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Trajectory clustering, potential source contribution function (PSCF) and concentration-weighted
trajectory (CWT) methods were applied to investigate the transport pathways and identify
potential sources of PM2.5 and PM10 in different seasons from June 2014 to May 2015 in Beijing.
The cluster analyses showed that Beijing was affected by trajectories from the south and
southeast in summer and autumn. In winter and spring, Beijing was not only affected by the
trajectories from the south and southeast, but was also affected by trajectories from the north
and northwest. In addition, the analyses of the pressure profile of backward trajectories showed
that backward trajectories, which have important influence on Beijing, were mainly distributed
above 970 hPa in summer and autumn and below 950 hPa in spring and winter. This indicates
that PM2.5 andPM10were strongly affectedby thenear surface airmasses in summerandautumn
and by high altitude airmasses in winter and spring. Results of PSCF and CWT analyses showed
that the largest potential source areas were identified in spring, followed bywinter and autumn,
then summer. In addition, potential source regions of PM10 were similar to those of PM2.5. There
were a clear seasonal and spatial variation of the potential source areas of Beijing and the airflow
in the horizontal and vertical directions. Therefore, more effective regional emission reduction
measures in Beijing's surrounding provinces should be implemented to reduce emissions of
regional sources in different seasons.
© 2016 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Particulate matter (PM) has a significant effect on human
health, visibility, direct and indirect radiative forcing, climate
change and ecosystem (Andreae et al., 2008; Cao et al., 2004;
Menon et al., 2002; Rosenfeld, 2000; Streets et al., 2006; Watson,
2002; Yu et al., 2014a; Yu et al., 2004; Yu et al., 2014b; Zhao et al.,
.cn (Huaqiao Gui).

o-Environmental Science
2015). Pope et al. (2002) reported that 10 μg/m increases in
long-term average PM2.5 ambient concentrations were associ-
ated with an almost 8% increase in the risk of lung cancer
mortality. Some studies have also revealed that the increase in
the daily number of deaths for all ages for a 10 μg/m3 increase in
daily PM10 concentrations was 0.6% (Katsouyanni et al., 2001;
Krewski et al., 2003). In the most serious case, an increase of
s, Chinese Academy of Sciences. Published by Elsevier B.V.
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10 μg/m3 of PM2.5 results in an elevation of 4.60% and 4.48%with
a lag of 3 days, values far higher than the average level of 0.69%
and 1.32% for respiratory mortality andmorbidity, respectively,
in Beijing (Li et al., 2013).

With a rapidly developing economy, expanding anthropo-
genic activity and urbanization, rapid industrial growth, and
an increasing number of vehicles, Beijing has suffered from
heavy haze pollution in the form of PM10 (particulate matter,
or aerosol particles, with aerodynamic diameters ≤10 μm) and
PM2.5 (diameters ≤ 2.5 μm) in recent years (Guoan et al., 2005;
Ji et al., 2012; Sun, 2012; Sun et al., 2004). The average values of
PM10 and PM2.5 from 2004 to 2012 were 138.5 ± 92.9 and 72.3 ±
54.4 μg/m3, respectively, in Beijing. In addition, more than
30% of days in each year exceeded the daily average PM10

concentration of the Grade II National Ambient Air Quality
Standard (NAAQS, daily limit of 150 μg/m3) set by the Ministry
of Environmental Protection of China (Liu et al., 2015b).

The Beijing municipal government has implemented 16
rounds of air pollution control counter measures from 1998
to 2010 and a five-year clean air action plan (2013–2017) was
carried out (http://www.bjepb.gov.cn/) (Wang et al., 2015b).
However, the haze pollution still occurred frequently and the
pollution levels remained very high (Gao et al., 2014; Liu et al.,
2015a; Sun et al., 2013; Wang et al., 2014; Wang et al., 2013; Xin
et al., 2016; Zhao et al., 2011a, Zhao et al., 2011b; Zheng et al.,
2014). In addition, haze pollution is a regional and complex
phenomenon (Hu et al., 2015; Li et al., 2012; Ren et al., 2004;
Zheng et al., 2014). Regional and even super-regional pollution
joint control included very effective measures of improved
air quality (Chen et al., 2015b). For example, Beijing and the
neighboring provinces such as Hebei, Tianjin, and Shandong
implemented stringent emission controlmeasures to ensure the
air quality during the 2014 Asia-Pacific Economic Cooperation
(APEC) Economic Leaders' Meetings in Beijing, 3–11 November
2014 (http://www.bjepb.gov.cn/bjepb/324122/412670/index.html,
in Chinese) (Chen et al., 2015a; Meng et al., 2015). The stringent
emission control measures implemented in Beijing and the
regional joint control over the surroundings (especially in
Hebei) were responsible for the good air quality and so-called
“APEC Blue,” which suggests that these measures were very
effective (Li et al., 2015a; Wang et al., 2015a). However, these
stringent emission control measures were present only for a
temporary period and a permanent solution remains a tremen-
dous challenge. In order to control air pollution over a sustained
period, it is necessary to carry out an in-depth study of the
seasonal variations in regional transport and potential source
areas in Beijing.

