 2018. Six
sampling stations were located in rural areas and the remaining 21
were located in cities. The sampling stations covered all prefecture-
level cities in the YRD (Fig. 1). There were no obvious sources of
PAHs (e.g., factories or roads) around the stations, thus reducing the
impact of point source pollution on PAH concentrations. The sam-
pling period was divided into four seasons: summer (June 10 to
September 4, 2017), autumn (September 4 to December 4, 2017),
winter (December 4, 2017 toMarch 7, 2018), and spring (March 7 to
June 11, 2018) (Table S1). The average sampling period was 90 days.

We used passive air samplers with polyurethane foam (PUF)
disks to collect the PAHs. Such air samples have been tested
extensively, and this technique has been used to effectively mea-
sure atmospheric PAHs (Hong et al., 2016). The diameter, thickness,
superficial area, volume, and density of the PUF (Tisch



Fig. 1. Location of sampling sites in the Yangtze River Delta, China.
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Environment, USA) disks were 13.97 cm, 1.27 cm, 362.29 cm2,
194.66 cm3, and 0.0246 g/cm3, respectively. Prior to field sampling,
the PUF disks were Soxhlet-extracted for 24 h with a 1:1 mixture of
n-hexane and acetone for clean the PUF. The height of the samplers
was set at 1.5 m, and those of some samplers differed slightly but
never exceeded 10 m. After three months of atmospheric PAH
collection (corresponding to one sampling period), the PUF disks
were sent back to Nanjing University within two days after sam-
pling, stored in sealed plastic bags at �20 �C for further analysis,
and replaced with new PUF disks. After the completion of a sam-
pling period, the samplers were cleaned prior to the installation of
new PUF disks for the next sampling period. Unfortunately, one PUF
disk (at site #10) in the fourth sampling period was lost.
2.2. Analysis methods

After sampling, the samples were spiked with surrogate recov-
ery standards (D8-napthalene, D10-Acenaphthene, D10-
Phenanthrene, D12-Chrysene, and D12-Perylene). The PUF disks
were then extracted for 24 hwith dichloromethane, using a Soxhlet
extractor, and the extracts were concentrated to 2 mL, using rotary
vacuum evaporation, and changed to hexane. The concentrated
extracts were cleaned up using silica gel column chromatography
(with an internal diameter of 25� 1 cm, 6 g silica gel at the bottom,
and 2.5 g anhydrous sodium sulfate at the top). After adding the
sample extract, the column was eluted with 25 mL n-hexane fol-
lowed by 50 mL n-hexane/dichloromethane (v/v ¼ 1:1). Subse-
quently, the collected PAHs were vacuum-evaporated, solvent-
exchanged to n-hexane, concentrated to 1 mL under a gentle ni-
trogen flow, and stored in gas chromatography vials for analysis.

The concentrations of the 16 studied PAHs were measured using
a Shimadzu QP2010 Ultra gas chromatographeremass spectrom-
eter (Kyoto, Japan) equipped with a fused silica capillary column
(Rtx-5MS, 0.25 mm i.d. � 30 m, with a film thickness of 0.25 mm).
The carrier gas was helium at a constant flow rate of 1.0 mL/min.
The gas chromatography temperature program was as follows:
initial temperature of 80 �C (2 min), 80e180 �C at 20 �C/min, 180 �C
(5 min), 180e290 �C at 10 �C/min, and 290 �C (15 min). The
injection port was set at 290 �C. The interface and ion source were
maintained at 280 and 230 �C, respectively. Ionization was carried
out using the electron impact mode, and data were acquired using
the selective ion monitoring mode. The PAH concentrations (ng/
day) of each sample were converted to nanograms per cubic meter
(ng/m3), which was mainly determined according to the sampling
days and efficiency (detailed in the Section S1). In addition, the
quality assurance/quality control was detailed in Section S2.

