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ABSTRACT

Particulate matter with an aerodynamic diameter of 2.5 micrometers or less (PM,5) is a primary pollutant in most cities
in China. PM;s poses a significant human health risk, especially in the most densely populated urban areas. We used
observations of PM, s and backward air mass trajectories modeled by HYSPLIT-4. We characterize how air movement
patterns influence pollution levels in four large cities of China. Then we developed a method to evaluate regional and local
sources and contributions of PM, 5. For Beijing and Shanghai, PM, s concentrations are sensitive to air moving direction,
indicating significant influence of air movement on PM, 5 pollution. In Beijing, PM, 5 concentrations were higher when the
air masses were from the south and the east. In Shanghai, pollution was greater with northerly air mass flows. Regional
contributions of PM,s in Beijing during 2013 were 46, 62, 52, and 39% in spring, summer, autumn and winter,
respectively. In Shanghai, regional contributions over four seasons were 36, 39, 45, and 35%. In Guangzhou and Chengdu,
PM, 5 concentrations were more sensitive to speed rather than direction of air mass movements, indicating weaker
pollution pathways. In Guangzhou, regional contributions were smaller over the four seasons: 15, 28, 16, and 22% while in
Chengdu, they are 21, 52, 28, and 14%. These results are comparable to previous results obtained using complex

atmospheric chemical transport models.
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INTRODUCTION

Particulate matter with an aerodynamic diameter of 2.5 um
(PM, ) is the primary pollutant in most cities in China. These
particles can readily penetrate into human lungs and bronchi
(Nel, 2005; Pope III et al., 2011). Epidemiological studies
show that long-term exposure to PM,s increases morbidity
and mortality (Pope III et al, 2011). Due to its complex
composition and sources, PM, s can have a variety of adverse
effects on climate, weather, and human health (Eatough ef al.,
2006; Zhao et al., 2011; Tao et al., 2014).

Rapid economic development and urbanization has led
to large city areas with high human population densities.
Beijing-Tianjin-Hebei (BTH), Yangtze River Delta (YRD),
and Pearl River Delta (PRD) are three major city clusters in
China. In 2010 their populations were 104, 35, and 64 million
and the total accounted for 15% of the China population in
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only 4.7% of the area. These regions are economically well-
developed and BTH, YRD, and PRD contributed GDPs of
11%, 17%, and 13% respectively to the Chinese economy in
2013. Dense populations and thriving economies have
massive power requirements and consume large amounts of
goods and services. Social and economic activities consume
significant quantities of fossil fuels. Therefore, air in large
cities is always polluted by emissions from coal and oil
combustion. Huang et al. (2011a) estimated that, in 2007,
anthropogenic emissions of pollutants such as NO,, CO, SO,,
PM,y, and PM, 5 were 2.29, 6.70, 2.39, 3.12, and 1.51 Tg
respectively in the YRD. Air pollution is severe in these
regions (Wang et al., 2012; Zhao et al., 2013; Chen et al.,
2014) and it can cause severe adverse effects on human health
to quite dense populations in large cities.

Transport pathway analysis of particulate matter is often
done using backward trajectory clustering and analysis
(Broge et al., 2007; Ji et al., 2012). Trajectory analysis is
also commonly used to analyze pollution episodes (Ji et al.,
2012; Ji et al., 2014) and to trace their potential sources
using a potential source concentration function (PSCF;
Pongkiatkul and Kim, 2007; Zhang et al., 2013a). In China,
pathway analysis using long-term particulate matter data has



Lv et al., Aerosol and Air Quality Research, 15: 1836-1843, 2015

been carried out in Beijing (Wang et al., 2004; Zhu et al.,
2011) and Shanghai (Li et al., 2012). However, these
analyses used PM,, rather than PM, 5 data. Given the large
difference in their size, potential sources of PM, s also require
consideration. In addition, particulate matter transport analysis
typically focuses on analyzing the difference of PM;;
pollution levels among different trajectory clusters (Zhu et al.,
2011; Wang et al., 2015) while intensive, exploratory and
quantitative studies are generally lacking.