Observation and modeling studies on regional transport
and potential source areas have been introduced in previous
studies in Beijing (Han et al., 2015; Li et al., 2015b; Li et al.,
2015c; Wang et al., 2004, Wang et al., 2013; Wehner et al., 2002;
Xia et al., 2007; Xu et al., 2008; Zhao et al., 2007; Zhu et al.,
2011). However, little research has been conducted in Beijing
with high temporal resolution PM2.5 and PM10 data. Previous
studies have only focused on PM10 or PM2.5 with low temporal
resolution data (6 or 24 h resolution) (Wang et al., 2015b; Zhu
et al., 2011). High temporal resolution data have been shown
to contribute to improved resolutions of the source areas in
potential source contribution function (PSCF) calculations
(Jeong et al., 2011). In addition, some studies only focused on
identifying the movements of air masses in the horizontal
direction (Han et al., 2015; Wang et al., 2015b; Zhu et al., 2011).
To obtain comprehensive scientific analyses of the character-
istics of the backward trajectory of air masses arriving in
Beijing, it is essential to further study the distributions of the
backward trajectory in the vertical direction.

Particulate matter is a complex media: it is composed of
both primary materials emitted in the atmosphere and
secondary aerosols formed in the atmosphere from various
chemical processes (Wang et al., 2016). It is difficult to get the
potential source regions of each particulate matter species.
PM2.5 and PM10 as the species of air pollution, however, the
potential source regions of PM2.5 and PM10 were identified by
Trajectory Clustering, PSCF method and CWTmethod, similar
previous studies (Wang et al., 2015b, Wang et al., 2006; Wang
et al., 2004; Xin et al., 2016; Zhu et al., 2011). This study aims to
improve understanding of the detailed transport pathways
and potential sources of PM2.5 and PM10 in Beijing. We
identified the major air mass transport pathways in the
horizontal and vertical directions using cluster analyses and
the press profile of backward trajectories. And we identified
the main source areas of PM2.5 and PM10 in Beijing from June
2014 to May 2015, combining hourly PM2.5 and PM10 concen-
trations using the PSCF method and the CWT method.
1. Experimental methods

1.1. Study location and monitoring data

The area of interest in this study is located in Beijing on the
northern part of the North China Plain (Fig. 1a). The west of
Beijing is Taihang Mountains and the north and northeast is
the Yanshan Mountains. Beijing is the capital of China with a
population about 21.705 million in 2015, which covers an area
of 16,410.54 km2.

The hourly PM2.5 and PM10 mass concentrations for Beijing
during the time period from June 1, 2014 to May 31, 2015 were
obtained from the Ministry of Environmental Protection of the
People's Republic of China (available at http://datacenter.mep.
gov.cn/). Hourly PM2.5 and PM10 concentrations were calculated
by averaging concentrations from thirteen sites in Beijing
(Fig. 1b). The thirteen sites included nine urban sites located in
the city center (Dongsi, Guanyuan, Tiantan, Wanshouxigong,
Aotizhongxin, Nongzhanguan, Gucheng, United States Embassy,
Haidianwanliu), two suburban sites located in the Northwest
(Dingling and Changping) and two suburban sites located in the
Northeast (Huairou and Shunyi New Town).

1.2. Trajectory data

In this study, 72-hour back-trajectories arriving at the center of
Beijing (116°25′29″E, 39°54′20″ N, 100 m above mean sea level)
were calculated everyhour (00:00–23:00 local time) usingNational
Centers for Environmental Prediction (NCEP) reanalysis data and
the Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) model version 4.9 developed by the National Oceanic
and Atmospheric Administration, Air Resources Laboratory
(NOAA ARL). Daily meteorological data were obtained from the
global data assimilation system (GDAS) provided by NCEP, which



Fig. 1 – (a) Topography and location map of Beijing; (b) the distribution of the thirteen sites.
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can be downloaded from the HYSPLIT website (available at
ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas1/).

1.3. Trajectory clustering

Cluster analyses, a multivariate statistical analyses tech-
nique, was used as an exploratory tool to divide the trajectory
data into distinct transport groups or clusters. The trajectory
cluster analysis was carried out on the basis of the GIS-
based software TrajStat (Wang et al., 2009). TrajStat software
has two clustering methods: Angle distance and Euclidean
distance. Euclidean distance is often used to define the
latitude and longitude positions as variables of the distance
between two trajectories. Its main disadvantage is that if two
back-trajectories have the same motion path but different
speeds, they would be divided into two different categories.
In the present study, we chose to use the Angle distance, not
the Euclidean distance, mainly because our intention was
to use the trajectories to determine the direction from which
the air masses that reached the site had originated. Details
of the Angle distance method are presented in Sirois and
Bottenheim (1995).