2.3. Analysis of factors influencing atmospheric PAHs

2.3.1. Source identification using principal component analysis and
multivariate linear regression

PCA-MLR is a receptor model which assumes that species with
similar variability are grouped together in the lowest number of
factors explaining the variability of the whole dataset, where each
factor is associated with a source or source type (Larsen and Baker,
2003). PCA-MLR is a widely used model and can identify a small
number of independent primary components to measure the
variance in a PAHs dataset (Zhang et al., 2019a).

In this study, the PCA-MLR model was run using SPSS 21. First,
PCA was conducted to identify the PAH sources. The factor loading
and score matrices can be calculated by using the following
equation:

Y ¼X � L (1)

where Y is the normalized concentration matrix for the 16 PAHs, X
is the factor score matrix, and L is the factor loading matrix. Before
statistical analysis, the raw PAH concentration matrix was stan-
dardized using the Z-score to assign equal weighting to each vari-
able in the PCA. The principal components (PCs) were rotated using
the varimax rotation method, and those with an eigenvalue of >1
were retained.

MLR was then applied to quantify the identified source contri-
butions of atmospheric PAHs, with the PCA factor scores (X) and
normalized total PAH concentrations as the independent and
dependent variables, respectively (Larsen and Baker, 2003). The
basic equation of a multiple linear model is as follows:
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Z¼
X

Bi � Xi (2)

where Z is the standardized normal deviates of
P

PAHs, Xi is the
factor score matrix, and Bi is the MLR regression coefficient. The
contribution of source k can be obtained by equation (3):

kð%Þ¼Bk
.X

Bi (3)
2.3.2. Impact of meteorological conditions
Precipitation, temperature, relative humidity, and wind speed

were used to study the effects of meteorological conditions on the
concentrations of atmospheric PAHs. Daily meteorological data
were obtained from the European Center for Medium-Range
Weather Forecasts Era-Interim Reanalysis Dataset (ECMWF, 2009)
and interpolated to 0.25 � 0.25�. The height at which temperature
and wind speed were obtained was 1.5 m, which is consistent with
the installation height of the sampling stations. Fig. 2 shows the
Fig. 2. (a) Average daily precipitation (mm/day), (b) average temperature (�C), (c) average da
Yangtze River Delta.
average precipitation, temperature, wind speed and relative hu-
midity for the four sampling periods in the YRD region. To deter-
mine the influence of meteorological conditions on atmospheric
PAHs in each grid in the four sampling periods, correlations be-
tween these variables were evaluated using Spearman’s correlation
coefficient.
2.3.3. Backward trajectory analysis
The backward trajectories were calculated using the HYSPLIT

model with the National Centers for Environmental Prediction/
National Center for Atmospheric Research (NCEP/NCAR) reanalysis
data (Neroda et al., 2020). We used a 0.5� Global Data Assimilation
Systemmodel provided by the National Weather Service’s National
Center for Environmental Prediction. We calculated the backward
trajectories of the HYSPLIT model every day at 6 h intervals (0:00,
6:00, 12:00, and 18:00 UTC). The duration of the calculation was
48 h, and the height above the ground was 500 m, based on pre-
vious studies (Liu et al., 2018). Trajectories for each season were
clustered based on the change or turning point in total spatial
variance during the cluster analysis.
ily relative humidity (%), and (d) average wind speed (m/s) in different seasons over the



Fig. 4. Long-term trends in atmospheric BaP concentrations in Shanghai, Nanjing, and
Hangzhou.
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3. Results and discussion