Quantitative assessment of trans-boundary transport of
PM, 5 is important for implementing targeted emission control
measures. To achieve this, atmospheric chemistry transport
models provide important tools for calculating local pollutant
contributions by turning off emissions in neighboring regions
(Chen et al., 2007; Cheng et al., 2007; Streets et al., 2007,
Wang et al., 2008; Cheng et al., 2013; Lang et al., 2013).
This method is effective only in the context of accurate
emission inventories, reliable weather simulations, and
comprehensive description of chemical reactions. However,
there are still many uncertainties in these aspects. Hourly
PM, 5 concentrations are routinely monitored in nation-
wide monitoring stations. But these data are typically
underexploited and only used to describe and understand
real-time pollution levels. Normally these data are not used
for source analysis of ambient particulate matter. Based on
transport pathway identification and analysis, we developed a
novel method for using these data to conduct source analysis
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in large cities.

In this study, we investigated sensitivities of PM,s
pollution levels to air pathways. Based on a newly proposed
method, we quantified the trans-boundary contributions to
PM, ;5 in four large Chinese cities.

DATA AND METHODS

Data Source

Hourly concentrations of PM, 5 in Beijing (BJ), Shanghai
(SH), Guangzhou (GZ) and Chengdu (CD) (black stars in
Fig. 1) were recorded by the US Embassy (consulates) in
2013. The January data in BJ and CD are missing. The PM, s
monitors are included in the AirNow-International (AirNow-
I) system (www.airnow.gov/index.cfm?action= ani.main),
which is same to the U.S. Environmental Protection Agency’s
(EPA) real-time air quality data management and display
system known as AirNow. AirNow-I includes a suite of
software for data processing, quality control methods.
Furthermore, the data set shows good agreement with data
from the China National Environmental Monitoring Center
that uses the TEOM method with guaranteed data calibration
and quality control. The US Embassy data has been used in
published studies (Zhang et al. (2013b), Wang et al.
(2013a)). Unlike previous studies, we used hourly PM, s
observations rather than the daily mean. In Chinese cities,
diurnal variations are often significant (Ji ef al., 2014), so
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Fig. 1. Locations of four megacities (black stars) and the land covers in the surrounding area.
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hourly PM, s concentrations are more representative and
informative.

Backward Trajectory Modeling and Analysis

Air parcel trajectories are paths of infinitesimally small
particles of air mass (Wang et al., 2010). Air parcels can
carry particulate and gaseous pollutants to remote regions
via weather systems. Air mass trajectories are a convenient
and effective method for evaluating pollutant transportation
pathways. In this study, a 24-hour air mass backward
trajectory analysis was calculated using the National Oceanic
and Atmospheric Administration (NOAA) Hybrid Single
Particle Lagrangian Integrated Trajectory (HY SPLIT-4) model
(http://www.arl.noaa.gov/ready/open/hysplit4.html). This
model is used to calculate dispersion and air mass trajectories
(Wang et al., 2004; Zhang et al., 2013a). The archived
meteorological data was obtained from the NCEP’s Global
Data Assimilation System (GDAS). Trajectory clustering
was used to group similar trajectories in three dimensions
and to find those which behaved similarly (Lee et al., 2007).
Trajectory calculating, clustering, and statistics were
conducted using TrajStat software. TrajStat software uses the
K-means method to cluster trajectories (Wang et al., 2009).
The goal of clustering is to generate results that are distinctive
and representative. In our study, we tested various numbers in
each city and the proper number of clusters was determined
by evaluating changes of mean PM, 5 concentrations in the
clusters (Wang et al., 2004). The experience-based visual
judgement method was also used to help determine the
optimal number of clusters (Wang et al., 2010).

To investigate pollution transport pathways in the four
cities, we modeled 24-hour backward trajectories of the air
parcels arriving at BJ (39.95°N, 116.47°E), SH (31.21°N,
121.44°E), GZ (23.12°N, 113.32°E) and CD (30.63°N,
104.07°E) in 2013. The arrival time was hourly from 00:00
(midnight) to 23:00 (11:00 pm). The arrival height was 200 m
above the ground level (A.G.L.). The height of 200 m was
used by previous studies and no significant differences were
found among the modeled trajectories of different receptor
heights below 1000 m in Beijing and Shanghai (Zhu et al.,
2011; Li et al., 2012). To better understand pollution transport
pathways in each season, both annual and seasonal
trajectories were clustered, as illustrated in Fig. 2.