1.4. PSCF method

The PSCF model has been widely applied to identify the
possible source areas of the observed high concentrations of
pollutants at the receptor site, and is a method for identifying
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regional sources based on the HYSPLIT model. The ijth
component of a PSCF field is defined as

PSCFij ¼
xij
yij

ð1Þ

where yij is the total number of trajectory endpoints that fall in
the ijth grid cell and xij is the total number of trajectory
endpoints for which the measured pollutant concentration
exceeds a threshold value selected for this pollutant in the same
grid cell (Ashbaughet al., 1985). The pollution levels of PM2.5 and
PM10 were not the same in different seasons, so these values for
PM2.5 and PM10 were defined as the averages for different
seasons during the study period, as generally used by other
receptor simulation studies (Hsu et al., 2003; Wang et al., 2006).
This means that the threshold value is the limit to local
emissions and regional transmission. When the PM2.5 concen-
tration was lower than the threshold value, the PM2.5 was
contributed by the local sources. The PSCF grid covers a domain
between 65 and 135°N latitude and 25–70°E longitude at
0.5 × 0.5° resolution. To remove the uncertainty in cells with
small values of yij, the PSCF values were multiplied by an
arbitrary weight functionWij to better reflect the uncertainty in
the values for these cells (Karaca et al., 2009; Polissar et al., 2001;
Wang et al., 2015b; Zhu et al., 2011). The weighting function
reduced the PSCF values when the total number of the
endpoints in a particular cell was less than about three times
the average value of the end points for each cell.
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Fig. 2 – Daily means PM2.5 and PM10 concentrations
1.5. CWT method

A limitation of the PSCF method is that grid cells can have the
same PSCF value when sample concentrations are either only
slightly higher or much higher than the criterion. As a result, it
can be difficult to distinguish moderate sources from strong
ones (Wang et al., 2006; Xin et al., 2016). In the CWT method,
each grid cell is assigned aweighted concentration by averaging
the sample concentrations that have associated trajectories
that cross the grid cell, using the following equation:

Cij ¼
k

XM

k¼1

τijk

XM

k¼1
Ckτijk ð3Þ

where Cij is the average weighted concentration in the ijth cell, l
is the index of the trajectory, M is the total number of
trajectories, Cl is the concentration observed on arrival of
trajectory l, and τijl is the time spent in the ijth cell by trajectory
l (Stohl, 1996; Stohl and Krompkolb, 1994; Xin et al., 2016). Like
the PSCF method, CWT method also employs the arbitrary
weight function to eliminate grid cells with few endpoints.
2. Results and discussion

2.1. Overview of PM2.5 and PM10 concentrations

Daily mean of PM2.5 and PM10 concentrations from June 1,
2014 to May 31, 2015 is displayed in Fig. 2, and the seasonal
mean values of PM2.5, PM10 and the ratios of PM2.5/PM10 are
shown in Table 1. The annual average concentration of PM2.5

and PM10 were 78.11 ± 61.08 and 114.52 ± 72.06 μg/m3, respec-
tively. These concentrations far exceed the limit of the Class II
2/01 15/01/01 15/02/01 15/03/01 15/04/01 15/05/01 15/06/01

 (yy/mm/dd)

in Beijing, China, from June 2014 to May 2015.



Table 1 – Average PM2.5 and PM10 concentrations and the
ratios of PM2.5/PM10 in the four seasons.

PM2.5(μg/m3) PM10(μg/m3) PM2.5/PM10

Summer 69.03 ± 46.84 96.58 ± 44.78 0.66 ± 0.19
Autumn 90.56 ± 75.39 124.64 ± 83.53 0.68 ± 0.21
Winter 82.17 ± 67.84 114.87 ± 82.36 0.67 ± 0.20
Spring 70.91 ± 48.00 122.14 ± 68.89 0.58 ± 0.20

Fig. 3 – Spatial distributions of PSCF values of PM2.5 and PM10 fro
combining backward trajectories calculated hourly and hourly sa
obtained via combining backward trajectories calculated every 6
and (f) PM10 obtained via combining backward trajectories calcul
species. PSCF: potential source contribution function.
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standard of the Chinese Ambient Air Quality Standards
(CAAQS, revised GB 3095-2012 of Chinese National Air Quality
Standards) for PM2.5 (limiting value of 35 μg/m3) and for PM10