3.1. Characteristics of and long-term trend in atmospheric PAHs

3.1.1. Characteristics of atmospheric PAHs
From summer 2017 to spring 2018, the concentrations of the 16

studied PAHs in the YRD ranged from 13.00 to 88.71 ng/m3 with an
average concentration of 41.46 ± 15.57 ng/m3. The average carci-
nogenic PAH concentration was 9.85 ± 5.47 ng/m3, accounting for
23.76% of the total PAH concentration. The PAH concentration was
significantly lower than that measured in Xi’an in 2012 (622 ng/m3)
(Wei et al., 2015), Beijing in 2015 (405 ng/m3) (Cao et al., 2018),
Dalian in 2016 (52.37 ng/m3) (Wang et al., 2019) and other northern
Chinese cities (Zhang et al., 2016). These patterns arose mainly
because of the significant difference in energy consumption be-
tween northern and southern China. Large amounts of biomass and
coal are burned, resulting in greater emissions of PAHs in northern
China, especially in the heating season (Zhang et al., 2016). The PAH
concentrations in this study were larger than those in some
developed regions, such as the USA (Sun et al., 2006), Europe
(Garrido et al., 2014), Japan (Hong et al., 2016), and South Korea
(Choi et al., 2007). In terms of PAH composition, PHE and FLA
contributed most, accounting for 30.84 and 13.13% of the total PAH
concentrations, which is in line with previous studies (Ma et al.,
2018). Fig. 3 shows the concentration of each PAH species in the
YRD.

3.1.2. Long-term trend in atmospheric PAHs
To date, the level of pollution in the YRD region as a whole has

been poorly understood. Most studies investigating the concen-
trations of PAHs focused on a few cities in the YRD, such as Nanjing
(He et al., 2014) and Shanghai (Liu et al., 2018). To shed light on the
historical trends in the YRD, we collected the reported atmospheric
PAH concentrations in Nanjing (capital of Jiangsu), Hangzhou
(capital of Zhejiang), and Shanghai (references are list in the Sup-
plementary Materials). Because various analytical and sampling
methods were used in these previous studies, the concentrations of
the 16 PAHs could not be accurately compared. So the historical
trend in BaP were compared instead, as it is also the only priority
PAH regulated in the Chinese national air quality standard (Fig. 4).

The concentration of PAHs in all three cities have decreased
significantly since 2001 (Shanghai: R ¼ 0.75 P < 0.05; Nanjing:
R ¼ 0.88 P < 0.01; Hangzhou: R ¼ 0.99 P < 0.01). This was likely
caused by a combination of factors: First, with the improvement of
living standards in the YRD, traditional household stoves were
Fig. 3. Concentration of PAH speci
replaced by improved stoves, and the use of cleaner natural gas has
increased annually (NBSC, 2018b). This has led to a rapid decline in
PAH emissions from coal and biomass combustion, but this source
nevertheless remains the largest PAH emitter in China (Shen et al.,
2013). The industrial sector in the YRD is also continually
employing technological innovations, and some heavy polluting
industries, such as the primary aluminum industry, have been
eliminated (Li et al., 2018). In addition, under the continuous
pressure of severe haze, the Chinese government has recently
introduced a series of pollution prevention measures and strict
control of pollutant emissions (e.g., the Air Pollution Prevention
and Control Action Plan). Strict policy control has also contributed
to the reduction of atmospheric PAHs in the region (Li et al., 2016b).
3.2. Spatio-temporal distribution of atmospheric PAHs

3.2.1. Spatial distribution of atmospheric PAHs
The atmospheric PAH concentrations in the YRD showed
es in the Yangtze River Delta.



Table 1
Average PAH concentration in Yangtze River Delta.