A Novel Method for Evaluating Regional and Local
Contributions

Urban particulate pollution is usually attributed to both
regional and local sources. Pollution levels are closely
related to transport pathways used by the air masses. When
air masses come from clean pathways, the pollution levels
tend to be lower and vice versa. It is reasonable to conclude
that particulate pollution will be at a minimum level when
incoming air masses move along the cleanest pathways. The
lowest PM, s concentrations among different pathways can
be regarded as background pollution levels created only by
local sources. The corresponding average PM, s concentrations
therefore represent background pollution levels (Man ef al.,
2001; Wang et al., 2015). Differences between average PM, s
concentrations of each cluster and the lowest concentrations

result from regionally transported pollutant contributions.
This conclusion is based on the assumption that local
meteorological conditions (relative humidity, wind speed,
etc.) are similar under different pathways. To minimize the
bias caused by discrepancies to this assumption, we employed
a procedure of pathway identification rather than using the
original clusters. Based on the resulting analysis we
developed a method to quickly calculate regional and local
contributions. The method can be implemented as follows:

(1) Pathway Identification

Correct characterization of pathway direction needs to be
made to investigate variations of pollutant transport among
the different pathways (Wang et al., 2015). This was achieved
by merging the trajectories of different clusters if these
clusters were directionally close. To merge the trajectories,
corresponding PM, s concentrations were the weighted
average of the numbers of the trajectories in each cluster,
as shown in Eq. (1). For example, trajectory merging was
used in BJ and GZ. In BJ, northwesterly clusters were
merged to represent the entire northwest pathway. In GZ,
the clusters that coincided in a similar direction were also
merged (Table 2).

Weighted average PM, 5 concentrations (LP)

_ Z%v[xq) m
Ni

where N; are the number of trajectories in cluster i and C; is
the corresponding average PM, 5 concentration in cluster i.

(2) Local Contribution Calculation

Local contribution (LP) :Local Concgntratzon (LO) 2)

avg

where C,, is the annual or seasonal average PM,;
concentration. C,;, is the lowest concentration among all the
pathways in a season. LC refers to local induced part of PM; 5
concentration (ug m ) and.

(3) Regional Contribution Calculation

Regional contribution (R)

- N6 = Co) x(1-LP) (3)
z}l:Nl ><(Cji _Cmin ):|
Nix(ci_cmin) X(l—LP)

(Cog = Co ) x>'N,

i=l1

where m and N; are the number of pathways and number of
trajectories in pathway i and C; is the concentration of
pathway i. LP (%) is the percentage that LC constitutes. P;
is the fraction of regional transport through pathway .
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RESULTS AND DISCUSSION

Transport Pathways and Potential Sources

Mean PM,s mass concentrations recorded by the US
embassy in 2013 were 92.9, 59.7, 56.1, and 87.2 pg m” in
BJ, SH, GZ, and CD respectively. Data from the air quality
monitoring system gave readings of 89.5, 62, 53, and
86.3 ug m . The results of two data sets show excellent
agreement.

At the average-linking cluster stage, we investigated the
linkage of four to nine clusters. By visual inspection, the
number of clusters chosen best represented the classifications
of air mass trajectories in 2013, as shown in Fig. 2 and
Table 1. PM, 5 concentrations are very sensitive to air mass
movements, which were revealed by the trajectories in
different clusters. In BJ, the highest PM, s concentrations are
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usually found in the southeastern and southwestern clusters,
namely #5, 3, 5, and 4 in clusters of spring, summer, autumn,
and winter of 2013 as shown in Fig. 2. Anthropogenic
emissions are significant in the area to these directions (Zhao
et al., 2012) and strong regional transport from Hebei,
Shandong, and other locations which are documented in
previous studies (Pu et al, 2015). The lowest PM,;
concentrations were from the northwestern clusters, due to
rapidly moving clean air masses from that direction. In this
scheme, air flows travel from the north and over forests
and grasslands, as the land cover types show in the Fig. 1. The
ratio of the highest PM, 5 concentrations to the lowest (H/L)
in spring, summer, autumn and winter were respectively 3.1,
3.88, 8.05, and 9.03. The higher ratios indicate stronger
regional pollutant transport during autumn and winter.

In Fig. 2(A), the trajectories within clusters 3 and 5 have

Table 1. Average PM, 5 concentration in different backward trajectory analysis (ug m™).