(limiting value of 70 μg/m3). The ratio of PM2.5/PM10, derived
from annual arithmetic means, was 0.64 ± 0.20. This result is
similar to the ratio observed by previous studies (Han et al.,
2010; Simonich, 2009; Wei et al., 1999; Zhang et al., 2008),
indicating that PM2.5 took a relative high portion of PM10, and
PM2.5 is the major pollutant. The higher concentrations of
m June 2014 to May 2015. (a) PM2.5 and (b) PM10 obtained via
mpled data sets of each species; (c) PM2.5 and (d) PM10

hr and 6 hourly averaged data sets of each species; (e) PM2.5

ated every 24 j and 24 hourly averaged data sets of each
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PM2.5 were mainly observed in the autumn (September,
October, and November) and winter (December, January, and
February); whereas, the lower concentrations were generally
found in the summer (June, July, and August) and spring
(March, April, and May). The higher concentrations of PM10

were mainly observed in the autumn, winter and spring and
the lower concentrations were generally found in the sum-
mer. Seasonal variation of PM2.5 and PM10 in this urban site is
consistent with previous studies (Chen et al., 2015c; Sun et al.,
2015; Wang et al., 2015b; Zhang et al., 2013; Zhao et al., 2009).
Higher ratios of PM2.5/PM10 were mainly observed in the
summer, autumn and winter, with values greater than 0.66;
whereas, the lower ratios were generally found in spring, with
a value of 0.58. This indicates that the coarse particles
associated with the Asian dust storms were the major
pollutants in spring (Jeong et al., 2011; Wang et al., 2011;
Wang et al., 2004).

2.2. Sensitivity tests of time resolution of measurement
samples for PSCF results

Fig. 3 shows the differences between PSCF results obtained
from sampled data sets with three different time resolutions
from June 2014 to May 2015. The data sets for low time
resolution were obtained from averaging the hourly sampled
data over every 6 hr and 24 hr. Fig. 3a,c,e shows the PSCF
results obtained by combining backward trajectories and
measurement of PM2.5 in 1 hr, 6 hr and 24 hr resolution,
respectively, and Fig. 3b,d,f shows the PSCF results with
Summer

Winter

Fig. 4 – Cluster-mean back-trajectories in
backward trajectory calculation and the measurements of
PM10 in 1 hr, 6 hr and 24 hr resolution, respectively. Three
different data sets revealed the different distributions of
the source areas. With the improvement of time resolution,
more source areas were found. This associated with more
number of endpoints calculated using the HYSPLITmodel and
measurement data with highly temporal resolution (Jeong
et al., 2011). Thus, highly time resolved data are found to
contribute to better resolutions of the source areas in PSCF
calculations. PSCF results obtained from using these highly
time resolved input data have been also employed by the
introduced algorithm to quantify the contributions of long-
range transported aerosols to PM concentrations.

2.3. Cluster analyses

Six main trajectory clusters were divided according to the
coherence of the characteristics of spatial distribution of each
trajectory using HYSPLIT model (Fig. 4). The six clusters and
their corresponding PM2.5 and PM10 concentrations are de-
scribed in Figs. 5 and 6. Table 2 shows the number of
trajectories assigned to each cluster, the mean PM2.5 and
PM10 concentrations and the ratios of PM2.5/PM10 for each
cluster.

In summer, ratios of PM2.5/PM10 for Clusters 1, 3 and 6
were 0.81, 0.71 and 0.78, respectively. However, the ratios of
PM2.5/PM10 for the Clusters 2, 4, and 5 were considerably lower
at 0.45, 0.44, and 0.55, respectively. The air masses of Clusters
1, 3, and 6 were considered to be the major pollutant
Autumn

Spring

Beijing from June 2014 to May 2015.
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trajectories because these clusters were associated with PM2.5

and PM10 concentrations higher than the average concentra-
tion of summer (Table 1). Mean PM2.5 loadings associated with
Clusters 1, 3 and 6 were the highest of all clusters at 88.97,
84.68 and 90.65 μg/m3, respectively. Mean PM10 loadings
associated with Clusters 1, 3 and 6, were 108.62, 119.32 and
115.59 μg/m3, respectively (Table 1). High numbers of polluted
trajectories were assigned to Clusters 1, 3 and 6. In contrast,
Clusters 2, 4 and 5 were considered less important as
pathways for pollutants. The air masses associated with
Clusters 1, 3 and 6 accounted for about 64.48% of all
trajectories and started from south and southeast and went
through northern Shandong, southern central of Hebei and
Tianjin which were the developed industrial areas. The air
masses associated with Clusters 2, 4 and 5 started from north
and northwest and passed through the center of Mongolia and
Inner Mongolia, and northern Hebei. Therefore, Beijing always
has the highest ratios of PM2.5/PM10 when the air mass came
from south and southeast, and passed through areas associ-
ated with anthropogenic aerosol emissions and has the
lowest ratios of PM2.5/PM10 when the air mass came from the
north and northwest.