Jiangsu Zhejiang Shanghai

Mean STD Mean STD Mean STD

NAP 4.89 1.48 4.60 1.44 9.51 7.73
ACY 0.16 0.05 0.17 0.04 0.17 0.09
ACE 0.71 0.24 0.76 0.41 1.12 0.59
FLO 3.75 0.91 3.75 1.51 3.79 1.36
PHE 13.69 3.45 11.20 2.73 11.08 5.52
ANT 0.56 0.25 0.72 0.40 0.60 0.43
FLA 5.95 2.37 4.80 2.31 3.61 2.51
PYR 3.04 1.18 2.74 1.21 1.65 0.99
BaA 1.05 0.35 0.80 0.34 0.40 0.09
CHR 3.53 1.41 2.47 1.30 1.39 0.39
BbF 2.49 0.91 1.37 0.66 0.95 0.19
BkF 0.74 0.21 0.46 0.15 0.35 0.03
BaP 0.72 0.40 0.37 0.06 0.38 0.05
IcdP 1.35 0.48 0.76 0.26 0.63 0.14
DahA 0.57 0.24 0.42 0.04 0.39 0.05
BghiP 1.27 0.60 0.67 0.19 0.62 0.09
Carc-PAHs 11.71 4.31 7.32 2.89 5.11 1.04
16 PAHs 44.47 11.37 36.04 9.39 36.62 4.79
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pronounced spatial variation, where the high concentration areas
were mainly located in Jiangsu (Fig. 5). The highest PAH concen-
tration, with an annual average of 71.71 ng/m3, was located in
Zhenjiang. Zhenjiang has a large number of heavy industrial en-
terprises. The gross industrial output value of heavy industry in
Zhenjiang accounts for 83.12% of its total industrial output value
(ZSB, 2018), and heavy industrial enterprises emit more PAHs than
other enterprises do. The lowest annual average PAH concentration
(22.02 ng/m3) was detected in the rural area of Tonglu, Hangzhou
(site #23). Tonglu is a national forest county, surrounded by low
hills and a good ecological environment. The area with the lowest
PAH concentration (27.22 ng/m3) among urban samples (site #27)
wasmeasured in Ningbo. As Ningbo is located on China’s east coast,
it receives relatively clean air from the ocean and has good atmo-
spheric diffusion conditions compared with those of the other re-
gions. This may be the main reason for the low concentration of
PAHs in Ningbo. The PAH concentration in Shanghai (site #19) was
also low. In addition to good meteorological conditions, Shanghai,
as an international metropolis, has stricter air pollution control
policies and regulations than other regions do (e.g., Shanghai In-
tegrated Emission Standards for Air Pollutants and Shanghai Air
Pollution Prevention and Control Regulations).

The annual average concentrations of the 16 measured PAHs in
Jiangsu, Zhejiang, and Shanghai were 44.47 ± 11.37, 36.04 ± 9.39,
and 36.62 ± 4.79 ng/m3, respectively. The concentration of carci-
nogenic PAHs in the three regions were 11.71 ± 4.31, 7.32 ± 2.89,
and 5.11 ± 1.04 ng/m3, respectively (Table 1). The concentrations of
the 16 PAHs in Jiangsu were 1.23 and 1.21 times higher than those
in Zhejiang and Shanghai, while the concentrations of carcinogenic
PAHs in Jiangsu were 1.60 and 2.29 times higher than those in
Zhejiang and in Shanghai. These results not only show that the
concentration of total PAHs in Jiangsu was high but also that
carcinogenic PAHs accounted for a higher proportion of total PAHs
in this region. There are three main reasons for these patterns:
Firstly, Jiangsu is a large grain-producing province, and its rural
non-commodity energy consumption (such as straw and firewood)
is higher than that in Zhejiang and Shanghai (Cong et al., 2017).
Secondly, Shandong, Hebei, and other regions in northern China
have higher PAH emissions from coal and biomass combustion.
These regions are close to Jiangsu, and this province is therefore
more readily exposed to air masses from northern China (Zhang
et al., 2016) (refer to Section 3.3.3). Comparing emission factors
from different sources, coal and biomass combustion might emit
Fig. 5. Spatial distribution of PAH concentrations (ng/m3) in
more carcinogenic PAHs than other sources do (Shen et al., 2013).
Furthermore, the industrial structure of different regions likely
caused the higher concentrations of carcinogenic PAHs in Jiangsu.
In 2016, the total industrial output value of heavy industry in
Jiangsu was 2.29 and 5.06 times higher than that of Zhejiang and
Shanghai, respectively. The contribution of the high energy con-
sumption industry to the industrial output value in Jiangsu (24.25%)
was also higher than that of Zhejiang (19.50%) and Shanghai
(21.32%), and heavy industries emitted more industrial PAHs in
Jiangsu than in the other two regions (Li et al., 2018).