oty bl __ANNUAL SPRING SUMMER AUTUMN WINTER
A BU A B A B A B A B
1 3673 1278 390 4724 160 3112 577 11528 397 8081
> 1192 7451 385  108.66 429 6679 368 5514 370 11008
BEUING 3 669 636 453 8092 603 11266 308 6185 254 2496
4 1156 10354 292 5363 183 29 302 1955 509 2253
5 1102 2880 518 14663 681 7937 612 157.49
Al 7792 9655 2038 9251 2056 7827 2167 9605 1530 126.69
1 1922 4878 283 3996 610 4495 805 3659 758 14581
2 2483 6396 345 6225 382 5061 489 2648 507 75.1
31009 4901 390 9563 556 2145 397 9763 449 7135
SHANGHAI 4 1475 3545 471 5726 433 2096 388 4947 263 6554
51110 115 455 37.76
Al 7999 6026 1944 5876 1981 342 2079 4827 1977  100.09
1 1677 5287 480 6399 538 4001 586 6263 793 6626
2 2782 5788 729 5156 303 2219 922 5575 431  107.19
3 1455 7537 651 6747 732 2434 89 6983 288  68.56
4 1037 4698 170 4698 134 4804 399  57.93
GUANGZHOU 5 550 153 240 5232
Al 7500 5622 1860 6033 1743 3101 1971 5749 1911 741
I 1930 9221 596 9566 830  63.04 445 6306 381 13586
2 1878 8334 204 67.63 668 577 497 9794 354 14325
3 1481 6471 342 8885 275 3303 362 9144 293 11473
CHENGDU 4 1436 10516 501 7932 281 574 408 9781 271  137.35
Al 6725 8644 1643 8578 2054 5652 1712 8747 1299  133.42

[1] The index of each cluster as shown in Fig. 2; [2] Number of trajectories in a cluster; [3] Average concentration of PM, 5

in a cluster.
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Fig. 2. Annual (A) and seasonal ((B): spring, (C): summer, (D): autumn, (E): winter) every-hour 24-hour backward
trajectories (yellow lines) and their clusters (blue lines) in four megacities in 2013.



1840

Table 1. Estimated local and regional contributions to PM, 5 in four mega-cities in 2013. The numbers in the brackets are the cluster ids included in the corresponding

pathways.

Wi.

0.31(1)
0.02(2)
0.01(3)

Au.

0.08(1)

Su.
0.22(1)
0.17(2)

0.00(3)

Sp.
0.01(1)
0.07(2)
0.20(3)
0.08(4)

0(5)

0.64
37.76
0.12(1)

0(2)
0.05(3)
0.04(4)

0.79
67.63

An.
0.05(1)
0.15(2)

City
0.03(3)

Wi.

0(1,2.,3)
0.39(4)

Au.
0.19(1)
0(2,3,4)

Su.

0(1,4)

Sp.

0(1,4)

An.
0.36(1)
0(2,4,5)

ID

Py

City

0(2)
0.28(3)
0.09(4)

0.10(2)
0.31(3)
0.21(5)

0.12(3)
0.07(4)
0.27(5)

P,

0.33(5)

0.07(3)

P;

04 0(4)

04)
0.18(5)
0.59
35.45
0.09(1)
0.06(2)

Shanghai

P4

Beijing
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0.65
65.54
0.05(1)
0.06(2)

0.55
26.48

0.61

20.96
0.21(1)
0.14(2)

0.61
77.52
0.05(1)
0.15(2)

0.48
46.26
0.08(1)
0.07(2,5)

0.38
29.99

0.54
49.98

0.57
55.08
0.054(1)
0.12(2)

LP

LC
P,

o(1)
0.12(2)

0.07(3)
0.09(4)
0.72

0.18(1)
0(2)

0.05(1)

0(2)

P,

0.86
114.73

0(3)
0.18(4)

0(3)
0.06(4)
0.58

0(3)
0.10(4)

Chengdu
0.75
64.71

0.02(3)
0(4)
0.78

0.02(3)
0(4)
0.83
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similar lengths but different directions. Higher average
PM, 5 mass concentrations are found in cluster 3, which is
more prone to western influence. This is also the case for
clusters 2 and 4 in Fig. 2(D) and clusters 1 and 3 in Fig. 2(E).
This indicates contributions from long-distance transport
of terrestrial particles and industrial aerosols (Zhang et al.,
2012), from the Gobi desert and intensive coal industries
located in the western part of Inner Mongolia (Wang et al.,
2004; Zhang et al., 2010). The trajectories within cluster 2
and 5 (Fig. 2(A)) are from similar directions but differ in
length. Higher PM, 5 pollution levels exist in the cluster
with the longer trajectories. This is true for clusters 3 and 4 in
autumn (Fig. 2(D)) and clusters 2 and 3 in winter (Fig. 2(E)).
Faster clean air flow from the northeast can effectively
accelerate the diffusion of local emissions of PM, s.