In autumn, ratios of PM2.5/PM10 for Clusters 1, 3, 5 and 6were
0.79, 0.81, 0.65, and 0.79, respectively. The ratios of PM2.5/PM10

for Clusters 2 and 4 were 0.56 (Table 2). The air masses of
Clusters 1, 3, 5 and 6 were regarded as the major polluted
trajectories contributing to PM2.5 and PM10 in Beijing. This is
because air masses of Clusters 1, 3, 5 and 6 are associated with
concentrations of PM2.5 and PM10 that were higher than the
average concentration in autumn (Table 1). Of these four
major pathways, Clusters 3 and 6 are the most important air
masses because they have the highest mean PM2.5 (169.78 and
165.17 μg/m3) and PM10 (208.47 and 209.05 μg/m3) concentra-
tions and a large number of polluted trajectories (Table 2). The
air masses associated with Clusters 3 and 6 started from the
south and southeast and passed through northwest Shandong
and southeast Hebei and onwards to Beijing. The air masses
associated with Clusters 2 and 5 started from the north and
northwest and passed through areas associated with natural
aerosol emissions.

In winter, the ratios of PM2.5/PM10 for Clusters 2, 3, 5 and
6 were 0.84, 0.82, 0.73, and 0.80, respectively. The ratios of
PM2.5/PM10 for Clusters 1 and 4 were 0.62 and 0.47, respectively.
The airmasses associatedwith Clusters 2, 3, 5 and 6, accounting
for about 39% of all trajectories, may be considered themain air
masses which have a significant influence on PM2.5 and PM10

concentrations. Because these air masses have the highest
mean PM2.5 and PM10 concentrations. Cluster 2 came from the
northwest and passed through northeast Shanxi and southern
Hebei. Cluster 3 started fromXinjiang and passed through Inner
Mongolia, northeast Shanxi, and northwest Hebei. Clusters 1, 4,
and 5 started from Russia and passed through Mongolia,
Inner Mongolia, and north Hebei. Cluster 5 was different from
Clusters 1 and 4, because it passed through Beijing to northern
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Tianjin and then turned back to Beijing. Cluster 6 started from
northeast Hebei and passed through northwest Shandong and
southern Hebei.

In spring, the ratios of PM2.5/PM10 were lower than other
seasons, at 0.38 to 0.7. The ratios of PM2.5/PM10 of Clusters 2, 4
and 5 were 0.6, 0.6, and 0.7, respectively. Their masses
associated with Clusters 2, 4 and 5, accounted for about 62.8%
of all trajectories and may be considered important pathways
with high PM2.5 and PM10 concentrations. Cluster 2 came from
southern Inner Mongolia and passed through Shanxi, northern
Henan, and southern Hebei. Cluster 4 which was similar to the
transport pathways of sand storms discussed by Wang et al.
(2004), came from northern Xinjiang and passed through desert
and semi-desert regions in southwestern Mongolia, and then
through the middle of Inner Mongolia and onwards to Beijing.
Cluster 5 started from north Jiangsu and passed through
Shandong and southern Hebei. The air masses associated with
Cluster 6, accounting for about 4.8% of all trajectories, repre-
sented pathway polluted by PM10 but not PM2.5. The air masses
associatedwith Cluster 6 that started fromnorthwestMongolia,
went through the central of Mongolia and Inner Mongolia,
northern Hebei, and Tianjin before reaching Beijing. Therefore,
the air masses associated with Cluster 6 were the transport
pathways of sand storms, which were consistent with previous
studies (Zhang et al., 2012; Zhang et al., 2010).

Generally speaking, polluted trajectories always had high
ratios of PM2.5/PM10 (≥0.65) in summer, autumn and winter,
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Fig. 6 – Box plots of PM10 associated with the six trajectory cluste
values, together with the maximum, the minimum, and the 95th
which indicated that the regional transport had an important
impact on PM2.5 in Beijing. In spring, Beijing was affected
by Asian dust, so polluted trajectories had the low ratios of
PM2.5/PM10. The number of PM2.5 and PM10 polluted trajecto-
ries were 36.98%, 34.16%, 38.65% and 41.73% of total trajecto-
ries in summer, autumn, winter and spring, respectively.
This is similar to the conclusions of Lv et al. (2015). Beijing
is easily affected by trajectories from the south and southeast
in summer and autumn; however, in winter and spring.
Beijing is not only affected by the trajectories from the south
and southeast, but also by trajectories from the north and
northwest.

2.4. Pressure profiles of backward trajectories

To obtain comprehensive scientific analyses of the character-
istics of backward trajectories arriving in Beijing, it is essential
to further study the distributions of backward trajectories in the
vertical direction.As shown in Fig. 7, pressureprofiles backward
trajectory analyses found clear differences in the distributions
of backward trajectories arriving in Beijing in the vertical
direction. The mean and standard deviation of barometric
altitude for every cluster in every season is shown in Table 3.