The total PAH concentrations in urban and rural areas in the YRD
were 42.49 ± 15.67 and 37.91 ± 14.98 ng/m3, respectively. The ratio
between PAH concentrations in urban and rural areas was 1.12,
which was close to the ratio in the North China Plain (1.23) (Liu
et al., 2008) and Taiyuan (1.05) (Xia et al., 2013), but much lower
than that in New Jersey, USA (7) (Gigliotti et al., 2005), Massachu-
setts, USA (46) (Allen et al., 1996), and Toronto, Canada (~3)
(Motelay-Massei et al., 2005). Notably, the low efficiency of biomass
and coal combustion in rural areas resulted in higher PAH emis-
sions in northern China. However, in the YRD, the relatively
balanced development between urban and rural areas was likely
the main reason for the small difference in PAH concentrations
China: (a) 16 studied PAHs and (b) carcinogenic PAHs.
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between these areas (Long et al., 2009). The industrial and popu-
lation density in some rural areas, such as Huaxi village, are similar
to those in urban areas.
3.2.2. Seasonal variation in atmospheric PAH concentrations
In the YRD, the total PAH concentrations in the four seasons

differed significantly (P < 0.01) (Fig. 6). It was highest in winter
(52.21 ± 14.70 ng/m3), followed by spring (43.07 ± 14.97 ng/m3)
and autumn (39.40 ± 12.45 ng/m3), and it was lowest in summer
(31.23 ± 12.88 ng/m3). The concentration of carcinogenic PAHs in
spring, summer, autumn, and winter were 9.17 ± 5.24, 6.24 ± 3.31,
11.27 ± 5.66, and 12.69 ± 5.33 ng/m3, respectively. The trend of a
higher concentration in winter and a lower concentration in sum-
mer was consistent with the results of previous studies (Liu et al.,
2008).

The high PAH concentrations inwinter were probably due to the
contribution of outside sources. In winter, the prevailing wind di-
rection in the YRD is northeast, which brings highly polluted air
masses from northern China to the sampling sites (refer to section
3.3.3). And low temperatures and short sunshine periods are not
conducive to the degradation of atmospheric PAHs (Tian et al.,
2009). In summer, the Asian monsoon brings in clean air from
the unstable rainy weather, where large amounts of PAHs in the
atmosphere settle to the ground through wet deposition. The PAH
concentration ratio in winter to summer in the YRD was 1.67
(Table S2), whereas the winter/summer ratios in northern China
Fig. 6. Seasonal variation in the concentrations of the 16 measured PAHs in the Yangtze
concentrations in the YRD and serve as a reference when comparing the bars in the figure
ranged between 2 and 13. In particular, thewinter/summer ratios in
Lanzhou, northern China, were 5e13 (Ma et al., 2018) and were
mainly affected by the coal and biomass combustion used for
heating in winter. The PAH winter/summer ratio in Jiangsu (1.76)
was higher than that in Shanghai (1.46) and Zhejiang (1.46), which
is likely because Jiangsu is located closer to northern China.

The PAH concentrations in most of the individual samples
showed a similar trend, namely higher in winter and lower in
summer. However, the PAH concentrations in some samples (sites
#07, #10, #14) were highest in autumn, which was likely due to
local/regional emission sources and hazy weather (Niu et al., 2017).
PM2.5 concentrations were often high on hazy days and could
adsorb particulate PAHs. Particulate PAHs thus adsorbed by were
found to have the highest concentrations in autumn in these three
samples. We also found that the PAH concentrations in some
samples (sites #18, #21, #24, and #25) were higher in summer than
in spring and autumn, which might be due to the large amounts of
low molecular weight PAHs evaporating from soil into the air
during summer as a result of the high temperature (Wang et al.,
2011). All of the four samplers were located in old residential
areas, which may have higher pollution of soil PAHs than other
areas as they would have accumulated for a longer period of time
(Peng et al., 2011); therefore, more low molecular weight PAHs in
the soil at the four sampling points may have evaporated into the
air than at other sampling points. We also found that, during
summer, the average PAHs ratio of two to three rings at the four
River Delta, China. The 44 ng/m3 in the legend represent half of the maximum PAH
.
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sampling sites (74.8%) was much higher than that at the other sites
(55.7%).