In SH, high PM, 5 concentrations were found in northerly
inland clusters, namely #3, 2, 3, and 1 over the four seasons.
The highest PM, 5 concentrations were closely associated
with strong emissions from the North China Plain, where
there is intensive industry and heavily populated cities (Li
et al., 2011). In this instance, the mean PM, 5 concentration
was 145.8ug m™ in winter. The lowest concentrations
usually corresponded to clusters from the East China Sea,
which are #5, 4, 2, and 4 in four seasons (Table 1). Marine
air masses are relatively clean and can carry moisture
leading to precipitation. The H/L ratios over the four seasons
were 2.52, 2.14, 3.69, and 2.24 and the ratios indicate that
regional transport was not as great as that in BJ.

In GZ, the lowest PM, 5 concentrations were associated
with the clusters with longer air mass trajectories. These
clusters were #2, 2, 4, and 4 over four seasons (Fig. 2). In
the other aspect, the higher PM, 5 concentrations are found
in clusters with faster air flow moving speeds. In GZ, marine
air masses are relatively clean and they are associate with
the lowest mean PM, 5 concentration. The ratios of H/L in
spring, summer autumn and winter were 1.31, 2.12, 1.53,
and 1.88 and these small ratios indicate that local emissions
within PRD play a major role for PM, s pollutions in GZ.

In CD, higher PM, s concentrations were found in clusters
of shorter trajectories as in Fig. 2(A). As in GZ, PM,;
concentrations exhibited less variation among different
clusters. The ratios of H/L were 1.42, 2.13, 1.56, and 1.84
and they are much smaller than in the other cities. This
indicates minor contributions from regional transport to
PM, 5 pollution levels.

Analysis of Local and Regional Source Contributions
One advantage of our method is that contributions of
regional transport through specific transport pathways
could also be examined as shown in Table 2. In BJ, PM, 5
concentrations caused by local emissions were higher in
winter and this is reasonable considering the intensive coal
combustion in winter. But for the contributions from local
emissions, they were higher in spring and summer.
Considering the wide spread biomass and coal burning in
Hebei and Shandong in autumn and winter, stronger regional
transport would be concluded in the two season. Generally,
regional transport of pollutants is significant in BJ (Xu et al.,
2011; Zhang et al., 2012; Zhao et al., 2013) and our results
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Table 3. Comparison of regional contributions of PM, 5 in Beijing in different studies.

Our study Langetal, Chenetal., Streets et Wang et al., Wangetal., Hanetal,
Season 2013 2007 al., 2007 2008 2013b 2005
2013 2010 2008 2008 2008 2007 2003
Spring 46% 34.4% 37.9% 59%
Summer 62% 75.2% 40.0% 34% 44%
Autumn 52% 33.6% 37.4% 17%
Winter 39% 24.9% 23.4% 21% 50%
Annual 43% 42.2%

show that they are 46, 62, 52, and 39% in four seasons, and
comparable to other studies (Table 3). Regional contributions
to PM, 5 pollutions in BJ are strongest from the east and south
directions and emissions from these directions contribute 36,
38, 46, and 27% to the observed PM,s; concentrations
respectively in the four seasons. In SH, local contributions
remain constant at approximately 60% in the four seasons
and regional contributions are most significant from inland
areas, especially North China by inspecting the starting
points of inland trajectories. In GZ, significant local
contributions, approximately 80% year round, indicate that
air contamination is mainly caused by emissions within
PRD. Studies have shown that in GZ, most carbon-based
matter in PM,s (Huang et al, 2012), secondary products
(Zhang et al., 2008), and particulate matter (Lai ef al., 2007,
Huang et al., 2011b) are of local origin. For example, our
estimate of PM, 5 at 84% in autumn is similar to the 82%
value (PM;, 2006) of Cheng et al. (2013). Locally derived
PM, 5 pollution dominates in CD except during summer and
this is probably because there is more rain in summer which
would weaken PM,s local formation. Li er al. (2013)
concluded that local emissions constituted about 77% of
PM, 5 pollutions in October of 2012 a result similar to the
72% autumn estimate in our study.

CONCLUSIONS

For the first time, hourly PM,s concentration data in
four large Chinese cities over a complete year (2013) were
used to conduct backward trajectories using a HYSPLIT-4
Model to locate air pollution transport pathways. We
investigated variations in pollution levels among trajectory
clusters. We also employed a novel method using observation
data to calculate local and regional contributions. The method
was easy to use and proved to be effective.