Therewas a significant difference in the path of airmasses in
the vertical direction in summer. At 975 hPa barometric altitude
(344 m), air masses associated with Clusters 2 (857.20 hPa),
4 (781.63 hPa) and 5 (936.10 hPa), with corresponding heights of
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Table 2 – Trajectory numbers and PM2.5, PM10 mean concentrations and the PM2.5/PM10 ratios for each cluster.

Clusters NALa PALb(%) PM2.5(μg/m3) PM10(μg/m3) NPL1c NPL2d PM2.5/PM10

Summer 1 706 32.19 88.97 108.62 349 302 0.81
2 396 18.06 21.88 47.80 3 15 0.45
3 162 7.39 84.68 119.32 84 98 0.71
4 258 11.76 28.27 63.95 11 55 0.44
5 103 4.70 48.51 87.78 23 37 0.55
6 568 25.9 90.65 115.58 304 304 0.78

Autumn 1 366 16.76 94.19 119.19 147 141 0.79
2 788 36.08 41.64 74.20 84 122 0.56
3 291 13.32 169.78 208.47 219 193 0.81
4 279 12.77 46.56 83.02 29 45 0.56
5 125 5.72 91.59 140.4 36 44 0.65
6 335 15.34 165.17 209.05 189 201 0.79

Winter 1 775 36.18 58.65 93.38 188 218 0.62
2 157 7.33 157.56 187.26 130 115 0.84
3 424 19.79 140.83 171.19 290 255 0.82
4 505 23.58 21.89 46.15 17 23 0.47
5 163 7.61 103.07 140.03 86 88 0.73
6 118 5.51 178.64 221.48 117 103 0.80

Spring 1 522 24.45 32.33 83.4 40 88 0.38
2 260 12.18 100.40 164.64 180 170 0.60
3 145 6.79 32.07 57.31 10 3 0.55
4 801 37.52 85.66 140.81 350 372 0.60
5 305 14.29 113.17 159.88 243 224 0.70
6 102 4.78 51.48 126.01 21 34 0.40

a NAL is the number of all trajectories.
b PAL is the percentage of all trajectories (%).
c NPL1 is the number of trajectories associated with concentration higher than the average concentration of every season for PM2.5. The average
concentrations of every season for PM2.5 are presented in Table 1.
d NPL2 is the number of trajectories associated with concentration higher than the average concentration of every season for PM10. The average
concentrations of every season for PM10 are presented in Table 1.
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Fig. 7 – The pressure profile of backward trajectories from June 1, 2014 to May 31, 2015 in Beijing.
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Table 3 – The mean and standard deviation of barometric altitude for every cluster in different season (hPa).

Summer Autumn Winter Spring

Cluster 1 978.40 ± 114.55 987.30 ± 117.49 749.29 ± 99.37 690.43 ± 97.09
Cluster 2 857.20 ± 108.64 762.18 ± 112.09 864.37 ± 156.17 806.71 ± 134.41
Cluster 3 975.69 ± 113.9 998.32 ± 116.62 722.31 ± 101.60 824.58 ± 101.72
Cluster 4 781.63 ± 111.54 846.97 ± 143.54 728.55 ± 98.96 685.93 ± 102.94
Cluster 5 936.10 ± 120.38 892.54 ± 149.16 799.40 ± 142.93 946.29 ± 112.17
Cluster 6 979.81 ± 114.34 985.46 ± 115.51 991.81 ± 116.77 722.64 ± 146.55
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about 1404, 2084 and 694 m, respectively, came from the north
and had long pathways and through clean areas (Fig. 4). This
therefore reduced the pollution in Beijing. At 975 hPa heights, air
masses associated with Clusters 1 (978.40 hPa), 3 (975.69 hPa)
and 6 (979.81 hPa) were the most important back-trajectories in
terms of their influence on Beijing City. Those clusters mainly
came from south, had short transport pathways, and passed
through the industrially developed areas in Shandong and
Hebei. These air masses carried pollutants to Beijing, which
increased the pollution in Beijing itself as showed in the above
analyses. In autumn, Clusters 1, 3 and 6 may be regarded as the
major polluted trajectories contributing to PM2.5 and PM10 in
Beijing below 985 hPa (about 254 m). These clusters came from
Fig. 8 – WPSCF maps for Beijing PM2.5 in summer, autumn, wint
Weighted Potential Source Contribution Function.777
the south and passed through industrially developed areas in
Hebei and Tianjin, thus transporting anthropogenic contami-
nants to Beijing. In winter, the air masses associated with
Clusters 2 and 5 came from the northwest. Blocked by high
mountains, those two air masses traveled in an arc through
industrially developed areas in Hebei and carried anthropogenic
contaminants to Beijing. Cluster 3, above 750 hPa heights (about
2400 m), was considered as important pathway because this
clusterwasmainly fromXinjiang andpassed throughdesert and
semi-desert regions in the middle of Inner Mongolia and
onwards to Beijing carrying natural dust. Cluster 6 (991.81 hPa;
about 192 m), included the airmasses polluted by anthropogenic
contaminants that originated from the south and passed
er and spring from June 1, 2014 to May 31, 2015. WPSCF:
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through industrially developed areas in Hebei. In spring, the air
masses associated with Cluster 4 were considered the most
important back-trajectory above 750 hPa (2400 m) barometric
altitude. This cluster was mainly from Kazakhstan and passed
through desert and semi-desert regions in southwestern Mon-
golia, and then through the middle of Inner Mongolia and
onwards to Beijing, similar to the “Northerly Mongolia Path”
identified byWang et al. (2004). Clusters 2 and 5 (height of about
600–1800 m) may be considered the air masses polluted by
anthropogenic contaminants that came from the south and
southwest, and passed through industrially developed areas in
Shanxi, Shandong and Hebei.