3.3. Factors influencing atmospheric PAHs

3.3.1. Source identification
Three PCs were identified in this study, which explained 84.5%

of the total variance in the dataset (Table S3). PC1 was heavily
influenced by BaA, BbF, BkF, BaP, InP, DahA, and BghiP. According to
previous studies (Han et al., 2009), BkF, IcdP, and BghiP are
considered to be tracers of traffic source. PC2 was highly loaded
with FLA, PYR, CHR, BbF, and PHE. Among these species, FLA and
PYR have been used to fingerprint biomass combustion (Jenkins
et al., 1996). Furthermore, PHE, FLA, BbF, and CHR have been re-
ported to be themain components released during coal combustion
(Chen et al., 2005) and can thus be used as markers for coal and
biomass combustion. PC3 was highly loaded with low molecular
weight PAHs, such as NAP, ACY, ACE, FLO, and ANT. Of these, NAP,
ACY, and ACE have been reported to be the main components in the
volatilization of crude oil and petroleum products (Yunker et al.,
2002). In addition, FLO has been used as a tracer for coke oven
sources of PAHs (Simcik et al., 1999). PC3 was highly loaded in
summer but showed little seasonal variation. Therefore, the source
indicated by this PC was a mixture of coke ovens and volatilization.
After the PCA, we performed MLR analyses to identify the contri-
butions of each source to PAH concentrations. The PCs were
regressed against the concentrations of the total 16 PAHs for the
four seasons.

During the sampling period, the average contribution of traffic,
coal and biomass combustion, and coke ovens and volatilization
were 52.83, 23.67, and 23.51%, respectively. Although emission
factors of vehicles decreased with increasing implementation of
staged emission standards, this positive development was offset by
the sharp increase in vehicles on roads. In addition, the reduction of
other sources, such as biomass burning, increased the contribution
of traffic emissions. The high contribution of traffic was consistent
with the results of other studies (Liu et al., 2018).

Coal and biomass combustion and traffic significantly differed
with season (Fig. 7). The proportion of coal and biomass combus-
tion was highest in winter (31.17%) and lowest in summer (7.67%).
Fig. 7. Contribution of different sources to atmospheric polycyclic a
As the YRD is one of the most developed regions in China, unlike
some regions in northern China (Zhang et al., 2016), coal and
biomass combustion was relatively small. For example, the total
domestic coal consumption in Shanghai, Jiangsu, and Zhejiang in
2017 was only 0.43 Mt, whereas it was 15.64 Mt in Hebei alone
(NBSC, 2018b). However, we also found that the proportion of coal
and biomass combustion to PAH concentrations inwinter exceeded
30%. This was probably because the prevailing wind transported
polluted air masses from northern China to the sampling sites
(Fig. 8(d)). The proportional change in the traffic sources was
mainly due to the seasonal differences in the amounts of coal and
biomass combustion. Another reason may be that, during winter,
some areas of the YRD and northern China have implemented
traffic control measures to mitigate the heavy pollution, which
reduced the emissions from traffic. Moreover, in summer, the traffic
sources in southern China accounted for a high proportion (Li et al.,
2006). The south-dominated wind transported air mass from
southern China might be one reason for the contribution of traffic
sources to PAHs concentrations exceeding 65% in YRD.