In BJ, high PM,s concentrations are found in the
southwest and southeast pathways, directions from which
heavy industrial cities are located. In SH, inland transport
pathways caused higher PM,s pollution levels and they
reached levels as high as 145.8 pg m™ in winter, due to a
prevailing north wind and intensive coal combustion in North
China. In GZ and CD, there are no significant regional
pollution pathways, indicating that pollution is largely due
to local emissions. We also found that the H/L ratio was an
indicator of the intensity of regional transport.

Both regional and local PM, s contributions are significant
in BJ and SH, and local contributions dominate PM,5
pollution in GZ and CD. In BJ, regional contributions are 46,

62, 52, and 39% in the four seasons, and are comparable to
previous studies. Regional transport is mainly through the
southern and eastern transport pathways in BJ. In SH,
regional contributions are 36%, 39%, 45%, and 35% in the
four seasons and they are mostly from inland pathways. In
GZ and CD, regional transport is minor and contributes 15,
28, 16, and 22% seasonally n GZ. Regional contributions are
21, 52, 28, and 14% in CD which is consistent with results of
other studies.

ACKNOWLEDGEMENTS

This study was supported by State Environmental
Protection Key Laboratory of Sources and Control of Air
Pollution Complex (No. SCAPC201406). The authors
gratefully acknowledge the NOAA Air Resources Laboratory
(ARL) for the provision of the HYSPLIT transport and
dispersion model used in this publication. The authors thank
Yuxuan Wang for her helpful comments.

REFERENCE

Borge, R., Lumbreras, J., Vardoulakis, S., Kassomenos, P.
and Rodriguez, E. (2007). Analysis of Long-Range
Transport Influences on Urban xPM,, Using Two-Stage
Atmospheric Trajectory Clusters. Atmos. Environ. 41:
4434-4450.

Chen, D.S., Cheng, S.Y., Liu, L., Chen, T. and Guo, X.R.
(2007). An Integrated MM5-CMAQ Modeling Approach
for Assessing Trans-Boundary PM,, Contribution to the
Host City of 2008 Olympic Summer Games-Beijing,
China. Atmos. Environ. 41: 1237-1250.

Chen, J., Xin, J., An, J., Wang, Y., Liu, Z., Chao, N. and
Meng, Z. (2014). Observation of Aerosol Optical
Propertiesand Particulate Pollution at Background Station
in the Pearl River Delta region. Atmos. Res. 143: 216—
227.

Cheng, S., Chen, D., Li, J., Wang, H. and Guo, X. (2007).
The Assessment of Emission-Source Contributions to Air
Quality by Using a Coupled MM5-ARPS-CMAQ Modeling
System: A Case Study in the Beijing Metropolitan Region,
China. Environ. Modell. Software 22: 1601-1616.

Cheng, S., Wang, F., Li, J., Chen, D., Li, M., Zhou, Y. and
Ren, Z. (2013). Application of Trajectory Clustering and
Source Apportionment Methods for Investigating Trans-
Boundary Atmospheric PM,y Pollution. Aerosol Air
Qual. Res. 13:333-342.

Eatough Jones, M. and Paine, T.D. (2006). Detecting Changes



1842 Lv et al., Aerosol and Air Quality Research, 15: 1836—1843, 2015

in Insect Herbivore Communities along a Pollution
Gradient. Environ. Pollut. 143: 377-387.

Huang, C., Chen, C.H., Li, L., Cheng, Z., Wang, H.L., Huang,
H.Y., Streets, D.G., Wang, Y.J., Zhang, G.F. and Chen,
Y.R. (2011a). Emission Inventory of Anthropogenic air
Pollutants and VOC Species in the Yangtze River Delta
Region, China. Atmos. Chem. Phys. 11: 4105-4120.

Huang, H., Ho, K.F., Lee, S.C., Tsang, P.K., Ho, S.S.H.,
Zou, C.W., Zou, S.C., Cao, J.J. and Xu, HM. (2012).
Characteristics of Carbonaceous Aerosol in PM, s: Pearl
Delta River Region, China. Atmos. Res. 104: 227-236.

Huang, X., He, L., Hu, M., Canagaratna, M.R., Kroll, J.H.,
Ng, N.L., Zhang, Y., Lin, Y., Xue, L. and Sun, T. (2011b).
Characterization of Submicron Aerosols at a Rural Site
in Pearl River Delta of China Using an Aerodyne High-
Resolution Aerosol Mass Spectrometer. Atmos. Chem.
Phys. 11: 1865-1877.