Overall, in summer and autumn, Beijing was mainly
influenced by airflows that were distributed above 970 hPa
barometric altitude. This indicated that the near surface air
masses had important influence on PM2.5 and PM10 concen-
trations. Such airflows had short transport pathways passing
through the areas associated with anthropogenic pollutants,
such as Shandong, Hebei, and Tianjin. In winter and spring,
Beijing was mainly influenced by airflows at 950 hPa baro-
metric altitude. These airflows had long transport pathways
passing through the desert and semi-desert regions. This
indicates that high altitude air masses had an important
influence on PM2.5 and PM10 concentrations in winter and
spring.
Fig. 9 – WPSCF maps for Beijing PM10 in summer, autumn
2.5. PSCF and CWT analyses

Cluster analyses provide a useful tool for studying transport
pathways of pollutants and identifying the potential transport
source areas to Beijing (Xin et al., 2016). However, it has some
parameters which are regarded as subjective, such as the
selections of the clustering algorithm, number of clusters and
the distance definition (Wang et al., 2009). Furthermore, it
cannot simulate the values of PM2.5 and PM10 levels caused by
potential source areas. To obtain a better understanding of
long-range transport that may have an important influence
on PM2.5 and PM10 levels in Beijing and to find potential source
areas, further study was needed to analyze the potential
sources with PSCF and CWT methods.

The WPSCF (Weighted Potential Source Contribution
Function) results describe the spatial distributions of PM2.5

potential sources obtained by combining backward trajecto-
ries and measurements of PM2.5 and are shown in Fig. 8.
The colors represent the contribution levels of potential
source area and the red color could be associated with high
concentrations while the blue color represents low PM2.5

concentrations. The WPSCF map distributions for different
seasons were significantly different because of the differences
in the air flows in different seasons. It could be seen that high
WPSCF values were found in the Shandong Peninsula, the
, winter and spring from June 1, 2014 to May 31, 2015.
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south region of Hebei, north Henan and northeast Shanxi in
Fig. 8a,b. Therefore those places could be considered as the
main potential source area in summer and autumn. In winter
and spring, high WPSCF values were found in southern of
Hebei, eastern of Henan, northern of Shanxi, Shandong,
northern of Jiangsu and Anhui, and the farther Mongolia,
Xinjiang, Inner Mongolia and Shaanxi area.

Fig. 10 shows the PSCF maps of the potential sources of
PM2.5 in Beijing during 2005–2010 which were analyzed by
Wang et al. (2015b) with 6 hour resolution data. By comparing
Figs. 8 and 10, it could be found that more potential source
areas could be found with the high resolution data, such as
Mongolia, Xinjiang in winter and spring. So highly time
resolved data are found to contribute to better resolutions of
the source areas in PSCF calculations.

Fig. 9 shows the map of Beijing PM10 in different seasons
using the PSCF method. The largest potential source areas of
PM10 were found in spring, followed by winter and autumn,
then summer. Comparing the two maps of PM10 and PM2.5, it
could be found that the potential source regions of PM10 were
Fig. 10 – The PSCF maps of the potential sources of PM2.5 in Beiji
2015b)). PSCF: potential source contribution function.
similar to PM2.5. However, the southwest of Liaoning and the
Bohai Sea also were the potential source areas of PM10 in
autumn.