3.3.2. Impact of meteorological conditions
Total PAH concentration was significantly negatively correlated

to precipitation and temperature throughout the year (P < 0.01)
(Table 2). Precipitation removes both light and heavy molecular-
weight PAHs (Li et al., 2016a), which explains its negative correla-
tion with PAH concentrations. Total PAH concentrations were
significantly correlated with precipitation in autumn and winter
(P < 0.05). This was not the case in summer, when the average daily
precipitation was high. The average cumulative precipitation in
summer was 2091 mm, much higher than that in other seasons,
which had an average cumulative precipitation of 769 mm. Higher
precipitation washed out atmospheric PM and PAHs, which might
have led to a poor reflection of the true correlation between pre-
cipitation and PAH concentrations. Higher temperatures not only
increased the contribution of PAHs to the vapor phase but also
caused greater PAH degradation, which is consistent with the re-
sults of previous studies (Yin and Xu, 2018). However, we found
that the temperature was not significantly related to the PAH levels
in summer and winter. The excessive rainfall in summer would
weaken the effect of temperature on the level of PAHs. And in
romatic hydrocarbon (PAH) concentrations in different seasons.



Fig. 8. Backward trajectory clusters and trajectory numbers in each 0.5� grid in the Yangtze River Delta, China.

Table 2
Correlation between total polycyclic aromatic hydrocarbon concentrations and
precipitation, temperature, relative humidity, and wind speed.

Correlation coefficients (r)

Precipitation Temperature Relative humidity Wind speed

Whole year �0.524** �0.488** �0.534** �0.184
Spring �0.339 �0.484* �0.360 �0.249
Summer 0.023 0.082 �0.166 �0.208
Autumn �0.413* �0.409* �0.387* �0.151
Winter �0.395* �0.249 �0.345 �0.232

Note: * indicates significant correlation at 0.05 level, and ** indicates significant
correlation at 0.01 level.
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winter, the high PAH emission levels in YRD and large amounts of
polluted air masses from northern China may lead to a weak cor-
relation between temperature and the level of PAHs.

The relative humidity was also significantly negatively corre-
latedwith the concentration of PAHs throughout the year. However,
the correlation in all seasons, excluding autumn, were not signifi-
cant. Liu et al. (2018) suggested that relative humidity removes
atmospheric PAHs, while some studies found that the level of PAHs
is positively correlated (Hien et al., 2007) or weakly correlated (He
et al., 2014) with the relative humidity. Therefore, the influence of
relative humidity on PAHs is complex and requires further studies.
Wind, as the main medium of pollutant transport, was negatively
correlated with PAH concentrations, but the relationship was not
significant. This was probably because we used the average wind
speed of the whole quarter in the analysis, which might be too
coarse a measure for detecting the effects of wind on PAH con-
centrations. Thus, we used the backward trajectory to analyze the
influence of wind on PAH concentrations (Section 3.3.3).
3.3.3. Air mass backward trajectory
The backward trajectories in spring, summer, autumn, and
winter were finally clustered into 5, 6, 5, and 5 according to total
spatial variance (Fig. 8). The number of backward trajectories at the
0.5� grid was also calculated. We found that the seasonal difference
in PAH concentrations was related to the source of air mass. For
example, affected by the northwesternmonsoon, the northwestern
wind prevails in winter. More than 80% of the air mass came from
Hebei, Shandong, Inner Mongolia, Liaoning, and other northern
regions of China to the study sites. Highly polluted air masses
(including large amounts of PAHs from coal and biomass combus-
tion) from northern China entered the YRD in winter. In summer,
due to the comprehensive influence of the southeastern and
southwestern monsoon, 47.51% of the air masses come from Fujian,
Guangdong, and other southern regions, and 18.03% from the sea.
The probability of incoming air masses from northern China was
thus greatly reduced (34.45%) during this season. In conclusion,
PAHs in the YRD were significantly affected by external air masses,
especially in winter.