Ji, D, Wang, Y., Wang, L., Chen, L., Hu, B., Tang, G.,
Xin, J., Song, T., Wen, T. and Sun, Y. (2012). Analysis
of Heavy Pollution Episodes in Selected Cities of
Northern China. Afmos. Environ. 50: 338-348.

Ji, D., Li, L., Wang, Y., Zhang, J., Cheng, M., Sun, Y.,
Liu, Z., Wang, L., Tang, G. and Hu, B. (2014). The
Heaviest Particulate Air-Pollution Episodes Occurred in
Northern China in January, 2013: Insights Gained from
Observation. Atmos. Environ. 92: 546-556.

Lai, S., Zou, S., Cao, J., Lee, S. and Ho, K. (2007).
Characterizing Ionic Species in PM PM, s and PM,, in
four Pearl River Delta Cities, South China. J. Environ.
Sci. 19: 939-947.

Lang, J., Cheng, S., Li, J., Chen, D., Zhou, Y., Wei, X.,
Han, L. and Wang, H. (2013). A Monitoring and
Modeling Study to Investigate Regional Transport and
Characteristics of PM, 5 Pollution. Aerosol Air Qual. Res.
13: 943-956.

Lee, J., Han, J. and Whang, K. (2007). Trajectory Clustering:
a Partition-and-Group Framework. Proceedings of the 2007
ACM SIGMOD International Conference on Management
of Data. ACM, pp. 593—-604.

Li, M., Huang, X., Zhu, L., Li, J., Song, Y., Cai, X. and
Xie, S. (2012). Analysis of the Transport Pathways and
Potential Sources of PMj, in Shanghai Based on Three
Methods. Sci. Total Environ. 414: 525-534.

Li, S., Jiang, X., Tong, H., Deng, L., Yang, K. and Qian, J.
(2013). Study on the Numerical Simulation of PM,s in
Chengdu-Chongging Economic Zone Based on Air Quality
Model System CMAQ. Sichuan Environment 32. (in
Chinese with English Abstract).

Man, C.K. and Shih, M.Y. (2001). Identification of Sources
of PM;, Aecrosols in Hong Kong by Wind Trajectory
Analysis. J. Aerosol Sci. 32: 1213-1223.

Nel, A. (2005). Air Pollution-Related Illness: Effects of
Particles. Science 308: 804—806.

Pongkiatkul, P. and Kim Oanh, N.T. (2007). Assessment
of Potential Long-Range Transport of Particulate Air
Pollution Using Trajectory Modeling and Monitoring
Data. Atmos. Res. 85: 3—17.

Pope 111, C.A. and Dockery, D.W. (2006). Health Effects
of Fine Particulate Air Pollution: Lines that Connect. J.

Air Waste Manage. Assoc. 56: 709-742.

Pope 111, C.A., Hansen, J.C., Kuprov, R., Sanders, M.D.,
Anderson, M.N. andd Eatough, D.J. (2011). Vascular
Function and Short-Term Exposure to Fine Particulate
Air Pollution. J. Air Waste Manage. Assoc. 61: 858-863.

Pu, W., Zhao, X., Shi, X., Ma, Z., Zhang, X. and Yu, B.
(2015). Impact of Long-Range Transport on Aerosol
Properties at a Regional Background Station in Northern
China. Atmos. Res. 153: 489-499.

Streets, D.G., Fu, J.S., Jang, C.J., Hao, J., He, K., Tang,
X., Zhang, Y., Wang, Z., Li, Z. and Zhang, Q. (2007).
Air Quality during the 2008 Beijing Olympic Games.
Atmos. Environ. 41: 480-492.

Tao, J., Zhang, L., Ho, K., Zhang, R., Lin, Z., Zhang, Z.,
Lin, M., Cao, J., Liu, S. and Wang, G. (2014). Impact of
PM, 5 Chemical Compositions on Aerosol Light Scattering
in Guangzhou - The Largest Megacity in South China.
Atmos. Res. 135-136: 48-58.

Wang, J., Hu, M., Xu, C., Christakos, G., Zhao, Y. (2013).
Estimation of Citywide Air Pollution in Beijing. PloS
One 8: 53400.

Wang, L., Hao, J., He, K., Wang, S., Li, J., Zhang, Q.,
Streets, D.G., Fu, J.S., Jang, C.J. and Takekawa, H.
(2008). A Modeling Study of Coarse Particulate Matter
Pollution in Beijing: Regional Source Contributions and
Control Implications for the 2008 Summer Olympics. J.
Air Waste Manage. Assoc. 58: 1057-1069.