The results of PM2.5 concentrations identified by the CWT
method (Fig. 11) were very similar to the results found using
the PSCF method. The regions with red color corresponded to
the main contributing sources associated with the highest
PM2.5 values. In summer, the highest WCWT (Weighted
Concentration-Weighted Trajectory) values covering the map
were distributed in Shandong Peninsula, the south region of
Hebei, the border of Henan, Anhui and Jiangsu. These areas
were the main contributing sources to the highest PM2.5

values (far exceeding 100 μg/m3). In autumn, the highest
WCWT values covering the map were distributed in the west
of Shandong, the south region of Hebei, and the border of
Henan, Anhui and Jiangsu. Those areas were the main
contribution sources associated with the highest PM2.5 con-
centrations of 130 μg/m3. In winter, the high WCWT values
were mainly located in the northwest of Shandong, the
south of Hebei, the northeast of Shanxi and the middle
ng during 2005–2010 with 6 hr resolution data ((Wang et al.,



Fig. 11 – WCWT maps for Beijing PM2.5 in summer, autumn, winter and spring from June 1, 2014 to May 31, 2015. WCWT:
Weighted Potential Source Contribution Function.
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of Inner Mongolia with the high WCWT values were about
100–180 μg/m3. In spring, the highest WCWT values in the
map were distributed in Jiangsu, northern Anhui, Shandong
province, northeast Henan, eastern Shanxi, southern Hebei,
Inner Mongolia and south Mongolia with the highest WCWT
values at about 80–180 μg/m3.

Fig. 12 shows the distributions of weighted trajectory
concentration of PM10. Comparing Figs. 11 and 10, we found
that the WCWT map of PM10 was very similar to the WCWT
map of PM2.5. The potential source areas associated with
the high WCWT values for PM10 were about 70–100, 120–200,
120–180 and 120–180 μg/m3 in summer, autumn, winter and
spring, respectively.
3. Conclusions

In this study, cluster analyses was applied to identify the
main trajectory groups in the horizontal direction and the
origins and distributions of major trajectory groups in the
vertical direction with high resolution data from June 2014 to
May 2015 in Beijing, China. The PSCF CWT models were
applied to identify the major potential source areas. The
statistical results of PM2.5 and PM10 suggested that the annual
average concentrations of PM2.5 and PM10 were 78.11 ±
61.09 μg/m3 and 114.53 ± 72.07 μg/m3, respectively. The ratios
of PM2.5/PM10 were 0.66 ± 0.19, 0.68 ± 0.21, 0.67 ± 0.2 and
0.58 ± 0.2 in summer, autumn, winter and spring, respective-
ly. These indicated that PM2.5 is the dominant pollutant. Six
major trajectory pathways were identified using trajectory
cluster analyses. The number of trajectories polluted by PM2.5

and PM10 were 36.98%, 34.16%, 38.65% and 41.73% in summer,
autumn, winter and spring, respectively.

The polluted trajectories always had high ratios of PM2.5/
PM10 (≥0.65) in summer, autumn and winter, which indicated
that the regional transport had an important impact on PM2.5

in Beijing. Beijing was affected by trajectories from the south
and southeast in summer and autumn. However, in winter
and spring, Beijing was not only affected by the trajectories
from south and southeast, but also by trajectories from the
north and northwest. In addition, the results of the pressure
profile of the backward trajectories showed that the backward
trajectories with the most important influence were mainly
distributed above 970 hPa in summer and autumn and below
950 hPa in spring and winter. This indicates that the near
surface air mass had important influences on PM2.5 and PM10

in summer and autumn and high altitude air masses had
important influences on PM2.5 and PM10 in winter and spring.



Fig. 12 – WCWT maps for Beijing PM10 in summer, autumn, winter and spring from June 1, 2014 to May 31, 2015. WCWT:
Weighted Potential Source Contribution Function.
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ThePSCFandCWTmethodswere applied to identify the PM2.5

and PM10 levels and potential source areas. The results showed
that the largest potential sources occurred in spring, followed by
winter and autumn, then summer. And the potential source
regions of PM10 were similar to those of PM2.5. However, the
center of InnerMongolia had a higherWPSCF value for PM10 than
for PM2.5 in spring. This was related to the dust storms in spring.
In summer and autumn, the potential source areas were located
in the Shandong Peninsula, south of Hebei, northeast of Shanxi,
northeast Hebei and the north Henan, and contributed to high
PM loadings in Beijing. These areas contributed PM2.5 concentra-
tions from 90 to 180 μg/m3 and PM10 concentrations from 90 to
200 μg/m3. In winter and spring, the potential source areas with
the high WPSCF values were distributed in Jiangsu, northern
Anhui, Shandong, northeast Henan, eastern Shanxi, southern
Hebei, Inner Mongolia, south Mongolia and northeast Xinjiang.
These potential source areas contributed PM2.5 concentrations
from 100 to 180 μg/m3 and PM10 concentrations from 120 to
180 μg/m3. Therewere clear seasonal and spatial variations of the
potential source areas and the airflow in both the horizontal and
vertical directions in Beijing. Therefore, more effective regional
emission reduction measures in Beijing's surrounding provinces
should be designed to reduce the particulate emissions from
regional sources in different seasons.
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