4. Conclusion

The identification of the spatio-temporal distribution of atmo-
spheric PAHs and the analysis of its influencing factors in the YRD
are important for developing control strategies for the reduction of
health risks. However, most studies only focused on the PAH con-
centrations in a few cities. Simultaneous studies on atmospheric
PAHs at multi-sites across the YRD are rare. In this study, the con-
centrations of PAHs across the YRDwere simultaneously monitored
from June 2017 to May 2018. The spatio-temporal distribution and
long-term trend of the PAHs concentrations were analyzed. Three
PAH sources (traffic, coal and biomass combustion, and coke oven
and volatilization) and their seasonal variations were identified by
PCA-MLR. The correlations between the PAH concentrations and
meteorological conditions in the YRD were clarified, and the po-
tential PAH pollution source areas were analyzed using backward
trajectory analysis. To the best of our knowledge, this is the first
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comprehensive study reporting the spatio-temporal distribution
and influencing factors of ambient PAHs throughout the YRD
region.

We found that the average concentration of 16 PAHs was
41.46 ± 15.57 ng/m3. Compared with the previously reported PAH
data in the YRD, our results indicated a significant decrease in PAH
concentrations, mainly as a result of the continuous reduction of
emissions from various sources and strict policy control in recent
years. The annual average total PAH concentrations in Jiangsu,
Zhejiang, and Shanghai were 44.47 ± 11.37, 36.04 ± 9.39, and
36.62 ± 4.79 ng/m3, respectively. Jiangsu not only had the highest
total PAH concentrations but also the highest proportion of carci-
nogenic PAHs. We mainly ascribed this to the higher coal and
biomass combustion in Jiangsu than that in Zhejiang and Shanghai
as well as its proximity to northern China, from which polluted air
masses originate. A relatively balanced development between ur-
ban and rural areas in the YRD caused the ratio between PAH
concentrations in urban and rural areas to be relatively low (~1.12).
The PAH concentrations in the YRD were highest in winter
(52.21 ± 14.70 ng/m3) and lowest in summer (31.23 ± 12.88 ng/m3).
The PAH concentrations inmost of the individual samples showed a
similar trend, namely higher in winter and lower in summer.

The average contributions of traffic, coal and biomass combus-
tion, and coke oven and volatilization to the PAHs were 52.83,
23.67, and 23.51%, respectively. The contributions of coal and
biomass combustion and traffic varied significantly with season,
which might be due to the seasonal variations in coal and biomass
combustion, traffic control measures for severely polluted air in
winter, and south-dominated wind direction during summer. The
total PAH concentrations and temperature, precipitation, and
relative humidity were significantly negatively correlated (P < 0.01)
throughout the year. Through the backward trajectory analysis, we
found that over 80% of highly polluted air masses entered the YRD
from northern China during winter, while only 34.5% entered the
region during summer, which indicates that air mass transport is
the main reason for the seasonal variations in the concentration of
PAHs in the YRD.

The paper provided several suggestions for controlling atmo-
spheric PAHs in China. First, more strict controls of coal and
biomass combustion in the residential sector should be imple-
mented in the North China Plain and other northern regions of
China, and the use of clean energy in these areas should be pro-
moted, particularly during the heating season. Residential coal/
biomass-burning cooking stoves should be replaced with
improved stoves in rural households as soon as possible. These
measures are the most important as the proportion of PAH emis-
sions from the residential sector is the largest in China (Shen et al.,
2013). Measures promoting clean fuels in the residential sector are
currently being implemented in some northern regions, such as
Beijing-Tianjin-Hebei, and energy consumption in many house-
holds has been switched from coal to electricity and natural gas
(Zhang et al., 2019b). Second, regarding the relatively high pro-
portion of PAHs contributed by traffic, the fuel quality of vehicles
must be improved further. Vehicles that fail to meet the emissions
standards should be phased out, and the proportion of gas/electric
vehicles should be increased. Stricter traffic control measures,
particularly for old and “yellow-label” vehicles, should be imple-
mented. Lastly, it is necessary to strengthen the joint prevention
and control of PAH pollution among various regions. To reduce the
pollution by PAHs in a certain region, both local and regional
sources should be comprehensively considered. For example, the
PAH pollution in our study area was significantly affected by air
masses from northern China.
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