Wang, L., Zhang, P., Yang, J., Zhao, X., Wei, W., Su, J,,
Cheng, D., Liu, X., Han, G. and Wang, H. (2013D).
Application of CMAQ-DDM-3D in the Source Analysis
of Fine Particulate Matter (PM, ). Acta Sci. Circumst.
33: 1355-1361 (in Chinese).

Wang, L.T., Liu, Z., Sun, Y., Ji, D. and Wang, Y. (2015).
Long-Range Transport and Regional Sources of PM, 5 in
Beijing Based on Long-Term Observations from 2005 to
2010. Atmos. Res. 157: 37-48.

Wang, T., Jiang, F., Deng, J., Shen, Y., Fu, Q., Wang, Q.,
Fu, Y., Xu, J. and Zhang, D. (2012). Urban Air Quality
and Regional Haze Weather Forecast for Yangtze River
Delta Region. Atmos. Environ. 58: 70—-83.

Wang, Y.Q., Zhang, X.Y., Arimoto, R., Cao, J.J. and Shen,
Z.X. (2004). The Transport Pathways and Sources of
PM, Pollution in Beijing during Spring 2001, 2002 and
2003. Geophys. Res. Lett. 31: L14110, doi: 10.1029/20
04GL019732.

Wang, Y.Q., Zhang, X.Y. and Draxler, R.R. (2009).
TrajStat: GIS-Based Software that Uses Various Trajectory
Statistical Analysis Methods to Identify Potential Sources
from Long-Term Air Pollution Measurement Data.
Environ. Modell. Sofiware 24: 938-9309.

Zhang, A., Qi, Q., Jiang, L., Zhou, F. and Wang, J. (2013b).
Population Exposure to PM,s in the Urban Area of
Beijing. PloS One 8: €63486.

Zhang, J.P., Zhu, T., Zhang, Q.H., Li, C.C., Shu, H.L.,
Ying, Y., Dai, Z.P., Wang, X., Liu, X.Y. and Liang, A.M.
(2012). The Impact of Circulation Patterns on Regional
Transport Pathways and Air Quality over Beijing and Its
Surroundings. Atmos. Chem. Phys. 12: 5031-5053.

Zhang, R., Shen, Z., Cheng, T., Zhang, M. and Liu, Y.



Lv et al., Aerosol and Air Quality Research, 15: 1836—1843, 2015 1843

(2010). The Elemental Composition of Atmospheric
Particles at Beijing during Asian Dust Events in Spring
2004. Aerosol Air Qual. Res. 10: 67-75.

Zhang, R., Jing, J., Tao, J., Hsu, S., Wang, G., Cao, J., Lee,
C., Zhu, L., Chen, Z. and Zhao, Y. (2013a). Chemical
Characterization and Source Apportionment of PM, s in
Beijing: Seasonal Perspective. Atmos. Chem. Phys. 13:
7053-7074.

Zhang, Y.H., Hu, M., Zhong, L.J., Wiedensohler, A., Liu,
S.C., Andreae, M.O., Wang, W. and Fan, S.J. (2008).
Regional Integrated Experiments on Air Quality over
Pearl River Delta 2004 (PRIDE-PRD2004): Overview.
Atmos. Environ. 42: 6157-6173.

Zhao, B., Wang, P., Ma, J.Z., Zhu, S., Pozzer, A. and Li,
W. (2012). A High-Resolution Emission Inventory of
Primary Pollutants for the Huabei Region, China. Afmos.
Chem. Phys. 12: 481-501.

Zhao, P.S., Dong, F., He, D., Zhao, X.J., Zhang, X.L.,
Zhang, W.Z., Yao, Q. and Liu, H.Y. (2013). Characteristics
of Concentrations and Chemical Compositions for PM, s
in the Region of Beijing, Tianjin, and Hebei, China.
Atmos. Chem. Phys. 13: 4631-4644.

Zhao, X., Zhang, X., Pu, W., Meng, W. and Xu, X. (2011).
Scattering Properties of the Atmospheric Aerosol in
Beijing, China. Atmos. Res. 101: 799-808.

Zhu, L., Huang, X., Shi, H., Cai, X. and Song, Y. (2011).
Transport Pathways and Potential Sources of PMj, in
Beijing. Atmos. Environ. 45: 594-604.

Received for review, April 27, 2015
Revised, July 18, 2015
Accepted, July 19, 2015



